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Abstract 

Mitochondria are intricately involved in cell homeostatic and adaptive stress signalling pathways, and 

play a central role in cell differentiation, proliferation and death. Consequently, mitochondrial 

dysfunction has been implicated in a vast number of rare and common disease phenotypes. 

Mitochondrial DNA (mtDNA) encoded for 13 protein sub-units essential to mitochondrial function, as 

well as two subunits for mt-rRNA and 22 mt-tRNA molecules, required to translate and transcribe these 

proteins. As such, mtDNA variation, which could directly cause alterations in mitochondrial function 

and downstream processes, has been investigated as a possible risk factor in disease susceptibility, onset 

and progression. In this thesis, the role of mtDNA variation in cardiometabolic disease (CMD) is 

investigated. When mtDNA variation in common complex diseases such as CMD and other late onset 

and degenerative disorders are investigated, several approaches have been used to date, most notably 

the haplogroup association method. However, studies using these traditional methods have been 

plagued by inconsistencies, difficulties in replicating findings in other cohorts/populations, and 

contradicting reports. It is therefore clear that alternative approaches are needed in the field. A novel 

approach, the MutPred adjusted load hypothesis, is introduced in this thesis. This novel approach makes 

use of the MutPred scoring system to assign pathogenicity scores to non-synonymous mtDNA variants, 

which are then used to calculate a mutational load, a single statistical metric. The cumulative effect of 

several mildly deleterious variants can thus be measured in disease, using parametric statistical 

analyses. This new approach together with other more classic approaches were applied in a bi-ethnic 

South African cohort (N = 363) in this thesis. In addition, transmitochondrial cytoplasmic hybrids 

(cybrid) cells were utilised to investigate the impact of MutPred mutational loads on mitochondrial 

function. Using several investigative approaches, no significant associations between mtDNA variants 

and hypertension, hyperglycaemia, or indicators of inflammation and oxidative stress could be found 

(P > 0.05). However, in a preliminary study done in cybrid cells, several classifications of mtDNA 

variation, including MutPred mutational loads (P < 0.01), mtDNA variants with low MutPred scores (P 

< 0.00001), and relative mtDNA copy number (P < 0.00001) were shown to be significantly correlated 

with mitochondrial respiration rates. Further studies, investigating the underlying mechanisms of these 

relationships are warranted. Thus, while a role for MutPred mutational loads in CMD could not be 

found in the current cohort, a role for mtDNA variants in mitochondrial function in cybrid cells was 

found. In addition, it was demonstrated that the MutPred adjusted load hypothesis approach delivers 

more statistical power to studies when compared to haplogroup association studies, making it suitable 

for use even in moderately sizes cohorts. This approach should find wide application in the field, being 

especially useful for cohorts from multiple locations or with a variety of mtDNA lineages, where the 

traditional haplogroup association method has failed. 

Keywords: mitochondrial DNA, MutPred, African, hypertension, hyperglycaemia, oxidative stress, 

inflammation, cybrids, population variant, rare variant.      
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Opsomming  

Mitochondria is in noue betrokkenheid by sel homeostase asook aanpassings stresseinweë en speel 'n 

sentrale rol in sel-differensiasie, -vermeerdering en -dood. Gevolglik word die betrokkenheid van 

mitochondriale disfunksie by 'n groot aantal skaars en algemene siekte fenotipes vermoed. 

Mitochondriale DNA (mtDNA) kodeer vir 13 proteïen subeenhede wat noodsaaklik is mitochondrial 

funksie, asook twee subeenhede van mt-rRNA en 22 mt-tRNA molekules, wat nodig is vir transkripsie 

en translasie van hierdie proteïene. As sodanig is mtDNA variasie, wat direk tot veranderinge in 

mitochondriale funksie en stroomaf prosesse kan lei, al ondersoek as 'n moontlike risiko faktor in siekte 

vatbaarheid, aanvang en verloop. In hierdie tesis word die rol van mtDNA variasie in kardiometaboliese 

siektes (KMS) ondersoek. Wanneer mtDNA variasie in algemene komplekse siektes soos KMS en 

ander laat aanvang en degeneratiewe versteurings ondersoek word, word verskeie benaderings gebruik, 

veral die haplogroep assosiasie metode.  Studies wat hierdie tradisionele metodes gebruik, word egter 

geteister deur teenstrydighede, onherhaalbaarheid van bevindinge in ander groepe / bevolkings, en 

kontrasterende verslae. Dit is dus duidelik dat alternatiewe benaderings in die veld nodig is. 'n Nuwe 

benadering, die MutPred aangepasde lading hipotese, word bekendgestel in hierdie tesis. Hierdie nuwe 

benadering maak gebruik van die MutPred tellingstelsel om patogenisiteitstellings toe te ken aan nie-

sinonieme mtDNA variante, wat dan gebruik word om ‘n mutasie lading, as enkele statistiese term, te 

bereken. Dus kan die samewerkende effek van meer as een effens nadelige variant gemeet word in 

siektes, met behulp van parametriese statistiese toetse. Hierdie nuwe benadering, tesame met ander meer 

klassieke metodes, is toegepas in ‘n bi-etniese Suid-Afrikaanse kohort (N = 363) in hierdie tesis. 

Daarbenewens is transmitochondriale sitoplasmiese hibriede (cybrid)  selle gebruik om die impak van 

MutPred mutasie ladings in mitochondriale funksie te ondersoek. Met behulp van verskeie 

ondersoekende benaderings, kon geen statisties betekenisvolle assosiasies tussen mtDNA variante en 

hipertensie, hiperglisemie, of aanwysers van inflammasie en oksidatiewe stres gevind word nie (P > 

0.05). In 'n voorlopige studie wat in cybrid selle gedoen is, het verskeie klassifikasies van mtDNA-

variasie, insluitende MutPred mutasie ladings (P <0.01), mtDNA-variante met lae MutPred-tellings (P 

<0.00001) en relatiewe mtDNA kopie getal (P < 0.00001) statisties betekenisvol korrelasies met 

mitochondriale respirasietempo's getoon. Verdere studies, wat die onderliggende meganismes van 

hierdie verhoudings ondersoek, is nodig. Dus, terwyl daar nie 'n rol vir MutPred mutasie ladings in 

KMS in die huidige kohort gevind kon word nie, is 'n rol vir mtDNA-variante in mitochondriale funksie 

in cybrid selle aangedui. Verder is ook getoon dat die MutPred aangepaste lading hipotese benadering 

meer statistiese krag verleen aan studies, veral in vergelyking met haplogroup assosiasie studies, wat 

dit ook geskik maak vir gebruik in selfs matige grootte kohorte. Hierdie benadering behoort wye 

toepassing in die veld te vind, en sal veral nuttig wees vir kohorte vanaf verskillende areas of met 'n 

verskeidenheid mtDNA geslagslyne, waar die tradisionele haplogroup assosiasie metode misluk het. 

Sleutelwoorde: mitochondriale DNA, MutPred, Afrika, hoë bloeddruk, hoë bloedsuiker, oksidatiewe 

stres, inflammasie, bevolking variant, skaars variant.  
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Chapter 1: Preface 

1.1 STUDY MOTIVATION AND RATIONALE 

Cardiometabolic disease describes a 

collection of common complex disease 

phenotypes which present with 

cardiovascular, metabolic (such as blood 

glucose levels), inflammatory and other 

abnormalities. These in turn, serve as risk 

factors in the development and progression of 

cardiovascular disease (CVD) (Castro et al., 

2003). Worldwide, CVD is the number one 

cause of morbidity and mortality. In Sub-

Sahara Africa (SSA), while communicable 

diseases are still responsible for the most 

deaths each year, the steady urbanisation of 

previously rural populations brings with it 

behavioural and lifestyle changes that favour 

CVD development (Omboni et al., 2016; 

Yusuf et al., 2001). Studies in developed 

countries such as the USA, have shown that 

CVD and risk factors thereof are more severe 

in populations of African descent (African-

American) than in their Caucasian 

counterparts (Okin et al., 2011). While not as 

abundant, studies of populations living 

within SSA have found that Africans develop 

CVD at an earlier age and with more severe 

outcomes than European populations (Moran 

et al., 2013; Owolabi et al., 2015). 

Importantly, hypertension is more prevalent 

in especially southern and eastern African 

populations, and disease outcome was shown to more often be haemorrhagic stroke, a consequence of 

hypertension (Mensah et al., 2015; Owolabi et al., 2015). To a lesser extent, ischemic heart disease, 

which is the leading disease outcome in Caucasians, is also present in African populations (Mensah et 

Selected glossary 
Terms that could have ambiguous meaning or are 
new, are used throughout this thesis in the following 
way:  

1) “mutation” here refers to any mtDNA variant that 
has been clinically proven, per set criteria as 
discussed in Chapter 2, to be pathogenic and cause 
disease. Mutations are thus “disease causing” 
variants.  

2) “disease-associated” variants are mtDNA variants 
that have been associated with disease in some way, 
but do not necessarily at this point in time meet all 
the criteria set out to prove pathogenicity.  

3) “MutPred scores” refer to pathogenicity scores 
which are assigned by the MutPred system 
(mutpred.mutdb.org/about.html) to any non-
synonymous structural gene mtDNA variant, while 
“MutPred-scoring variant” refers to such variants. 
MutPred scores above 0.5 are considered an 
“actionable hypothesis” for pathogenicity, while 
scores above 0.75 are considered a “confident 
hypothesis”.  

4) “Yarham scores” refer to pathogenicity scores for 
mt-tRNA variants, as assigned by the system 
described in Yarham, et al., (2011). Variants are 
considered: neutral with a Yarham score below 7; 
possibly pathogenic with a score between 7 and 10; 
probably pathogenic with a score between 11 and 
13, but with no function evidence such as single fibre, 
steady-state or cybrid analyses; and definitely 
pathogenic with a score above 10 and the inclusion 
of single fibre, steady-state or cybrid analyses 
evidence. 
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al., 2015) and was also demonstrated in a Black South African male cohort (Malan et al., 2017). It is 

thus clear that more investigations are needed to explain the varied mechanisms and risk factors 

involved in CVD development and progression, in different population and gender groups. Several 

world-wide initiatives have been launched to address this growing epidemic in resource-limited SSA. 

There is no doubt that lifestyle and environmental factors contribute greatly to CVD development 

(Malan & Malan, 2016) and discrepancies between population groups. However, the contributions of 

genetic factors that might alter risk for, or progression of disease cannot be ignored. Unfortunately, 

genetic data on Africans in general, but especially on well-phenotyped African disease cohorts, are 

lacking (Mensah et al., 2015). These issues were repeatedly highlighted and discussed during several 

conferences in the past few years, including the Fourth Human Heredity and Health in Africa 

(H3Africa) consortium meeting, held in Cape Town in May in 2014 (Mensah et al., 2015); the 16th 

biennial congress of the Southern African Society for Human Genetics (SASHG), held in Pretoria in 

August 2015; and the Pharmacogenetics and Personalised Medicine conference held in Cape Town in 

April 2016. Notably for genetics in disease, the H3Africa initiative aims to address the above-mentioned 

data gaps and investigate the genetic factors involved in common complex and other disease, including 

CVD in SSA. The importance of establishing and integrating African based expert groups, with the 

input of international experts, for mitochondria-linked diseases was also a major impetus for a workshop 

held in Potchefstroom in 2014. The workshop was attended by several SA and UK based researchers 

and clinicians involved in mitochondrial disease and/or human genetics, to review the current 

understanding of mtDNA variation in disease in African populations (Meldau et al., 2016; van der 

Westhuizen et al., 2015). 

One well-phenotyped cohort in South Africa is from the Sympathetic activity and Ambulatory Blood 

Pressure in Africans (SABPA) prospective cohort study, which was initiated in 2008-2009 (Malan et 

al., 2015). The overall aim was to investigate the contribution of a hyperactive sympathetic nervous 

system to cardiometabolic disease presentation in urbanised Africans (N = 200), compared to 

Caucasians (N = 209), all being teachers with similar socio-economic status and from the same 

geographical area. A follow-up study was undertaken in 2011-2012. The SABPA study was well-

controlled and collected clinical measurements such as:  objectively measured lifestyle factors, indices 

of obesity, physical activity, cardiovascular function, blood glucose levels, catecholamine metabolism, 

sex steroid hormones, inflammation, lipid profiles, HIV status, targeted and untargeted metabolomics 

data sets, oxidative stress status, and ageing. The cohort in total showed prevalence rates for 

hypertension (58.6%) and pre-diabetes (44.8%) (Malan et al., 2015). Based on 24 hour ambulatory 

blood pressure monitoring (ABPM) measurements alone, 66% of Black South African participants and 

39.2% of Caucasian South African participants were classified as hypertensive (>130/80 mmHg) 

(Hamer et al., 2015). This cohort thus presented a unique opportunity to investigate genetic factors 

involved in CVD in a bi-ethnic cohort.  
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In addition to the role of mitochondrial energy metabolism in CVD, mtDNA variants have been 

implicated in several common complex diseases, including hypertension and diabetes type 2 (Achilli et 

al., 2011; Cardena et al., 2014; 2016; Chinnery et al., 2010; Lui et al., 2012). However, current 

approaches used when investigating mtDNA variation in relation to disease, most notably haplogroup 

association studies, suffer from limitations imposed by the complexities of mtDNA evolution and the 

consequent diversity in and between population groups. From the myriad of contradicting and 

irreproducible reports that have resulted from a decade of mitochondrial haplogroup association studies, 

it has become clear that new approaches are needed (Salas & Elson, 2015). The mutational load 

hypothesis was first proposed by Elson et al. (2006) and further refined here, with the use of MutPred 

pathogenicity scores for non-synonymous variants. Several approaches used to investigate mtDNA 

variation are described and applied in this thesis. The MutPred adjusted load hypothesis, however, 

offers an additional and novel approach to evaluate whether the presence of one or more mildly 

deleterious mtDNA variants could in some way contribute to disease progression or morbidity. Because 

this approach moves away from the use of common population variants, and highlights the role of 

presumably rarer variants, it seeks to overcome some of the difficulties faced by haplogroup association 

studies, such as population stratification. It also allows for the use of parametric statistics, decreasing 

the statistical burden of multiple testing. This results in increased statistical power, even for cohorts of 

moderate size. The MutPred adjusted load hypothesis therefore, at the initiation of this study, appeared 

to be a suitable additional and novel approach to investigate mtDNA variation in a moderately sized 

cohort. 

1.2  PROBLEM STATEMENT  

Africans living in rapidly urbanizing countries such as South Africa are facing an epidemic of vascular 

disease and hypertension with very limited information regarding the genetic factors contributing to 

this public health issue. The identification of causal factors, including genetic risk factors, is critical to 

encourage better lifestyle choices in those most at risk and allow for personalised advice. However, 

genetic data on SSA populations in relation to disease is lacking, and even in well-characterised studies 

on mtDNA variation in disease done mostly in Caucasians, current approaches have delivered many 

results that often include inconclusive or contradicting reports. It is therefore imperative to generate 

such data in an African cohort, in order to investigate disease mechanisms in the relevant genetic context 

using alternative investigative approaches. Targeting those most at risk would not only have a positive 

impact on the individual but also help resolve the major health crisis that CVDs represent to Southern 

Africans. This approach could also serve as a paradigm for other populations in developing countries.  
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1.3  AIMS AND OBJECTIVES 

The aim of this study is to determine whether mtDNA variants play a significant role in the presentation 

or severity of cardiometabolic disease in a bi-ethnic cohort, using selected current and novel 

investigative approaches.  

To achieve this aim, the following objectives were set for the study: 

1. Generate and contribute complete mtDNA sequences for an under-represented population 

group (Sub-Saharan Africans), as well as a Caucasian group from the same geographical area 

2. Test whether disease-associated variants or known pathogenic mutations are more frequently 

found in hypertensive groups than control groups 

3. Test whether mitochondrial tRNA (mt-tRNA) and rRNA (mt-rRNA) variants are more 

abundant in hypertensive groups compared to control groups 

4. Using a new approach (a modified mutational load hypothesis), investigate the possible role of 

non-synonymous protein coding mtDNA variants in the presentation and severity of 

hypertension or hyperglycaemia 

5. Using a new approach (a modified mutational load hypothesis), investigate the possible role of 

non-synonymous protein coding mtDNA variants in altered levels of oxidative stress and 

inflammation indicators 

6. Investigate the influence of selected mtDNA variants on mitochondrial respiration in 

cytoplasmic hybrid cells 

1.4  STRUCTURE OF THESIS 

As summarized below, this thesis is presented in eight chapters that include one peer-reviewed 

publication, one submitted manuscript, and one report being prepared for publication.  

Chapter 2: Literature review 

This chapter consists of a submitted manuscript in which the rationale for investigating mtDNA 

variation in the context of cardiovascular disease is given, followed by a discussion of current and 

alternative approaches used in such studies. Recommendations are then presented for future studies, 

especially in African populations.  
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• Submitted manuscript to Cardiovascular Journal of Africa (Manuscript number CVJSA-D-

16-00139): The aetiology of cardiovascular disease – a role for mitochondrial DNA? 

Marianne Venter, Francois H. van der Westhuizen, Joanna L. Elson 

 

Chapter 3: SABPA cohort description and mtDNA sequencing methods 

This chapter gives a description and other relevant information of SABPA. The methods used to 

produce mtDNA sequencing data and identify mtDNA variants are also described, which addressed the 

first objective of this study. Methods that are specific to objectives 2 to 6 are described in each 

corresponding results chapter. 

Results 

Objectives 2 to 6 of this study are addressed in the following four chapters (Chapters 4 -7): 

Chapter 4: Evaluating the presence of disease-associated mtDNA variants as reported on 

MITOMAP, and mt-tRNA and mt-rRNA variant frequency in a hypertension cohort 

In this chapter, the second and third objectives are addressed. 

Chapter 5: Evaluating the role of MutPred adjusted loads in hypertension and hyperglycaemia 

This chapter consists of a peer-reviewed paper in which the fourth objective of this study is addressed. 

• Published paper: Using MutPred derived mtDNA load scores to evaluate mtDNA variation 

in hypertension and diabetes in a two-population cohort: The SABPA study 

Marianne Venter, Leone Malan, Etresia van Dyk, Joanna L. Elson, Francois H. van der 

Westhuizen 

Published in Journal of Genetics and Genomics. 44 (2017): 139-149   

http://dx.doi.org/10.1016/j.jgg.2016.12.003 

 

 

http://dx.doi.org/10.1016/j.jgg.2016.12.003
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Chapter 6: Evaluating the role of MutPred adjusted loads in indicators of oxidative stress and 

inflammation 

This chapter consists of a report that is being prepared for publication in which the fifth objective of 

this study is addressed. 

• Paper in preparation for publication: Mitochondrial DNA variation in oxidative stress and 

inflammation: the SABPA study 

Marianne Venter, Leone Malan, Etresia van Dyk, Joanna L. Elson, Francois H. van der 

Westhuizen 

 

Chapter 7: Utilising transmitochondrial cytoplasmic hybrid cells to test the MutPred mutational 

load hypothesis 

In this chapter, the sixth objective of this study is addressed. 

Chapter 8: Summary and conclusion 

This chapter includes a summary and critical evaluation of the data presented in this thesis, followed by 

conclusions that can be made and recommendations for future studies. 

References 

References for Chapters 2 and 5 (submitted manuscript and published article) follow directly after each 

chapter and are in the formatting styles required by the respective journals. All other references used in 

this thesis are included in the “References” section and are in the APA style. 

Appendices 
Appendix A: SABPA study ethics approval  

Appendix B: SABPA study participation information and consent form 

Appendix C: Cybrids study consent form 

Appendix D: Supplementary materials for article published in Journal of Genetics and Genomics 

(Chapter 5) 
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Chapter 2: Literature review 

Submitted for editorial review to: Cardiovascular Journal of Africa 

2.1  TITLE 

The aetiology of cardiovascular disease – a role for mitochondrial DNA? 

2.2  AUTHORS AND AFFILIATIONS 

Venter, Marianne1; Van der Westhuizen, Francois H. 1; Elson, Joanna L. 1, 2 

1. Human Metabolomics, North-West University, Potchefstroom, South Africa 

2. Institute of Genetic Medicine, Newcastle University, United Kingdom 

Correspondence should be sent to: Marianne Venter, Human Metabolomics, North-West University, 

Potchefstroom, 2531, South Africa; Tel: +27 18 299 2318; Fax: +27 18 299 2477; Email: 

20196946@nwu.ac.za 

2.3  ABSTRACT  

Cardiovascular disease (CVD) is a world-wide cause of mortality in humans, and on the rise in Africa. 

In this review, we discuss the putative role of mitochondrial dysfunction in the aetiology of CVD and 

consequently identify mitochondrial DNA (mtDNA) variation as a viable genetic risk factor to be 

considered. We then describe the contribution and pitfalls of several current approaches used when 

investigating mtDNA in relation to complex disease. We also propose an alternative approach, the 

adjusted mutational load hypothesis, which will have greater statistical power with cohorts of moderate 

size, and is less likely to be affected by population stratification. Therefore, it will address some of the 

shortcomings of the current haplogroup association approach. Finally, we discuss the unique challenges 

faced by studies done on African populations, and recommend the most viable methods to use when 

investigating mtDNA variation in CVD and other common complex disease. 

Keywords: mitochondrial DNA; cardiovascular disease; MutPred; mutational load; African 
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2.3  INTRODUCTION 

Cardiovascular disease (CVD) remains the main non-communicable cause of morbidity and mortality 

in humans [1]. While environmental factors and life style choices play a major role in CVDs, it is also 

recognized that genetic factors contribute significantly to the aetiology thereof. In this regard several 

studies, most recently genome wide association studies (GWAS), have contributed to identifying 

genetic loci involved in CVDs and their association with behavioural and biological risk factors 
[2][3][4][5][6][7]. Despite the numerous nuclear DNA (nDNA) variants identified, only a small portion of the 

heredity of CVDs can thus far be accounted for by variants discovered with GWAS studies [8]. For 

instance, the 46 loci identified for coronary artery disease (CAD) only account for about 6-13% of CAD 

hereditability [9][10][11]. The mitochondrion is the only other source of DNA apart from the nucleus. 

Mitochondrial DNA (mtDNA) encodes for 22 tRNAs, two rRNAs, and 13 polypeptides thought to be 

important in the catalytic cores of complexes I, III, IV and V of the oxidative phosphorylation 

(OXPHOS) system (Figure 1). In humans, mtDNA contains 16 569 bps and is double stranded [12]. 

Depending on the energy needs of a specific tissue, each cell can contain 100-1000s of copies of mtDNA 
[13]. MtDNA is maternally inherited and has a much higher mutation rate than nDNA, possibly 10-17 

times higher [14]. Maternal inheritance results in a lack of bi-parental recombination, as such, the 

evolution of mtDNA is defined by the emergence of distinct lineages called haplogroups. Multi-copy 

makes possible a condition called heteroplasmy, where more than one genotype is present in the same 

cell/tissue/organism; homoplasmy then, is where all mtDNA copies carry the same allele. Notably, 

mtDNA is largely overlooked in GWASs, and could possibly contribute to the missing heredity of 

CVDs. Next, we will consider two main arguments on the possible role of mtDNA variants in CVDs.  
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Figure 2.1: MtDNA molecule showing positions of mtDNA encoded genes, and the OXPHOS 
system showing positions of mtDNA encoded protein. mtDNA encodes for 22 tRNA and 2 rRNA 
molecules, as well as 13 polypeptide sub-units of the OXPHOS enzyme complexes, as indicated by 
colour. Enzyme complexes I-IV are involved in a series of redox reactions which transfer electrons 
from carriers nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), to 
oxygen molecules. During these catalytically favourable reactions, H+ -ions are pumped from the 
mitochondrial matrix into the mitochondrial intermembrane space, to create a proton-motor force across 
the inner-mitochondrial membrane. This force is used by Complex V to catalyse the phosphorylation 
of adenosine diphosphate (ADP) to adenosine triphosphate (ATP). Complex I: NADH dehydrogenase; 
complex II: succinate dehydrogenase; complex III: cytochrome c reductase; complex IV: cytochrome c 
oxidase; complex V: ATP synthase. 

 

2.3.1     Mitochondrial dysfunction and mtDNA damage in vascular health  

When considering mtDNA as a possible contributor in the aetiology of CVD, it should also be 

considered from a biological perspective: Much investigation has been conducted in an attempt to 

elucidate the risk factors and physiological mechanisms involved in the development of CVDs, such as 

sub clinical atherosclerosis, hypertension, cardiomyopathy and type 2 diabetes [15][16][17][18][19][20]. An 

important common feature in all these conditions is inflammation in some form or another (Figure 2). 

An inflammatory state is thought to be caused by oxidative stress, due to excessive levels of reactive 

oxygen species (ROS).  ROS can be produced in several pathways, including by the enzymes such as 
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NADPH oxidase, nitric oxide synthase, and enzyme complexes of the electron transport chain (ETC) 
[21]. The general mechanism of ROS involvement in CVDs is ascribed to oxidative effects. For example, 

ROS contributes to atherosclerotic lesion formation by oxidising lipids, promoting vessel wall uptake 

of inflammatory cells, and enhancing proliferation and hypertrophy of vascular smooth muscle cells 

(VSMC) [21]. Several studies have shown increased levels of ROS in hypertensive humans and rats 
[16][22][23]. In cultured VSMCs for example, ROS has been shown to cause changes in cellular signalling 

pathways, favouring vasoconstriction [15]. A mechanism for this could be that ROS reduces nitric oxide 

(NO) bioavailability via quenching, impairing endothelial-mediated vasodilation [21][22][24]. However, 

ROS along with other factors of a dysfunctional mitochondrial energy metabolism (e.g. nucleotides, 

Ca2+), also act as effectors of retrograde signalling and the so-called cell danger response [25][26][27].  

Mitochondria are considered the major producers of ROS within the cell. In a recent article, Lopez-

Armada et al. (2013) reviewed the role of mitochondrial dysfunction in the inflammatory response and 

consequently in the pathology of various diseases, including CVDs. The authors described how 

mitochondrial dysfunction might modulate inflammatory processes by activating redox-sensitive 

inflammatory pathways and the NLRP3 inflammasome. In the vasculature, these alterations lead to 

disturbed endothelial homeostasis, which has been implicated in the pathology of CVDs, such as 

atherosclerosis [18]. Indeed, some improvements in disease presentation of hypertension and diabetes 

have been observed in studies where chronic anti-oxidant treatment is applied [18][28][29]. Another 

mechanism by which inflammation might be altered by mitochondrial dysfunction is through the 

resultant release of mtDNA into the cytosol and circulation: because mtDNA is similar to bacterial 

DNA and not methylated [30], released mtDNA molecules are thought to induce an inflammatory state 

which contributes to atherosclerosis and other inflammatory diseases [31][32][33][34][35]. 

MtDNA damage has also been shown to promote atherosclerosis directly, in the absence of oxidative 

stress. In a study by Yu et al. (2013), VSMCs showed increased apoptosis and decreased proliferation 

in a proof-reading deficient PolG-/-/ApoE-/- mouse model. Increased secretion of pro-inflammatory 

factors, tumour necrosis factor-α and interleukin-1β, were also reported and implicated in mtDNA 

release into the cytosol and subsequent activation of the inflammasome. The authors went on to test the 

applicableness of their findings in humans and concluded that an alternative mechanism for mtDNA 

defects mediate atherosclerosis development, independent of ROS: mtDNA defects lead to aberrant 

ECT function and consequently reduce ATP content in VSMCs, which then promotes apoptosis and 

inhibits cell proliferation, leading to increased atherosclerosis and risk of plaque rupture [36][37]. Plaque 

vulnerability is further promoted by mtDNA defects via monocyte cell death and the resultant increased 

release of inflammatory cytokine [38]. From these studies, it can be seen that mitochondrial dysfunction, 

possibly as a result of mtDNA variants or damage, can directly be implicated in mechanisms that 

encumber vascular health.   
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Figure 2.2: The role of mitochondrial dysfunction and mtDNA damage in vascular health. 
Mitochondrial dysfunction and mtDNA damage affect vascular health in several ways: 1.  ROS aids in 
lesion formation by oxidising lipids, increasing the uptake of inflammatory cells into the vascular wall, 
and enhancing proliferation and hypertrophy in VSMC. 2. During endothelial dependant vasodilation, 
endothelial cells released NO activates soluble guanylyl cyclase in VSMC to produce cyclic GMP, 
signalling a vasodilation response. ROS inhibits this mechanism by quenching bioavailable NO 
molecules. 3. Endothelial homeostasis is disturbed and plaque formation promoted, when mitochondrial 
dysfunction leads to ROS formation and activates redox-sensitive inflammatory pathways. 4. 
Circulating cell free mtDNA is similar in structure to bacterial DNA and invokes an inflammatory 
response, contributing to atherosclerosis. 5. Independent from ROS formation, mtDNA damage leads 
to aberrant ETC function and reduced ATP levels in VSMC. When cell viability is compromised, 
apoptosis of VSMC occurs, accelerating plaque growth and decreasing plaque integrity. 6. Through the 
same mechanisms, apoptosis of monocytes occurs, releasing inflammatory cytokines, contributing to 
inflammation and consequently increasing plaque formation and vulnerability. ATP: adenosine 
triphosphate; cGMP: Cyclic guanosine monophosphate; EC: endothelial cell; ETC: electron transport 
chain; NO: nitric oxide; ROS: reactive oxygen species; sGC: soluble guanylyl cyclase; VSMC: 
Vascular smooth muscle cells. 
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2.3.2     MtDNA point mutations and cardiac involvement 

Clinically proven mtDNA mutations are also an important cause of inherited disease [39]. To date, more 

than 250 deleterious point mutations and deletions of the mitochondrial genome have been clinically 

proven to be associated with certain disease phenotypes (www.mitomap.org). In several of these 

diseases, cardiovascular symptoms are an important part of the aetiology. Due to the very high levels 

of mtDNA population variation seen, both within and between human populations, the identification of 

mutations causing clinically manifesting disease prove to be a challenge, despite the small size of the 

mitochondrial chromosome.  Initially, DiMauro and Schon (2001) had set specific criteria for defining 

the pathogenicity of mtDNA mutations. The list has subsequently been updated to include important 

methods such as functional testing and single fibre analysis, which can more specifically link genotype 

to phenotype [41][42]. Notably, a pathogenicity scoring system for mitochondrial tRNAs was devised by 

McFarland et al. (2004), and further refined by Yarham et al. (2011). Mitchell et al. (2006) also devised 

a pathogenicity scoring system using variants in complex I mtDNA genes, but this can be applied to 

any structural mtDNA mutation. A list of these criteria is given in Table 1.  

Table 2.1: Criteria for defining the pathogenicity of mtDNA mutations 

Criteria for pathogenicity of mtDNA mutations include: 

• The mutation must only be present in patients and not controls 
• The mutation must be present in varied mitochondrial genetic backgrounds  
• The mutation must be the best mtDNA candidate variant to be pathogenic 
• The mutation must affect functionally important domains 
• Transfer of the mutated mtDNA to another cell line must be accompanied by transfer 

of the cellular or molecular defect 
• The mutation must not be a recognized, non-pathogenic SNP 
• The mutation must alter an area that is known to be highly conserved throughout 

evolution  
• The mutation must occur at varying levels within the cells (i.e. must be 

heteroplasmic) 
• A larger proportion of mutant mtDNA must correspond to a more severe phenotype 
• Single fiber PCR must be performed by comparing normal and abnormal fibers from 

muscle  
• The secondary structure of the tRNA molecule must also be taken into account when 

determining mt-tRNA mutation pathogenicity  

Listed in Table 1, are criteria that need to be met, in order for a mtDNA mutation to be classified as 
“disease-causing”, for either structural mtDNA or mt-tRNA mutations [40][41][42][43]. 

It should be noted that there are mtDNA mutations that are exceptions to all the “rules” in Table 1, and 

this was a critical motivation for algorithms or clinical scoring systems to help weigh the evidence that 

is presented for each mutation [43][44]. For a clinically proven mutation to manifest as a diseased 

phenotype, as in the case of primary mitochondrial disorders, the allele frequency (heteroplasmy) needs 
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to exceed a certain threshold, usually above 60%, referred to as the phenotypical threshold effect [45]. 

The biochemical threshold effect then, refers to the ability of the oxidative phosphorylation (OXPHOS) 

system to resist the metabolic expression of deficiencies therein [45][46]. These deficiencies may be 

caused by various factors involved in the expression and regulation of the OXHPOS complexes. There 

are many complexities to the expression of mtDNA mutations: a classic example is the mitochondrial 

tRNA mutation m.3243A>G, the most common of the mtDNA mutations causing mitochondrial 

disease. The m.3243A>G mutation can result in a vast array of clinical phenotypes affecting multiple 

systems within the body, causing two distinct clinical syndromes: maternally inherited diabetes and 

deafness (MIDD), and mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes 

(MELAS) syndrome in severe cases. Furthermore, the age of onset of m.3243A>G associated 

phenotypes span more than 50 years. The impact of several confounding factors, including 

heteroplasmy levels, remain unclear [47]. Another group of well-studied mutations are those that cause 

the disease Leber’s hereditary optic neuropathy (LHON). In contrast to the m.3243A>G mutation, 

LHON has a tissue specific phenotype manifesting as bi-lateral blindness. Several mtDNA mutations 

have been implicated in LHON, while three of these mutations, namely m.3460G>A, m.11778G>A and 

m.14484T>C located in subunits ND1, ND4 and ND6 of complex I respectively, accounts for 90-95% 

of cases [48]. Unusually, these mutations can be detected as homoplasmic variants without exerting a 

phenotype. Rather, disease penetrance is significantly influenced by confounding factors such as gender 

and environment (clinical penetrance is increased to 93% in smoking men) [49] and mtDNA haplogroup 

background (haplogroup J, K and M7 increase risk of clinical penetrance) [50][51]. 

The heart has especially high energy needs and relies heavily on OXPHOS derived ATP, such that one 

third of cardiomyocyte volume consists of mitochondria [52]. Not surprisingly then, the myocardium is 

frequently affected in primary mitochondrial disorders [53]. In a retrospective review study by Yaplito-

Lee et al. (2007), 33% of paediatric patients with definitive OXPHOS disorders had cardiac 

manifestations. Several mtDNA mutations (Figure 3 and Supplementary material) have also been 

shown to exhibit cardiac involvement, either as part of a multi-system syndrome (most frequently seen 

in MELAS), or as isolated occurrences, i.e. in the absence of associated CVDs or risk factors thereof 
[53][55][56]. Hypertrophic cardiomyopathy (hCM) and pulmonary artery hypertension (PAH) are the two 

phenotypes most commonly seen as isolated cardiac manifestations of primary mitochondrial disorders 
[53]. If clinically proven mtDNA mutations can directly lead to cardiac dysfunction, is it plausible to 

think that other mtDNA variants, such as population variants of mildly deleterious effect, might also 

lead to or alter severity/penetrance of complex cardiovascular disease phenotypes. 
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Figure 2.3: MtDNA morbidity map indicating clinically proven mtDNA mutations that present 
with syndromic or isolated cardiac involvement. aCAR: abnormal cardiac autonomic regulation; 
CM: cardiomyopathy; hCM: hypertrophic cardiomyopathy; dCM: dilated cardiomyopathy; HF: heart 
failure; hiCM: histiocytoid cardiomyopathy; iCM: infantile cardiomyopathy; ishCM: isolated 
hypertrophic cardiomyopathy; LBBB: left bundle branch block; LVA: left ventricle abnormalities; 
LVH: left ventricular hypertrophy; LVHT: left ventricular hypertrabeculation/noncompaction; mCM: 
mitochondrial cardiomyopathy; PAH: pulmonary artery hypertension; RRF: ragged red fibres; S&FCA: 
structural and functional cardiac abnormality; SSS: sick sinus syndrome; VD: ventricular dysfunction; 
VPB: ventricular premature beats; VSD: ventricle septal defect; WPW: Wolff–Parkinson–White 
syndrome. See Supplementary material for a detailed list of mutations, phenotype, references and 
pathogenicity scores as described in Mitchell et al. (2006) and Yarham et al. (2011).  

From the substantial supportive evidence of mitochondrial involvement in cardiovascular disease, it is 

thus evident that genetics investigations on the aetiology of CVD should include consideration of 

mtDNA variation. In the following sections, we present a number of approaches (plus findings from 

such investigations) on how mtDNA variation is investigated/associate in/with disease, with a specific 

focus on the approaches more likely to show its putative contribution to the risk of CVD development. 
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2.4  CURRENT APPROACHES USED FOR INVESTIGATING MTDNA 
INVOLVEMENT IN DISEASE  

2.4.1     Mitochondrial DNA copy number  

MtDNA copy number can be used as an indicative marker of mitochondrial biogenesis, which is thought 

to increase in response to increased energy demands, such as exercise, but also as a compensatory 

method for mitochondrial dysfunction [89]. On the other hand, mtDNA copy number has been shown to 

decrease with aging [90] and has been significantly correlated with late onset diseases, such as 

Parkinson’s disease [91][92]. As mentioned earlier, cell-free circulating mtDNA might also act as an 

inflammatory agent that contributes to CVDs [33]. Altered mtDNA copy number measured in peripheral 

blood cells have been shown to be associated with different complications of diabetes (diabetic 

retinopathy and diabetic nephropathy) [93][94]. Also, an association between telomere length and mtDNA 

copy number suggests a co-regulation mechanism for these two parameters, both of which are 

implicated in aging [95]. MtDNA depletion and impaired mitochondrial biogenesis have been shown to 

be a constant factor in the early stages of heart failure [96][97] and other disease thought to be related to 

aberrant ROS production [98]. While the exact mechanisms behind mtDNA content regulation are still 

unclear, it seems changes in either direction can be causative or indicative of disease [99]. Measurement 

of mtDNA copy number can be done accurately by real-time PCR methods, making this a useful 

approach for investigating the role of mitochondrial metabolism in disease phenotypes. 

2.4.2    Common mtDNA population variants 

MtDNA variants accumulated over time differ between population groups that have been separated for 

several thousand years. Consequently, distinct lineages (mtDNA haplogroups) can be drawn according 

to these sets of unique changes in mtDNA, referred to as common population variants. The full human 

mtDNA phylogeny can be accessed at www.phylotree.org [100]. Much of the variation seen in modern 

humans is to be found in the African haplogroups L0 to L6, but this variation has not been as fully 

described as the variation on other continents. European (eg. I, J, K, H, T, U, V, W, X) and Asian (eg. 

A, B, C, D, F, G) haplogroups fall within super haplogroups M and N, which in turn fall within L3. 

MtDNA haplogroup association studies therefore aim to associate these common mtDNA population 

variants with risk for various complex diseases, e.g. diabetes, hypertension or Parkinson’s disease [101]. 

MtDNA background has been shown to correlate with the severity of cardiomyopathy caused by nDNA-

encoded mitochondrial protein mutations [102], and increase the penetrance of LHON causing pathogenic 

mutations [50][51]. It has been proposed that mtDNA population variants could contribute to the 

adaptability of population groups to their environment, by altering mitochondrial enzyme function 
[103][104]. By analysing non-synonymous variants in 104 complete mtDNA sequences from across the 

globe, Mishmar et al. (2003) found that the ATP6 and cytochrome b genes were particularly variable in 
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arctic and temperate zones respectively, leading them to believe that positive selection had taken place. 

Stressors, such as sudden changes in environment, could then influence the degree of disease 

susceptibility of these environmentally adapted population groups [105]. However, this hypothesis was 

contested by others who have shown that there are significant differences in the same measure in 

haplogroups from the same environment [106][107]. Additionally, Amo and Brand (2007) put forward 

evidence to suggest that certain bioenergetic parameters did not significantly differ between 

mitochondria from arctic vs tropical haplogroups. In contrast to the action of positive selection, the 

action of negative or purifying selection on mtDNA has been established for almost a decade [107][109]. 

One important point to consider, is that positive or directional selection could not have acted identically 

on all lineages, and as such would result in a different rate of accumulation of variants on haplogroup 

lineages, thus affecting our ability to time divergence events by the counting of mutational events 

between lineages. On the other hand, it is possible that negative or purifying selection could act evenly 

across lineages and not impact on our use of mtDNA as a molecular clock; the reliability of mtDNA as 

a molecular clock has been widely discussed [110]. 

Because of the central role that mitochondria play in cell signalling and apoptosis, mitochondria have 

been implicated in several age-related diseases, including Parkinson’s disease, Alzheimer’s disease, 

multiple sclerosis and psoriasis [101][111][112]. CVDs are also classified as late-onset disease, and 

mitochondria have also been implicated in CVDs. Consequently, haplogroup association studies on 

CVD phenotypes are plentiful – but, as will be revealed, also prone to pitfalls. Crispim et al. (2006) 

reported an association of European haplogroup cluster J/T, with insulin resistance and type 2 diabetes 

in a Caucasian-Brazilian cohort. On the other hand, Li et al. (2014) found no association between 

mtDNA variation and risk for developing diabetes, while Chinnery et al. (2007) found no association 

with type 2 diabetes and major European haplogroups in a large study using 897 cases and 1010 

controls. Rather, Achilli et al. (2011) found that the risk for developing specific types of diabetes 

complications (disease outcome), is significantly associated with different mitochondrial haplogroups.  

Several mtDNA population variants in cytochrome c oxidase and NADH dehydrogenase subunit genes 

have been associated with body mass index (BMI) in adults [117]. In a very large study using a second 

cohort, Chinnery et al. (2010) found no significant associations between mtDNA haplogroups and 

ischaemic heart disease, hypertension, diabetes or metabolic syndrome, but did find a significant 

association of sub-haplogroup K with risk of cerebral ischaemic vascular effects. Thus, while some 

studies investigating phenotypes included in CVDs have reported results that support a role for mtDNA 

in CVD [116][117][119][120], there are also conflicting reports [115][118][121]. This is not only common in CVD 

related literature, but all areas where haplogroup association studies have been applied. This is an 

indication of the many difficulties that need to be overcome when considering mtDNA variation in the 

context of disease [122]. The unique way in which mtDNA is inherited (lack of bi-parental 

recombination), which results in the emergence of numerous unique haplogroups, contributes to the 



19 
 

complexity encountered when investigating mtDNA involvement in disease. Non-biological factors 

such as differences in statistical analysis approach [123]; difficulty in proper case and control matching; 

small effective population size, which results in a higher likelihood of population stratification; and 

insufficient cohort size [122], further undermine the consistency of these studies. Meta-analysis of data 

generated by several studies with overlapping phenotypes can be employed to overcome sample size 

difficulties, but these bring along challenges of their own, as independent studies have different 

goals/methods, and do not necessarily generate directly comparable datasets [101]. So, while haplogroup 

association studies might have fulfilled an important role in the ongoing pursuit of mtDNA variation 

involvement in disease, it is now well recognized that the field needs to consider alternative models.      

2.4.3   Rare mtDNA population variants   

It has been shown that negative or purifying selection plays a significant role in mtDNA evolution, with 

deleterious variants being removed from the population over time [107], and that the power of selection 

has been equally effective in all human lineages [124]. Consequently, rare mtDNA population variants 

are more likely to be mildly deleterious than common variants, as selection has had less time to remove 

them from the populations. Indeed, rare mtDNA variants have been linked to changes in CVDs and risk 

factors. In a study by Govindaraj et al. (2014), complete mtDNA analysis revealed ten non-synonymous 

variants present in hypertrophic cardiomyopathy patients, but not present in controls or on databases. 

Seven of these variants were classified as likely “pathogenic”, using several online scoring tools such 

as PolyPhen-2, PMUT and PROVEAN, and were therefore thought to be involved in cardiomyopathy 

development. Rare variants m.5913G>A and m.3316G>A have both been suggested to be associated 

with increased fasting blood glucose levels, while m.5913G>A was shown to also be associated with 

increased blood pressure, in a selected Framingham heart study subset, all of whom were of European 

descent [7]. In addition, several rare mtDNA variants, such as m.3316G>A [7][125] have been implicated 

in diabetes mellitus, of which an up to date list can be found on www.mitomap.org. Another possibility 

is that the effect of an accumulation of mildly deleterious variants may only become clinically 

significant once a population is challenged by a rapid change of confounding factors, such as diet or 

other environmental factors (toxins) [126][127]. 

In conclusion, several approaches are currently in use for investigating the role of mtDNA in common 

complex disease. MtDNA copy number is an emerging approach that might become more prevalent in 

studies concerning CVDs as well. In terms of mtDNA variants, rare population variants have been 

linked to several disease phenotypes, including CVD related disease such as cardiomyopathy and 

diabetes mellitus, and might be found to be associated with other CVDs or risk factors such as 

hypertension. Rare population variants are more likely to be mildly deleterious [124], but might not have 

a high enough impact on their own to alter disease onset; rather, these variants might be more likely to 
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alter disease progression or outcome. For common population variants, several haplogroup association 

studies have been done in CVDs, but have also been marred by the challenges these type of studies face 
[122]. It seems then that an alternative approach to investigate the role of mtDNA variation in disease is 

needed when investigating common complex disease.  

2.5  ALTERNATIVE APPROACH FOR INVESTIGATING MTDNA INVOLVEMENT IN 
DISEASE: THE ADJUSTED MUTATIONAL LOAD HYPOTHESIS 

An alternative approach, the mutational load hypothesis, was put forward in Elson et al. (2006). 

Mutational load refers to the synergistic effect of several changes in e.g. a specific gene, or functionally 

related set of genes. It does not look for associations with a specific variant but rather a summative 

effect: while some mtDNA variants might be of negligible effect on their own, an increased mutational 

load might be associated with increased risk for a certain disease. MtDNA mutational loads can then be 

adjusted to reflect the position within the phylogeny, since there are large differences in the average 

number of common population variants between haplogroups. This approach can also further be 

modified to, for example, exclude low-impact variants, highlighting the role of likely deleterious 

functional variants. Determining the likely impact or pathogenicity of mtDNA variants can be achieved 

by using several computational pathogenicity predicting methods [128]. An example of such a method is 

the MutPred system, which assigns a MutPred score to any protein coding mtDNA variant, according 

to 14 gain/loss properties of protein structure and function [129]. The use of this system has been widely 

validated in the context of mtDNA studies [124], and performs better in an accuracy test when compared 

with several other methods [128]. Thus, the question can be asked whether individuals in the disease 

group are impacted by a combination of rare (mildly deleterious variants) or simply whether such 

variants are more common in the disease cohort than in the controls. The mutational load approach 

moves away from the study of haplogroups and looks at the collective effect of rare (or recent) variants, 

which are more likely to be deleterious. It distils the likely impact of a person’s mtDNA variation into 

a single value on a continuous scale rather than a letter. Consequently, it will have more statistical power 

than conventional haplogroup association studies as more powerful parametric statistics can be applied, 

and fewer comparisons are required. As such, it offers an alternative method to explore the involvement 

of mtDNA variants in disease phenotypes, including diseases thought to be related to mitochondrial 

dysfunction, such as CVDs. 
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2.6  CONCLUSIONS: THE UNIQUE CHALLENGES FACED BY STUDIES IN 
AFRICAN POPULATIONS 

While communicable diseases are still the leading causes of mortality in Sub-Saharan Africa (SSA), 

CVD is of particular a growing concern here, since the prevalence has risen most markedly in recent 

times, as more populations of developing countries becomes urbanised and are exposed to a diet and 

life style which increases risk factors for CVD [130]. Taking into account the many differences among 

ethnic groups in the onset and development of CVD [131][132], genomic investigations have also been 

used to investigate these disparities [130][133][134][135]. However, the number of well-powered genetic 

studies on CVDs in African populations or people of African descent is much lower than in European 

populations. As of yet, no conclusive nDNA genetic factor/s have been identified to help understand 

these disparities [136]. Current euro-centric reference panels used in GWAS studies to examine the 

involvement of population variants in disease, have been shown to be of limited use in even common 

SSA population groups [137]. This is indicative of the lack of African representation in our current 

databases. This lack extends to mtDNA as well: of the more than 30 000 mtDNA sequences available 

on GenBank, only 12% of these are of African lineages (L0-6). This bias in published data results in 

the resolution of the phylogenetic tree being much higher in the European branches (especially super-

haplogroup N descendant) than in the African roots [138], despite greater diversity within the latter. 

Comparatively few studies have been done where the involvement of mtDNA variation in CVD has 

been considered [134][135][139][140][141]. Although of small size, one such study helps to highlight the 

challenges posed by these gaps in our current data: Ameh et al. (2011) could not find the tRNA mutation 

m.3243A>G in Nigerian diabetes type 2 patients, despite an association being previously reported in 

other European and Asian populations. This and other studies [142] illustrate the difficulty of 

extrapolating genetic risk factors for disease from one population group to the next, and the need for 

population specific studies. 

In conclusion, SSA is facing a growing burden of CVD, while the discrepancies in onset and progression 

between different ethnicities are still poorly understood. Additionally, there are large data gaps when 

genetic studies on Africans are considered, especially for complex disease phenotypes. The unique 

genetic backgrounds of different populations also make it difficult to apply advances made in well-

studied populations to understudied populations. While great efforts are being made to address these 

data gaps by initiatives such as the Human Heredity and Health in Africa (H3Africa) initiative [130], the 

Southern African Human Genome Programme, and the African Genome Variation Project [137], there is 

an urgent need for even more larger scale, African-specific investigations (which should also consider 

mtDNA variation) to be undertaken if we are to provide the necessary care to all vulnerable groups [143]. 

Realistically, for some time still, it is likely that studies in African populations will be hampered by 

financial and logistic/infrastructure difficulties [144], limiting the sizes thereof. Fortunately, these studies 
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can benefit from retrospective lessons we have learned thus far in other populations, highlighted in the 

above discussions. New studies could particularly benefit by asking better formulated questions, and 

using alternative approaches that aim to address the challenges associated with many of the classic 

approaches used, when the role of mtDNA in common disease is investigated. 

2.7  KEY MESSAGES 

• Cardiovascular disease (CVD) is a leading global cause for morbidity and mortality, and is on 

the rise in sub-Saharan Africa. 

• Discrepancies in the onset and progression of CVDs exist between different ethnic and 

population groups, which nuclear genetic studies have so far failed to explain. Mitochondrial 

DNA (mtDNA) offers a viable alternative target for genetic studies concerning common 

complex disease. 

• Many approaches can be taken to investigate the role of mtDNA in disease, but not all are suited 

for studies influenced by moderate cohort size or population stratification. The adjusted 

mutational load hypothesis offers an alternative approach, which could be of particular value 

for much-needed studies on CVDs in under-represented sub-Sahara African populations. 
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Chapter 3: Methods 

In this chapter, the Sympathetic Ambulatory Blood Pressure in Africans (SABPA) cohort is described, 

as well as the methods that were used to obtain complete mitochondrial DNA (mtDNA) next generation 

sequences from blood samples (first objective of this study). These general methods apply to all 

instances throughout the study where sequencing data were produced. Since the data processing and 

statistical analyses used differed for each of the remaining objectives, these specific methodological 

approaches are described separately where relevant in Chapters 4 to 7. This also applies to specific 

methods used for the cybrid studies conducted. 

3.1  SABPA COHORT  

The SABPA prospective study was set up to investigate several aspects of cardiometabolic disease in a 

Black South African population when compared to a geographically matched population of European 

descent. To ensure that all participants were of similar socio-economic status, 2170 teachers enrolled in 

schools in the Dr Kenneth Kaunda Education District (North-west Province, South Africa) were invited 

to participate in the study. During recruitment and before consent, study participants were informed 

about the objectives and procedures of the study, including investigations of genes involved in 

cardiometabolic disease. The study complied with criteria on human research set by the Helsinki 

declaration (2004) and was approved by the Ethics Committee of the North-West University (NWU 

00036-07-S6). Exclusion criteria were: pregnancy, lactation, users of α- and β-blockers, psychotropic 

substance abuse, blood donors or those who had been vaccinated in the previous three months, and 

those that have a tympanum temperature above 37.5 °C. After screening, 409 eligible responders were 

enrolled, of which 200 were Black South Africans (101 males and 99 females), and 209 were 

Caucasians South Africans (101 males and 108 females). Baseline measurements were taken from 

2008-2009, with a 3-year follow-up completed during 2011-2012. Clinical and biochemical 

measurements included those of hypothalamic-pituitary-adrenal (HPA) and sympathy-adrenal-

medullary (SAM) axes; renin-angiotensin-aldosterone system; ambulatory blood pressure and 

electrocardiogram; neurotrophines; renal function; metabolism; and pro-inflammatory, pro-thrombotic, 

functional and structural endothelium (Malan et al., 2015).  

For the current study, only baseline measurements were used. For some participants, blood samples 

were not available for next generation sequencing. Thus, for the 409 SABPA participants that are 

enrolled in the study, mtDNA sequences were obtained for only 363 participants (100 Black South 

African males, 94 Black South African females, 75 Caucasian South African males and 94 Caucasian 

South African females).  
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Some phenotypical data on the SABPA cohort important for this study is given in Table 3.1.    

Table 3.1: Phenotypical data on SABPA cohort  

Parameter Black males Black females Caucasian males Caucasian females 

Number of participants (n) 100 94 75 94 

Age (years) 43.2 ± 8.17 45.7 ± 7.86 45.4 ± 10.5 44.5 ± 10.7 

Body mass index 27.6 ± 5.77 32.9 ± 7.23 29.0 ± 5.33 26.2 ± 5.74 

HbA1c (%) 6.23 ± 1.23 5.90 ± 1.14 5.66 ± 0.49 5.36 ± 0.29 

24 h systolic ABPM (mmHg) 137.7 ± 16.0 128.6 ± 15.2 128.1 ± 10.6 120.7 ± 12.7 

25 h diastolic ABPM (mmHg) 87.9 ± 10.7 78.8 ± 8.50 79.7 ± 7.72 73.8 ± 7.89 

For each parameter, the group mean value is given ± standard deviation. Body mass index is a measure 
of body fat based on height and weight. HbA1c, glycated haemoglobin is measured to calculate the 
three month average plasma glucose concentration. 24 h ABPM, 24 hour ambulatory blood pressure 
monitoring. 

3.2 HYPERTENSION AND HYPERGLYCAEMIA IN THE SABPA COHORT  

The current international guidelines for classification of hypertension provide thresholds of >130/80 

mmHg for 24 hour ABPM (Mancia et al., 2013). However, Hermida et al. (2013) reported that ABPM 

measurements significantly differ between males and females. The authors propose that these current 

guidelines are only applicable in males, and that the derived outcome-based thresholds of day and night 

APBM measurements were 10/5 mmHg lower in females compared to males. Taking this into 

consideration, a second, but conservative threshold of 125/75 mmHg was chosen for hypertension 

classifications females in this study. Thus, a hypertensive classification was assigned to males with 24 

h systolic ABPM >130 mmHg and/or 24 h diastolic ABPM >80 mmHg, and females with 24 h systolic 

ABPM >125 mmHg and/or 24 h diastolic ABPM >75 mmHg (Hermida et al., 2013). Glycated 

haemoglobin (HbA1c) measurements expressed as a percentage, which are measured to calculate the 

three-month average plasma glucose concentrations, were used to classify participants as having either 

optimal blood glucose levels (HbA1c below 5.7%), falling within pre-diabetic ranges (HbA1c from 

5.7% to 6.4%) or diabetic ranges (HbA1c above 6.4%) (American Diabetes Association, 2010). 

Alternatively, participants were classified as having optimal blood glucose levels or being pre-diabetic, 

by applying the clinically-used threshold value of HbA1c = 5.7%. Incidences in the SABPA participants 

used in this study of hypertension and hyperglycaemia according to these criteria, are given in Table 

3.2. 
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Table 3.2: Incidences of hypertension and hyperglycaemia in the SABPA cohort  

SABPA cohort N % of participants that are: 

   
Normotensive Hypertensive Non-diabetic Pre-diabetic Diabetic 

Black males 100 22 78 30 51 19 

Black females 94 19 81 48 44 9 

Caucasian males 75 44 56 60 36 4 

Caucasian females 94 45 55 82 17 1 

The percentage of participants that were classified in the various blood pressure and blood glucose 
categories are given. 

3.3 DNA ISOLATION, AMPLIFICATION AND PREPARATION FOR NEXT 
GENERATION SEQUENCING 

Total genomic DNA was isolated from whole blood (EDTA-treated), which was thawed from frozen 

stock samples. The isolation of DNA was done using a Nucleospin® 96 blood kit (CAT# 740456.4) 

from Macherey-Nagel on a vacuum manifold, as per manufacturer instructions. For optimal recovered 

DNA yield and concentration, isolated DNA was eluted from the silica membrane in two steps, using 

50 µL of heated (70 °C) ultra-pure, Type 1 water (Milli-Q®, Millipore) each time. DNA concentrations 

and quality were measured using a Nanodrop® ND-1000 Spectrophotometer (Thermo Fisher Scientific).  

Next, mtDNA was amplified in two overlapping fragments, using the AccuPrime™ Taq DNA 

polymerase High Fidelity kit from Invitrogen (CAT# 12346-094) as per manufacturer instructions. The 

10X AccuPrime™ Buffer I was used, with 40 ng isolated DNA and 1 unit (0.2 µL) of AccuPrime™ 

High Fidelity enzyme, in a 50 µL reaction. For the primers used (Table 3.1), the optimal annealing 

temperature was 56.5 °C. For the first ten cycles, the duration of the extension step was kept constant 

at 10 min, after which it was sequentially extended by 10s after each next cycle (20X). 

Table 3.3: Primers used for amplification of mtDNA 
 

Primer name Primer sequence Position on 

mtDNA 

Size 

(bp) 

Fragment A SC-H-Forward 5’-ATCATACACAAACGCCTGAGC-3 13539-13559 9250 

 
SC-C-Reverse 5’-GGTAAGAGTCAGAAGCTTATG-3’ 6200–6220 

 
Fragment B SC-D-Forward 5’-AATACCCATCATAATCGGAGG-3’ 6115–6135 7546 

  SC-G-Reverse 5’-TTGACCTGTTAGGGTGAGAAGA-3’ 13640–13660   

Two sets of primers were used to amplify mtDNA in two overlapping fragments. Here, the name, nucleotide 
sequence, position and size of each fragment is given. 
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To confirm that the correct mtDNA fragments were amplified, PCR products were separated on a 0.7% 

(w/v) agarose gel in Bionic™ Buffer from Sigma-Aldrich (CAT# B6185-10L), stained with 0.5 μg/ml 

gel ethidium bromide (EtBr), and visualised under UV-light using a Syngene G:BOX gel documentation 

system. A Thermo Scientific GeneRuler DNA Ladder mix (CAT# SM0334) was used to determine the 

relative size of DNA bands in the gel. Figure 3.1 is an example of such a gel. 

Figure 3.1: Image of agarose gel with mtDNA PCR products. Fragments A and B of several samples 
were added in alternating lanes (lanes 1-18). A DNA ladder was added in the lane 19. 

Next, a PureLink™ Pro 96 PCR purification kit from Invitrogen (CAT# K3100-96A) was used to 

remove the remaining primers and other PCR reaction components from the PCR fragments. A vacuum 

manifold was again used together with the purification kit, per manufacturer instructions. To optimise 

recovered DNA yield, DNA was eluted in two steps, using 50-60 µL of low-Tris-EDTA (TE) buffer 

(pH 8.0) each time. 

The purified DNA was then quantified using the Quant-iT™ PicoGreen® dsDNA Assay Kit from 

Invitrogen (CAT# P11496) and the fluorescence measured on a Synergy HT microplate reader. Finally, 

equimolar amounts of fragment A: fragment B (5.6:4.9) for each sample were combined, and the DNA 

concentration was adjusted to 10 ng/µL using low-TE buffer. A small amount of this fragment mix was 

then separated on a 0.7% (w/v) agarose gel in Bionic™ Buffer, to ensure by visual inspection that both 

fragments were indeed present and approximately in equimolar amounts (example in Figure 3.2). 

Samples where fragments where not visually of equimolar amount (see lane 11, Figure 3.2), were re-

amplified or re-constituted. Although the samples amplified at different concentrations, as can be seen 

in this Figure 3.2, the concentrations were normalized for library preparation purposes. Samples were 

then stored at 4 °C until further use. 

Ladder 
10 000 bp   
6000 bp 

 

Fragment A 

Fragment B 

 1     2    3    4     5    6     7    8    9    10  11  12   13   14  15   16  17   18  19 
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Figure 3.2: Image of agarose gel showing equimolar amounts of mtDNA fragments A and B. For 
each sample, fragment A and B were mixed and visually inspected on a 0.7% agarose gel. A DNA 
ladder was added in the first lane, so that the relative size of the bands could be estimated.  

3.4  DNA LIBRARY BUILDING, ENRICHMENT AND TEMPLATE 
CONSTRUCTION FOR SEQUENCING 

DNA libraries were constructed using the Ion Xpress™ Plus Library Kit (CAT# 4477598) and Ion 

Xpress™ Barcode Adapters 1-96 kit (CAT# 4474517) from Thermo Fisher Scientific, on a AB Library 

Builder™ System, as per manufacturer instructions, with some adjustments. Although 500 ng DNA 

was used for each reaction, only 2.5 µL of Ion Xpress™ P1 Adapter and Ion Xpress™ Barcode were 

added, after some optimisation runs. A custom shearing time was set at 9 minutes, resulting in DNA 

fragment of 150 to 300 bps long. A gel-based library size selection was done using an E-Gel® 

SizeSelect™ 2% Agarose kit from Invitrogen (CAT# G661002) on an E-Gel® electrophoresis system 

(Invitrogen).  

Size-selected products were then quantified on a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific), 

using a Qubit® dsDNA HS assay kit from Thermo Fisher Scientific (CAT# Q32854), followed by 

amplification and purification as described in the Ion Xpress™ Plus and Ion Plus Library Preparation 

for the AB Library Builder™ System user guide. Equimolar amounts of amplified library products were 

then pooled using measurements from a combination of quantifying methods (Agilent® High Sensitivity 

DNA Kit (CAT# 5067-4626) and the Agilent 2100 Bioanalyzer® instrument and concentrations as 

measured on the Qubit® 2.0 Fluorometer). Libraries of 20 samples were pooled and diluted to ~13 pM.  

Templates were then prepared using the Ion PGM™ Template OT2 Solutions 200 Kit (CAT# 4480974) 

and the Ion OneTouch™ 2 instrument, as per manufacturer instructions, to obtain template positive Ion 

Sphere™ Particles (ISPs). The quality of template positive ISPs were then assessed using the Ion 

Sphere™ Quality Control assay (CAT# 4468656) from Thermo Fisher Scientific, and the Qubit® 2.0 

Fluorometer, as described in the Ion PGM™ Template OT2 200 kit user guide. The template positive 

ISPs were then enriched on the Ion OneTouch™ ES instrument, and stored at 4 °C for up to 3 days, 

before sequencing. 

Ladder 
10 000 bp 
   6000 bp 
 

Fragment A 
(top) 
Fragment B 
(bottom) 

  1    2    3     4    5    6    7     8    9    10  11  12   13  14   15  16  17   18  19   20 
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3.5 SEQUENCING OF MTDNA USING THE ION TORRENT PERSONAL 
GENOME MACHINE  

Entire mtDNA sequences were obtained by synthesis method using the Ion PGM™ Sequencing 200 

Kit v2 (CAT# 4482006), with the Ion 318™ Chip Kit v2 (CAT# 4484355), on the Ion Personal Genome 

Machine® (PGM™) system, all from Thermo Fisher Scientific. An Ion 318™ Chip was loaded 

manually after which the sequencing run was initiated. By sequencing only 20 samples per Ion 318™ 

Chip, the average coverage was estimated to be ~1800 times. In total, 21 templates were analysed. 

Figure 3.3 is a screenshot of part of a typical run summary that was obtained for each template. The 

parameters presented in such a run report can be used to assess the quality of a sequencing run.   

 

Figure 3.3: Screenshot of a run summary obtained for template 12.  Several parameters pertaining to a sequencing 
run are given, including the percentage of chip that was loaded with ISPs, the percentage of ISPs that contained 
template/no template, and the percentage of ISPs that had more than one type of DNA fragment attached (polyclonal). 
In the last panel, the mean, median and mode for read lengths are given. 

3.6  DATA ANALYSES 

The Ion Torrent PGM™ produces binary versions of sequence alignment/map (BAM) and indexed 

BAM (BAI) files that can be used in several downstream processes. The Ion Torrent Suite 4.4 software 

automatically performs several steps such as filtering out reads of poor quality and trimming off primer 

and adapter sequences. Several steps were taken to ensure the quality of the data. Firstly, sequencing 

reads were trimmed to remove barcode and adapter sequences.  Then a sliding window quality filter 

was applied with a quality score of 15.  For this study, reads were aligned and variants called against 

the revised Cambridge Reference Sequence (rCRS) (Andrews et al., 1999) using the VariantCaller plug-

in (version 5.0) unless specified otherwise. A list of candidate variants was first compiled, and these 
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variants were then evaluated using specific parameters (default settings), including read quality values, 

base quality values, variant frequency, strand bias, phase error, and coverage.  The candidate variants 

not meeting the specific parameter requirements were filtered out. Furthermore, all variants used in the 

initial analyses had a quality score (Phred based scoring) above 50.3 (average for all variants =15054.3) 

and a minimum coverage of 6X (average for all variants = 1047X), while variants used in the final 

analyses (those with MutPred scores above 0.5), had quality scores above 62.2 (average=14224.5) and 

a minimum coverage of 7X (average = 1002.8X). The sequencing method has been validated using 

several other techniques. Previously, a subset (10%) of sequence data generated using the current Ion 

Torrent PGM™ sequencing protocol was compared with Miseq (Illumina) technology and sequence 

sections using pyrosequencing (QIAGEN). Although some differences existed in low frequency 

variants (not relevant here) a 100% match of consensus sequence data (relevant here) was obtained.  

Aside from the specified websites and tools that are reported throughout this thesis, several online 

databases, tools and websites were used to perform unspecified procedures such as convert/transform 

file formats, inspect data, annotate variants and cross-reference information.  

These included:  

• http://www.mitotool.org  

• http://haplogrep.uibk.ac.at  

• https://mtdna-server.uibk.ac.at/index.html   

• http://www.phylotree.org  

• http://www.mitomap.org; 

• http://mamit-trna.u-strasbg.fr  

• http://www.hugo-international.org/HUGO-Gene-Nomenclature  

• http://www.ensembl.org/index.html  

• https://www.ncbi.nlm.nih.gov/genbank 

• http://mutpred.mutdb.org/  

• https://galaxyproject.org/   

The specific data and statistical analysis methods used further to address each objective of this study, 

are described in the corresponding chapters that follow. 
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3.7 POWER CALCULATIONS 

Power calculations included here were done using G*Power (Version 3.1.9.2). Considering mean 

MutPred adjusted load scores of 0.41 ± 0.28, for a total sample size of 82, this study has 90% power to 

detect a correlation with moderate effect size between MutPred adjusted loads and physiological 

parameters. When comparing mean MutPred adjusted loads between two phenotype classifications, this 

study had ~70% power to detect a medium effect size (d = 0.5) with a total sample size of 100.   
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Chapter 4: Evaluating the presence of 
disease-associated mtDNA variants as 
reported on MITOMAP, and mt-tRNA and 
mt-rRNA variant frequency in a 
hypertension cohort1 

  INTRODUCTION 

In Chapter 2, the various ways in which mitochondrial DNA (mtDNA) variants can be involved in 

disease were outlined. As discussed, clinically proven mtDNA point mutations are a recognised cause 

of primary mitochondrial disease. While strict criteria exist for an mtDNA variant to be classified as a 

“clinically proven” pathogenic mutation (see Chapter 2), many mtDNA variants have also been 

associated with disease (www.mitomap.org). In section 4.3.1 of this chapter, the presence in 

hypertension of these “disease-associated” variants, as reported in the mtDNA database MITOMAP (as 

of August, 2016), is investigated. 

While variants in protein coding genes may cause specific structural or functional changes, variants in 

mt-tRNA genes might have a much wider impact, as these molecules are intricately involved in the 

transcription and translation of all mitochondrial protein genes (Florentz et al., 2003; Yarham et al., 

                                                 
Selected glossary 

Terms that could have ambiguous meanings or are new, are used throughout this thesis in the following 
way:  
1) “mutation” here refers to any mtDNA variant that has been clinically proven, per set criteria as 
discussed in Chapter 2, to be pathogenic and cause disease. Mutations are thus “disease causing” 
variants.  
2) “disease-associated” variants are mtDNA variants that have been associated with disease in some 
way, but do not necessarily at this point in time meet all the criteria set out to prove pathogenicity.  
3) “MutPred scores” refer to pathogenicity scores which are assigned by the MutPred system 
(mutpred.mutdb.org/about.html) to any non-synonymous structural gene mtDNA variant, while 
“MutPred-scoring variant” refers to such variants. MutPred scores above 0.5 are considered an 
“actionable hypothesis” for pathogenicity, while scores above 0.75 are considered a “confident 
hypothesis”.  
4) “Yarham scores” refer to pathogenicity scores for mtDNA tRNA variants, as assigned by the system 
described by Yarham, et al., (2011). Variants are considered: neutral with a Yarham score below 7; 
possibly pathogenic with a score between 7 and 10; probably pathogenic with a score between 11 and 
13, but with no function evidence such as single fibre, steady-state or cybrid analyses; and definitely 
pathogenic with a score above 10 and the inclusion of single fibre, steady-state or cybrid analyses 
evidence.  
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2010). Thus a severely disruptive mutation in, for instance, the mt-tRNALeu(UUR) gene, will lead to 

decrease steady state levels of this mt-tRNA, decreased animoacylation and absence of the wobble base 

5-taurinomethyl group modification, leading to reduced polypeptide synthesis where leucine is 

required, and inefficient enzyme complex assembly (Janssen et al., 2007). Likewise, mutations in mt-

rRNA genes might affect the synthesis of all proteins expressed in the mitochondria. Unlike for mt-

tRNAs, very few mt-rRNA mutations have been found (Elson et al., 2015). Two mutations in the 12S 

mt-rRNA, m.1555A>G and m.1494C>T, have been implicated in non-syndromic and aminoglycoside-

induced deafness (Guan et al., 1996; Sylvester et al., 2004). It is thought that disease penetrance of these 

mutations is strongly modulated by other nuclear and environmental factors (Ballana et al., 2006; Guan 

et al., 2000; Raimundo et al., 2012; Zhao et al., 2005). In general, variants found in the stems rather 

than in the loops of the mt-tRNA molecule are more likely to be deleterious, as mutations here often 

disrupt Watson-Crick base pairs (Yarham et al., 2010). It is, however, also possible that the deleterious 

effect of such disruptions can be curtailed by a second-site nucleotide change which restores the 

Watson-Crick base pair (Kern & Kondrashov, 2004). It is also worth noting that some deleterious 

mutations are found in the loops of mt-tRNAs; these mutations might lead to codon:anticodon instability 

and negatively affect translation (Sanders et al., 2008).   

While not all mt-tRNA or mt-rRNA variants are pathogenic, some variants might still infer some 

changes in mitochondrial function, and other downstream processes implicated in common complex 

disease, that is, they might be mildly deleterious. Mt-tRNA variants are good candidates for being 

mildly deleterious and involved in common complex disease, as they are more common in the recent 

“tips” of the phylogeny, rather than within the deeper branches (Elson et al., 2004; Kivisild et al., 2006). 

This indicates that selective pressure is exerted against these variants over time. Also, large families 

carrying deleterious mt-tRNA variants have been described, demonstrating that these variants are also 

transmitted to offspring (Qin et al., 2014). Therefore, it is possible that mt-tRNA or mt-rRNA variants 

might be more abundant in disease groups compared to control groups. In section 4.3.2 of this chapter, 

the presence of mt-tRNA and mt-rRNA variants in those with or without hypertension will be 

investigated.   
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  METHODS 

4.2.1 Cohort description, data generation and phenotyping 

The cohort recruitment, ethics, sequencing data generation and variant calling was thoroughly described 

in Chapter 3. Variants were characterised using MITOMAP (www.mitomap.org). Haplogroups were 

assigned using Haplogrep 2.0 (haplogrep.uibk.ac.at) and MutPred scores were calculated for all non-

synonymous variants using the MutPred program (mutpred.mutdb.org/about.html). Yarham scores 

were assigned as described by Yarham et al., (2011). Clinically proven mutations were identified using 

the criteria set out by DiMauro and Schon (2001), McFarland et al. (2004), Mitchell et al. (2006) and 

Yarham et al. (2011). 

Large discrepancies in 24 hour ambulatory blood pressure monitoring (ABPM) measurements exist 

between Black South African and Caucasian South African SABPA participants, as well as between 

the two gender groups. For this reason, participants were divided into four gender/mtDNA background 

groups, and analysed separately. These were designated as follows: haplogroup L males and haplogroup 

L females (Black South African groups); haplogroup MN males and haplogroup MN females 

(Caucasian South African groups). For a detailed discussion on this, please refer to Chapter 5 (Venter 

et al., 2017). Normotensive and hypertensive classifications are based on 24 h ABPM measurements. 

A hypertensive classification was assigned to males with 24 h systolic ABPM ≥ 130 mmHg and/or 24 

h diastolic ABPM ≥ 80 mmHg, and females with 24 h systolic ABPM ≥ 125 mmHg and/or 24 h diastolic 

ABPM ≥ 75 mmHg, based on findings reported in Hermida et al., (2013). 

4.2.2 Statistical analyses 

All statistical analyses were carried out using IBM SPSS Statistics (version 23) or Prism GraphPad 

software (version 6.05). For previously reported mtDNA variants, all variants were used so that 

heteroplasmy levels could be considered. To see whether these variants were more abundant in 

hypertensives than in normotensives, the number of times each variant appears in the cohort was 

counted. Fisher’s exact tests were used to assess the differences in incidence of frequently occurring 

variants between the four gender/background groups. A Bonferroni correction for multiple testing was 

applied. 
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To assess the abundance of mt-tRNA and mt-rRNA variants, only consensus variants were used. First, 

the number of mt-tRNA and mt-rRNA variants that were very rare (defined as those with a GenBank 

frequency below 0.1%) were compared to those that were common in the population (defined as those 

with a GenBank frequency above 1%) using Fisher’s exact tests. Next, mt-tRNA and mt-rRNA variants 

that were unique to each gender/background group (i.e. occurred only once in a group) were identified 

and counted. Fisher’s exact tests were used to assess the significance of these frequencies.     

  RESULTS AND DISCUSSION 

4.3.1 Frequency of previously reported disease-associated mtDNA variant in 

hypertension 

In Table 4.1, variants present in the SABPA cohort that have been associated with disease, 

according to the MITOMAP database, are given, along with descriptive data for each variant. 

It is important to note that a number of these variants have weak evidence associating them 

with disease, but in this first instance an unbiased approach was taken by considering all 

variants reported as disease-associated. A similar approach to that was taken by Pereira et al. 

(2011), where all disease-associated mtDNA variants on the Online Mendelian Inheritance in 

Man (OMIM) database were used to investigate the role of selection in mtDNA evolution. 
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Table 4.1: Previously reported disease-associated mtDNA variants found in the SABPA cohort 

Variant Gene AA 
change 

MutPred or 
Yarham score 

Conser-
vation 

(%) 

GB Frequency Cohort 
frequency 
(counts) 

Heteroplasmy (%) MITOMAP disease report 

9055G>A MT-ATP6 A - T 0.492 87 1581 (4.93%) 9 >96 PD protective factor 
9098T>C MT-ATP6 I - T 0.685 76 47 (0.15%) 8 100 Predisposition to ARV mito disease 
9185T>C MT-ATP6 L - P 0.751 98 3 (0.01%) 1 5.9 LD / Ataxia syn / NARP-like disease 
5911C>T MT-COI A - V 0.258 11 149 (0.46%) 27 >96 Prostate cancer 
6253T>C MT-COI M - T 0.458 69 355 (1.11%) 6 100 Prostate cancer  
6663A>G MT-COI I - V 0.558 96 132 (0.41%) 2 100 Prostate cancer 
7080T>C MT-COI F - L 0.561 98 32 (0.10%) 3 one case with 7% Prostate cancer 
6261G>A MT-COI A - T 0.572 98 176 (0.55%) 2 >98 Prostate cancer / LHON 
6267G>A MT-COI A - T 0.630 91 56 (0.17%) 2 >98 Prostate cancer 
6489C>A MT-COI L - I 0.641 98 67 (0.21%) 1 98.7 Therapy-resistant epilepsy 
6480G>A MT-COI V - I 0.664 89 121 (0.38%) 1 100 Prostate cancer  
6150G>A MT-COI V - I 0.676 96 173 (0.54%) 6 >97 Prostate cancer  
7859G>A MT-COII D - N 0.226 24 123 (0.38%) 1 100 Progressive encephalomyopathy 
8021A>G MT-COII I - V 0.431 11 4 (0.01%) 2 100 Asthenozoospermia 
9861T>C MT-COIII F - L 0.621 42 61 (0.19%) 2 one case with 5.8% AD 
9438G>A MT-COIII G - S 0.839 93 277 (0.86%) 3 >96 LHON 
15693T>C MT-CYB M - T 0.229 76 396 (1.24%) 4 100 Possibly LVNC CM-associated 
15497G>A MT-CYB G - S 0.477 89 158 (0.49%) 1 >96 EXIT / Obesity 
15812G>A MT-CYB V - M 0.518 24 212 (0.66%) 8 >97 LHON 
15257G>A MT-CYB D - N 0.785 96 405 (1.26%) 8 >99 LHON 
15043G>A MT-CYB G - G - 98 7301 (22.77%) 17 >96 DEAF associated 
3310C>T MT-ND1 P - S 0.434 13 9 (0.03%) 1 100 Diabetes / HCM 
3316G>A MT-ND1 A - T 0.463 4 303 (0.95%) 3 100 Diabetes / LHON / PEO 
3796A>G MT-ND1 T - A 0.540 71 174 (0.54%) 2 >97 Adult-onset dystonia 
3308T>C MT-ND1 M - T 0.577 84 306 (0.95%) 1 100 MELAS / DEAF enhancer / HT / LVNC 
3337G>A MT-ND1 V - M 0.600 24 52 (0.16%) 3 100 CM 
4216T>C MT-ND1 Y - H 0.611 24 3156 (9.84%) 40 one case with 4.5% LHON / IR / adaptive 
3736G>A MT-ND1 V - I 0.661 93 59 (0.18%) 2 >99 LHON 
3644T>C MT-ND1 V - A 0.676 100 154 (0.48%) 1 98.9 BD-associated 
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Table 4.1 continued... 

Variant Gene AA 
change 

MutPred or 
Yarham score 

Conser-
vation 

(%) 

GB Frequency Cohort 
frequency 
(counts) 

Heteroplasmy (%) MITOMAP disease report 

3396T>C MT-ND1 Y - Y - 93 266 (0.83%) 1 100 NSHL / MIDD 
5460G>A MT-ND2 A - T 0.505 4 2003 (6.25%) 62 >96 AD / PD 
4917A>G MT-ND2 N - D 0.628 91 1528 (4.77%) 25 >90 LHON / IR / AMD / NRTI-PN 
10398A>G MT-ND3 T - A 0.170 51 14003 (43.68%) 250 one case with 4.4% Various 
10086A>G MT-ND3 N - D 0.196 87 175 (0.55%) 11 >96 Hypertensive end-stage renal disease 
10237T>C MT-ND3 I - T 0.551 100 50 (0.16%) 1 97.7 LHON 
11084A>G MT-ND4 T - A 0.482 87 159 (0.50%) 1 >96 AD, PD; MELAS 
11778G>A MT-ND4 R - H 0.852 100 112 (0.35%) 1 16.5 LHON / Progressive dystonia 
11467A>G MT-ND4 L - L - 100 4213 (13.14%) 44 >93 Altered brain pH 
10652T>C MT-ND4L I - I - 73 51 (0.16%) 1 4.9 BD / MIDD-associated 
12372G>A MT-ND5 L - L - 80 4519 (14.10%) 45 >96 Altered brain pH 
12634A>G MT-ND5 I - V 0.381 98 91 (0.28%) 1 100 Thyroid cancer cell line 
13708G>A MT-ND5 A - T 0.409 33 2185 (6.82%) 21 >96 LHON / Increased MS risk 
13637A>G MT-ND5 Q - R 0.610 62 287 (0.90%) 3 >95 Possible LHON factor 
669T>C MT-RNR1 rRNA - 58 66 (0.21%) 6 >95 DEAF 
721T>C MT-RNR1 rRNA - 4 58 (0.18%) 6 >99 Possibly LVNC-associated 
921T>C MT-RNR1 rRNA - 67 221 (0.69%) 8 100 Possibly LVNC-associated 
961T>C MT-RNR1 rRNA - 22 317 (0.99%) 25 two cases < 5%; 

one case with 56%; 
one case with 86% 

DEAF, possibly LVNC-associated 

961T>G MT-RNR1 rRNA - 22 123 (0.38%) 1 99.4 Possibly DEAF-associated 
1310C>T MT-RNR1 rRNA - 29 30 (0.09%) 1 98.2 DEAF-associated 
2352T>C MT-RNR2 rRNA - 9 839 (2.62%) 19 one case with 9.6% Possibly LVNC-associated 
2755A>G MT-RNR2 rRNA - 56 184 (0.57%) 7 >98 Possibly LVNC-associated 
3010G>A MT-RNR2 rRNA - 20 5046 (15.74%) 34 one case with 5.1% Cyclic vomiting syndrome/migraine  
3196G>A MT-RNR2 rRNA - 22 8 (0.02%) 1 8.4 ADPD 
5655T>C MT-TA tRNA 5 0 276 (0.86%) 3 100 DEAF enhancer 
5814T>C MT-TC tRNA 14 16 109 (0.34%) 1 100 Mitochondrial encephalopathy 
7543A>G MT-TD tRNA 9 84 8 (0.02%) 1 98.7 MEPR 
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Table 4.1 continued... 

Variant Gene AA 
change 

MutPred or 
Yarham score 

Conser-
vation 

(%) 

GenBank  
Frequency 

Cohort 
frequency 
(counts) 

Heteroplasmy (%) MITOMAP disease report 

14687A>G MT-TE tRNA 13 2 211 (0.66%) 3 100 Mito myopathy w respiratory failure 
3277G>A MT-TL1 tRNA 0 11 19 (0.06%) 4 100 Poss. HT factor 
4336T>C MT-TQ tRNA 8 36 334 (1.04%) 1 100 ADPD / Hearing loss & migraine 
4395A>G MT-TQ tRNA 0 7 19 (0.06%) 1 100 Poss. HT factor 
4454T>C MT-TM tRNA 0 56 185 (0.58%) 1 100 Poss. mito dysfunction / HT 
8343A>G MT-TK tRNA 0 18 26 (0.08%) 3 one case with 5.1% Possible PD risk factor 
10454T>C MT-TR tRNA 1 36 118 (0.37%) 1 98 DEAF helper mut. 
12192G>A MT-TH tRNA 4 7 72 (0.22%) 8 >98 MICM 
12236G>A MT-TS2 tRNA 0 71 284 (0.89%) 3 one case with 5.3% DEAF 
12308A>G MT-TL2 tRNA 0 96 4193 (13.08%) 44 >87 CPEO / Stroke / CM / other 
15924A>G MT-TT tRNA 2 71 1288 (4.02%) 11 one case with 10.1% LIMM 
15928G>A MT-TT tRNA 0 49 1547 (4.83%) 24 >90 Various 
15942T>C MT-TT tRNA 0 16 237 (0.74%) 13 one case with 10.9% Possibly LVNC-associated 
15951A>G MT-TT tRNA 6 76 308 (0.96%) 4 100 LHON modulator 

In this table, variants that have previously been reported in association with disease according to MITOMAP (www.mitomap.org) that are present in the SABPA 
cohort are listed. For each variant, the locus and amino acid (AA) change are given, as well as the MutPred score (mutpred.mutdb.org/about.html) for non-
synonymous variants, or Yarham score (as described in Yarham et al., 2011) for mt-tRNA variants. Conservation is across 45 species. GenBank frequency was 
derived by MITOMAP from 32 069 complete sequences available on GenBank as of August, 2016. Cohort frequency refers to the number of times a variant 
appears within the SABPA cohort. Heteroplasmy levels of these variants within SABPA participants are also given; where heteroplasmy levels of single cases 
are specified, all other cases were homoplasmic. Transversions are indicated in italics. Clinically proven mutations are indicated in boldface. AD: Alzheimer’s 
disease; ADPD: Alzheimer’s disease and Parkinson’s Disease; AMD: age-related macular degeneration; BD: bi-polar disorder; CM: cardiomyopathy; CPEO: 
chronic progressive external ophthalmoplegia; DEAF: maternally inherited deafness or aminoglycoside-induced deafness; EXIT: exercise intolerance; HT: 
hypertension; IR: insulin resistance; LHON: Leber’s hereditary optic neuropathy; LIMM: lethal infantile mitochondrial myopathy;  LVNC: left ventricular non-
compaction; MELAS: mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; MEPR: myoclonic seizures, developmental delay, and severe 
behavioural problems; MICM: maternally inherited cardiomyopathy; MIDD: maternally inherited deafness and diabetes; MM: mitochondrial myopathy; NARP: 
neurogenic muscle weakness, ataxia, and retinitis pigmentosa; NRTI-PN: antiretroviral therapy-associated peripheral neuropathy; SNHL: sensory neural hearing 
loss. 
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Several disease-associated variants occurred multiple times in the SABPA cohort, though most of these 

were evenly distributed among the hypertensive and normotensive groups. All haplogroup L participants 

had at least one disease-associated variant, with the exception of one haplogroup L female participant 

(hypertensive), who had none. In haplogroup MN, only five hypertensive and four normotensive males, as 

well as four hypertensive and ten normotensive females had no disease-associated variants. All other 

haplogroup MN participants had at least one disease-associated variant. In total, disease-associated variants 

occurred 166 times in hypertensive haplogroup L males (N = 78), and 39 times in normotensive haplogroup 

L males (N = 22). Although this appears to be a significant difference, it is important to note the large 

difference in the number participants in the hypertensive and normotensive haplogroup L male groups. 

Expressed as the number of variants per person, these frequencies are 2.1 for hypertensives and 1.8 for 

normotensives, and were not statistically significant (Fisher’s P = 0.35). The same was true for all other 

groups: disease-associated variants occurred 161 times in hypertensive haplogroup L females (N = 76) and 

36 times in normotensive haplogroup L females (N = 18), which was 2.12 and 2 variants per person for 

hypertensives and normotensives respectively; variants occurred 99 times in hypertensive haplogroup MN 

males (N = 44) and 101 times in normotensive haplogroup MN males (N = 46), which was 2.3 and 3.1 

variants per person for hypertensives and normotensives respectively; lastly, variants occurred 119 times 

in hypertensive haplogroup MN females (N = 52) and 95 times in normotensive haplogroup MN females 

(N = 42), which was 2.3 variants per person for both blood pressure groups. None of these frequency 

distributions were significant (Fisher’s P > 0.05).  

When looked at individually, most of these variants were evenly distributed among hypertensive and 

normotensive groups. However, some variants appeared to segregate better with phenotype groups. In Table 

4.2, four disease-associated variants with the most significant differences in distribution among 

hypertensive and normotensive participants are listed. For each gender/background group, the percentage 

of participants in which a specific variant occurred is given.     
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Table 4.2: Cohort frequency of four frequently occurring previously reported disease-associated mtDNA 

variants 

Group Mean group 
systolic 24h 
ABPM ± SD 

(mmHg) 

Blood pressure 
status 

Percentage of participants in which the variant is present (Yes) or 
absent (No) (%) 

 

961T>C 
 

5460G>A  5911C>T 
 

10398A>G 
Yes No 

 
Yes No 

 
Yes No 

 
Yes No 

Haplogroup L 
males 

143.2 ± 13 Hypertensive 
(N = 78) 

18* 82 
 

32 68 
 

18* 82 
 

97 3 

118.2 ± 5 Normotensive 
(N = 22) 

0 100 
 

14 86 
 

0 100 
 

100 0 

Haplogroup L 
females 

132.6 ± 14 Hypertensive 
(N = 76) 

12 88 
 

26 74 
 

11 89 
 

97 3 

111.6 ± 4 Normotensive 
(N = 18) 

0 100 
 

22 78 
 

0 100 
 

100 0 

Haplogroup 
MN males 

133.9 ± 10 Hypertensive 
(N = 42) 

0 100 
 

2 98 
 

0 100 
 

17 83 

120.7 ± 5 Normotensive 
(N = 33) 

0 100 
 

3 97 
 

0 100 
 

24 76 

Haplogroup 
MN females 

127.8 ± 13 Hypertensive 
(N = 52) 

0 100 
 

6 94 
 

0 100 
 

21 79 

112.0 ± 4 Normotensive 
(N = 42) 

0 100 
 

2 98 
 

0 100 
 

31 69 

In this table, the percentage of participants in a gender/background group, in which a specific variant occurred 
is given. Distributions that were significant at the 0.05 level (before correction of multiple testing) are marked 
with an asterisk. ABPM: ambulatory blood pressure measurements. 

Although several more hypertensive haplogroup L participants (both males and females) had variant 

m.5460G>A than their normotensive counterparts, these frequencies were not statistically significant 

(Fisher’s P > 0.1). The m.10398A>G variant has a history of being reported in association with complex 

disease, ranging from being both a protective factor against (van der Walt et al., 2003) and a risk factor for 

(Otaegui et al., 2004) Parkinson’s disease, as well as a risk factor for metabolic syndrome and breast cancer 

(Canter et al., 2005), which has been directly disputed (Setiawan et al., 2008). m.10398A>G currently has 

a high GenBank frequency of 44% (present in 14003 sequences on GenBank), and a very low MutPred 

pathogenicity score of 0.17, which makes it very unlikely that this variant, on its own, is deleterious.  Both 

m.961T>C and m.5911C>T were only present in haplogroup L participants, and only in those with 

hypertension. This was statistically significant in haplogroup L males (Fisher’s P = 0.03) but not females, 

but significance was lost after a Bonferroni correction. Both of these variants are listed on Phylotree as 

haplogroup-defining (m.5911C>T defines L0a1b, while m.961T>C defines a sub-haplogroup of L0a1b, 

namely L0a1b1a1).  Interestingly, all participants in this cohort that had both these variants, and were 

assigned haplogroups L0a1b (N = 1) or L0a1b1a1 (N = 21), were also classified as hypertensive. One 

participant who only had the m.961T>C variant and was assigned haplogroup L0d2a1, was also 

hypertensive. It should be noted however that: i) the number of haplogroup L participants classified as 

hypertensive is unusually high, given that participants were not selected on the grounds of phenotype (i.e. 

hypertensive participants were not sought out during recruitment). This is probably an indication of 
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population bias, as clinically relevant cut-off values of hypertension classifications are based on studies 

mostly done on Caucasians. It is likely that these cut-off values should be adjusted for use in different 

population groups; ii) while it is tempting to associate hypertension with haplogroup L01ab and its 

subgroups, this study is not powered well enough to do a haplogroup association (Samuels et al., 2006). 

Thus, while this result is interesting to consider, it is by no means a confident indication of such an 

association. Even though these four variants have previously been associated with disease, as common 

haplogroup markers occurring multiple times in the phylogeny and having mostly low MutPred scores, it 

is unlikely that they are disease- causing variants with direct effects on structure or function of mtDNA 

proteins. However, as mentioned in Chapter 2, haplogroup context could in some way influence risk for 

disease progression or outcome (Achilli et al., 2011; Chinnery et al., 2010; Hudson et al., 2007; Ji et al., 

2008).   

As negative selection removes pathogenic mtDNA variants over time, rare variants are more likely to be 

deleterious (Elson et al., 2004; Pereira et al., 2011). In this cohort, only nine very rare (GenBank frequency 

less than 0.1%) disease-associated variants were found, and these variants were also rare among participants 

in this cohort. 

Three clinically-proven mutations associated with mitochondrial disease phenotypes were present in the 

SABPA cohort (indicated in bold in Table 4.1). The first, found in MT-ND4, is one of the three most 

common Leber’s hereditary optic neuropathy (LHON) mutations that account for 90-95% of LHON cases 

(Yu-Wai-Man & Chinnery, 2000 [Updated 2016]). LHON mutations cause a very tissue-specific phenotype 

(bilateral visual failure), and are usually homoplasmic. Disease penetrance usually occurs only at 

heteroplasmy levels above 60%, as measured in leucocytes, and is greatly influenced by other factors such 

as age, gender, smoking and haplogroup background (Chapter 2), but the phenotype can also be completely 

absent even at homoplasmic mutation levels. As this mutation was detected in blood at a heteroplasmy level 

of 16.5% in one 56-year-old male participant here, it is unlikely to have any biologically relevant effect in 

the participant now of even later in life.  

The next two clinically-proven mutations were m.5814T>C in MT-TC, found in one haplogroup L female, 

and m.14687A>G in MT-TE, found in three haplogroup MN females. The m.5814T>C mutation is 

implicated in mitochondrial encephalopathy (Sternberg et al., 2001), while m.14687A>G is implicated in 

mitochondrial myopathy with respiratory failure (Bruno et al., 2003). Yarham scores of 14 and 13 for 

m.5814T>C and m.14687A>G respectively have previously been assigned (Supplementary information of 

Yarham et al., 2011). Of the four participants in whom these mutations occurred, three were borderline 

hypertensive, while one participant (with m.14687A>G) had significantly high measurements of 24 h ABPM 

and reactive oxygen species (ROS). One participant (with m.5814T>C) had high inflammation (C-reactive 
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protein) and albuminuria measurements. Yarham scores take into account several factors such as patient 

segregation, conservation across species, heteroplasmy levels, and biochemical, histochemical and function 

evidence to assign pathogenicity scores. Although both these mutations meet several criteria for 

pathogenicity, both mutations are also listed on Phylotree (Built 17), as haplogroup defining variants, each 

for the corresponding haplogroups that were assigned to the participants (L2 or T2). Also, both mutations 

were present at homoplasmic levels in these participants, which would be unusual for pathogenic mutations 

(LHON mutations being an exception to this rule). While the presence of a variant on Phylotree alone is not 

enough to disqualify it as disease-causing, it does call for careful inspection of the evidence for pathogenicity 

previously put forth. The functional evidence for pathogenicity for both mutations was reported more than a 

decade ago (Bruno et al., 2003; Sternberg et al., 2001). It is very likely that at the time, these mutations were 

considered to be rare, and not yet classified as population variants. On closer inspection, m.5814T>C did not 

have the single fibre analysis evidence as previously thought (Sternberg et al., 2001), which reduced its 

Yarham score from 14 to 11, placing it in the “probably pathogenic” category. Although single fibre analysis 

evidence for m.14687A>G is presented by Bruno et al. (2003), the difference between negative and positive 

COX stained fibres is not very large (statistically significant at the 0.01 level). Also, in this particular study, 

only the mt-tRNA genes were sequenced. It is therefore possible that the pathogenicity the authors detected 

could have been caused by another variant present elsewhere on the patient mtDNA (Bruno et al., 2003). It 

is likely that this mutation should also be reclassified as “probably pathogenic”. Since it is unlikely that these 

variants are pathogenic, it is also unlikely that the participants carrying these variants will present with the 

associated disease phenotypes now or later in life. These cases are good illustrations of why it is important 

to re-evaluate the pathogenic status of variants/mutations on a regular basis, as it could have substantial 

implications in the clinical field of primary mitochondrial disease diagnosis and genetic counselling.  

4.3.2 Mitochondrial tRNA and rRNA variant frequency in hypertension 

mtDNA is subject to selection against deleterious variants, and as such, rare variants are more likely to be 

involved in disease (Elson et al., 2004). To assess the abundance of mt-tRNA and mt-rRNA variants in 

hypertensive vs normotensive groups, the frequency of variants that were very rare in the population 

(GenBank frequency below 0.1%) was compared to that of common variants (GenBank frequency above 

1%). These are listed in Table 4.4. When considering the data in this table, it should be noted that for 

haplogroup L groups, there are almost four times more participants classified as hypertensive than 

normotensive. Subsequently, even though no very rare mt-tRNA variants were found in normotensive 

haplogroup L participants, while six such variants were found in hypertensive haplogroup L males and two 

in hypertensive haplogroup L females, this was not a significant different. Hypertensive haplogroup L 

participants were also no more likely to have very rare mt-rRNA variants, than their normotensive 

counterparts. Similarly, hypertensive haplogroup MN participants were no more likely to harbour very rare 

mt-tRNA or mt-rRNA variants than their normotensive counterparts. The differences in distribution 
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between very rare and common variants among hypertensive and normotensive groups was also not 

statistically significant.  

Next, unique variants for each gender/background group (i.e. variants only present once in each group) were 

identified. Figure 4.1 is a graphical representation of these frequencies for mt-tRNAs (panel A) and mt-

rRNAs (panel B). As with the disease-associated variants in the previous section, unique mt-tRNA and mt-

rRNA variants occurred more times in hypertensive haplogroup L male and female groups than in 

normotensive groups. In haplogroup MN groups the distribution among hypertensive and normotensive 

groups was more even. It is again important to take note of the number of haplogroup L participants that are 

classified as hypertensive. It is very likely that this unequal distribution of haplogroup L participants among 

blood pressure classification groups, contributes to the distribution of mt-tRNA and mt-rRNA variants seen 

in Figure 4.1. Indeed, none of these differences were of statistical significance (Fisher’s P > 0.1).  It therefore 

seems that the number of unique mt-tRNA and mt-rRNA variants present in each group does not 

significantly contribute to the development of hypertension.  

 

Table 4.4: Number of rare and common mt-RNA variants per group 

mt-RNA  
  

GenBank 
frequency (%) 
  

Male   Female 
Hyper-
tensive 

Normo-
tensive Fisher's P . 

Hyper-
tensive 

Normo-
tensive Fisher's P 

mt-tRNA 
variants 

Haplogroup L   (N=78) (N=22)   (N=76) (N=18)  
< 0.1 % 6 0 0.11  2 0 0.49 
> 1 % 7 6   7 6  
Haplogroup MN       
< 0.1 % 2 1 1  1 1 1 
> 1 % 7 5   5 7  

mt-rRNA 
variants 

Haplogroup L   (N=42) (N=33)   (N=52) (N=42)  
< 0.1 % 4 2 0.67  4 4 1 
> 1 % 18 16   18 14  
Haplogroup MN       
< 0.1 % 4 2 0.64  4 5 1 
> 1 % 9 11   10 12  

The number of very rare (GenBank frequency < 0.1%) and common (GenBank frequency > 1%) mt-
tRNA and mt-rRNA variants are presented for each gender/background group. Fisher’s exact tests were 
used to test the significance of the distribution of these variants among the gender/background groups. 
The number of participants (N) for each group are also indicated.  
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Figure 4.1: Distribution of mt-tRNA (A) and mt-rRNA (B) variants among gender/background 
groups. In this figure, the number of mt-tRNA or mt-rRNA variants that are unique for each 
gender/background group is given. Unique variants are those that occur only once in each 
gender/background group. The number of participants (N) for each group were as follows: hypertensive 
haplogroup L males: 78; normotensive haplogroup L males: 22; hypertensive haplogroup L females: 76; 
normotensive haplogroup L females: 18; hypertensive haplogroup MN males: 42; normotensive 
haplogroup MN males: 33; hypertensive haplogroup MN females: 52; normotensive haplogroup MN 
females: 42. 
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   CONCLUDING REMARKS 

While clinically proven mtDNA mutations play a key role in primary mitochondrial disease, numerous 

other rare and common mtDNA variants have been associated with disease. Although several of these 

disease-associated variants were present in the SABPA cohort, none were associated in a statistically 

significant way with hypertension. It is likely that many of these variants are not truly associated with 

disease, as several issues exist for the current approaches used when mtDNA variants are investigated 

in the context of common/complex disease. The loss of significance after a correction for multiple 

testing in the analyses described above also demonstrates the high statistical burden imposed by the use 

of multiple individual tests, as is done in haplogroup association studies. In the next chapter, a new 

approach is described and applied, which might help to address some of these points. 

A range of disease phenotypes are caused by mt-tRNA and mt-rRNA mutations. Since mt-tRNA 

variants are more common in the recent “tips” of the phylogeny, they are likely to be mildly deleterious, 

and could possibly be more abundant in disease groups than control groups. However, the number of 

very rare (GenBank frequency below 0.1%) or unique (occurring only once per group) mt-tRNA and 

mt-rRNA variants did not significantly differ between hypertensive and normotensive groups, and 

likely does not contribute to disease presentation. Frequency analyses throughout this study were 

influenced by the possible bias introduced by phenotypical reference value thresholds that might not be 

uniformly applicable to all population groups. Not only does this highlight the need for more 

phenotypical and genetic studies to be done on these populations, but also the importance of designing 

such studies with appropriate case-and-control groups in mind.  
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Chapter 5: Evaluating the role of MutPred 
adjusted loads in hypertension and 
hyperglycaemia 

This chapter consists of a peer-reviewed paper. 

Published paper: Using MutPred derived mtDNA load scores to evaluate mtDNA variation in 

hypertension and diabetes in a two-population cohort: The SABPA study 

Marianne Venter, Leone Malan, Etresia van Dyk, Joanna L. Elson, Francois H. van der Westhuizen 

Published in Journal of Genetics and Genomics. 44 (2017): 139-149   

 http://dx.doi.org/10.1016/j.jgg.2016.12.003 

http://dx.doi.org/10.1016/j.jgg.2016.12.003
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Chapter 6: Mitochondrial DNA variation in 
oxidative stress and inflammation: the 
SABPA study 

This chapter is presented in article format, as this manuscript is being prepared for submission to a peer 

reviewed scientific journal. 

6.1  TITLE 

Mitochondrial DNA variation in oxidative stress and inflammation: the SABPA study. 

6.2  AUTHORS AND AFFILIATIONS 

Marianne Venter1, Leone Malan2, Etresia van Dyk1, Joanna L. Elson1, 3, Francois H. van der 

Westhuizen1 

1. Human Metabolomics, North-West University, Potchefstroom, South Africa 

2. Hypertension in Africa Research Team (HART), North-West University, Potchefstroom, South 

Africa 

3. Institute of Genetic Medicine, Newcastle University, United Kingdom 

6.3  ABSTRACT 

Mitochondrial DNA (mtDNA) variation has been implicated in several common complex and 

degenerative diseases, including cardiovascular disease. A common feature in many of these diseases 

is an inflammatory state. MtDNA variation can contribute to inflammation in several ways. We 

previously found no relationship between non-synonymous mtDNA variants and hypertension or 

hyperglycaemia in a bi-ethnic cohort. Here, were investigated the role of these variants in seven 

indicators of oxidative stress and inflammation, to determine if mtDNA are involved in the mechanisms 

leading up to disease phenotypes in this cohort. We found no significant relationships between non-

synonymous mtDNA variants and the seven parameters investigated here, indicating that these variants 

are unlikely to impact on disease in this cohort, to an appreciable or measurable extent. 
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6.4  INTRODUCTION 

Cardiovascular disease (CVD) as the global leading cause of morbidity and mortality (Mensah G A, 

2013) has been the focus of a vast number of research studies in the past few decades (Hamer et al., 

2015; Omboni et al., 2016). The goal has been to elucidate the underlying mechanisms and risk factors 

involved in the development and progress of CVDs which, together with recognised environmental and 

lifestyle factors (Malan & Malan, 2016), could also include genetic factors. Mitochondria play a central 

role in cell homeostasis, proliferation and apoptosis (Liu et al., 1996) most notably by producing the 

majority of cellular ATP via oxidative phosphorylation (OXPHOS), and being a major contributor of 

reactive oxygen species (ROS) and therefore oxidative stress (Nunnari & Suomalainen, 2012). ROS has 

been implicated in CVD phenotypes, such as hypertension, diabetes and atherosclerosis (de Champlain 

et al., 2004; Harrison et al., 2007), and is thought to contribute to the inflammatory state that is often 

observed in these phenotypes. As the major producer of ROS, mitochondrial dysfunction could also 

contribute to the aetiology of these diseases. Independent of ROS, mitochondrial dysfunction and the 

consequent decrease in ATP production could also directly contribute to inflammation, through 

increased apoptosis of i) vascular smooth muscle cells (VSMC), which decreases vascular integrity or, 

ii) monocytes, resulting in the release of cytokines (Yu et al., 2013; Yu & Bennett, 2016). The release 

of mtDNA itself into the cytosol and circulation (Nakahira et al., 2011; Oka et al., 2012; Shimada et al., 

2012; West et al., 2015) has also been shown to result in the increased secretion of various pro-

inflammatory factors (Sandhir et al., 2016). It therefore seems reasonable to consider the role of mtDNA 

variation when CVD phenotypes are investigated. MtDNA is a small (16 569 bp), circular DNA 

molecule located within the mitochondrial matrix. It encodes for two rRNAs, 22 tRNAs, and 13 

polypeptides with catalytic importance for enzyme complexes I, III, IV and V of the OXPHOS system. 

MtDNA has a high mutation rate (Tuppen et al., 2010) and is maternally inherited, which enables us to 

recognise distinct lineages called haplogroups (Elson & Lightowlers, 2006). MtDNA changes can be 

classified as either rare variants, which are more likely to be pathogenic, or common population 

variants, which are often haplogroup-defining (Elson et al., 2006; Pereira et al., 2011).  

We previously reported no relationship between mtDNA variation and two CVD phenotypes, namely 

hypertension and hyperglycaemia, in the bi-ethnic Sympathetic Activity and Ambulatory Blood 

Pressure in Africans (SABPA) cohort using the MutPred adjusted load hypothesis approach (Venter et 

al., 2017). However, the sympathetic nervous system is involved in the progression of hypertension and 

diabetes (Malan et al., 2013a; 2013b), which might out-weigh the influence of mtDNA variation, if any 

exists. To see whether mtDNA variation may impact on factors involved in CVD development, but that 

are more directly associated with mitochondrial (dys)function, we analysed the relationship between 

seven indicators of oxidative stress and inflammation, and mtDNA variation, using the MutPred 

adjusted load hypothesis approach (Venter et al., 2017). For an indication of oxidative stress status, we 
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used measurements of serum ROS, nitric oxide (NO), 8-hydroxy-deoxyguanosine (8-OHdG), 

thiobarbituric acid reactive substances (TBARS), and whole blood reduced glutathione (GSH). For 

inflammation, we used measurements of serum C-reactive protein (CRP), and tumor necrosis factor 

alpha (TNFα).  

6.5  METHODS 

6.5.1 Cohort description 

Our sub-study is nested within the SABPA prospective cohort study. Details on participant recruitment 

and clinical assessments during the data collection phase have been described elsewhere (Malan et al., 

2015). Inclusion criteria were urban Black African and Caucasian male and female teachers from South 

Africa, with similar socio-economic status, aged 20-65 years, from the North-West Province. 

Participants for the current investigation were enrolled in the project in 2008-2009 for baseline 

assessments. During recruitment and before consent, study participants were informed about the 

objectives and procedures of the study, including investigations of genes involved in CVD. The study 

complied with criteria on human research set by the Helsinki declaration (2004) and was approved by 

the Ethics Committee of the North-West University (NWU 00036-07-S6). 

6.5.2 Sequencing and data management 

DNA for sequencing was extracted from whole blood samples. Sequencing of the entire mtDNA 

molecule was done using the Ion Torrent PGM, as described elsewhere (van der Walt et al., 2012; 

Venter et al., 2017) for 363 participants. Variants were called using the revised Cambridge reference 

sequence (rCRS). MtDNA haplogroups were assigned according to the mtDNA variant list of each 

participant, using Haplogrep 2.0 (Weissensteiner et al., 2016). MutPred adjusted mutational loads were 

calculated as described by Venter et al. (2017). Briefly, using the MutPred system to assign a 

pathogenicity score between 0 and 1 to each variant within an individual’s mtDNA, a mutational load 

can be calculated by adding pathogenicity scores of variants occurring in the same person. Because i) 

the rCRS is a European sequence; and ii) there exists genetic diversity between population groups, 

especially those of African origin, the number of mtDNA variants per person can differ significantly 

(Cavadas et al., 2015; Gurdasani et al., 2015). To minimise the influence of this population stratification 

on mutational loads, the loads were adjusted in two ways: firstly, only variants with a MutPred 

pathogenicity score above 0.5 were used, as the likelihood of pathogenicity of such variants can be 

considered an “actionable hypothesis”. Most common population specific variants are excluded in this 

way. Secondly, MutPred mutational loads were divided by the number of variants used to calculate 
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mutational loads; this adjusts for the position of sequences from different lineages within the phylogeny, 

to that of the rCRS.  

6.5.3 Biochemical parameters of oxidative stress status and inflammation 

Seven indicators of oxidative stress and inflammation were used in this study: ROS was measured on a 

Bio-Tek FL600 microplate fluorescence reader (Bio-Tek, Instruments) in serum as peroxide content 

using a colorimetric assay as described by Hiyashi (2007); 8-OHdG was measured in urine using an 

LC-MS, and normalised against urine creatinine concentrations (Hu et al., 2004; Saude et al., 2007); 

NO bioavailability was indirectly estimated as the sum of plasma nitrite and reduced nitrate (NOx). 

NOx was analysed on a Universal ELX800 plate reader and GEN5 software (BioTek Instruments) 

applying an R&D Systems Inc kit (Schwedhelm et al., 2005). Inter- and intra-assay variability were 8.2 

- 13.5% and 5.5%, respectively (Reimann et al., 2013). TBARS was measured in urine using an LC-

MS methodology, and normalised against urine creatinine concentrations (Mokhaneli et al., 2016); 

reduced glutathione (GSH) was measured in whole blood using a Bioxytech GSH/GSSG-412 kit, on a 

Bio-Tek FL600 microplate fluorescence reader (Mels et al., 2014); ultra-high sensitivity CRP was 

measured in serum using the turbidimetric method with unicel DXC 800 (Huisman et al., 2012); high 

sensitivity TNF-α was analysed with the Quantikine High Sensitivity Human Tumor TNF-α enzyme-

linked immunosorbent assay (HS ELISA; R&D Systems). The inter- and intra-assay variability were 

15% and 17.8%, respectively (Jansen van Vuren et al., 2016b). 

6.5.4 Lifestyle factors 

Anthropometric measurements were performed in triplicate by level II anthropotometrists according to 

standardized procedures. Intra- and inter-observer variability was less than 10%. Body surface area 

(BSA) in m2, was calculated according to the Mosteller formula (Mosteller, 1987). Total energy 

expenditure (TEE) or physical activity in 24 hours (kcal/day) considered resting metabolic rate 

(Actical®, Mini Mitter, Montreal, Quebec). Tobacco use, as indicated by serum cotinine (ng/ml), was 

measured using a homogeneous immunoassay on Modular ROCHE. Alcohol use, as indicated by the 

liver enzyme serum gamma glutamyl tranferase (cGGT) in U/L, was measured using the enzyme rate 

method on a Unicel DXC 800 (Jansen van Vuren et al., 2016a). 

6.5.5 Statistical analyses 

All statistical analyses were carried out using IBM SPSS Statistics (version 23). Within each 

gender/mtDNA background group, an a priori adjustment, as proposed by (Piepoli et al., 2016), was 

made to all biochemical parameters, for the following life-style confounders: age, BSA, TEE, serum 
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cotinine and cGGT. In addition to these five confounders, indicators of oxidative stress (ROS, 8-OHdG 

and TBARS) were also adjusted for serum CRP measurements. This was done by using an ANCOVA 

model, with the fixed and random factor windows left blank. The resulting adjusted values (residuals) 

for each biochemical parameter (indicators of oxidative stress and inflammation), were saved as new 

variables and used in further statistical analyses. For each parameter, means of the new a priori adjusted 

residuals or values were compared between participants that have variants with MutPred scores above 

0.5, and participants that have no variants with MutPred scores above 0.5, using independent T-tests. 

Pearson’s correlation analyses were used to assess the relationship between MutPred adjusted loads and 

the seven new a priori adjusted parameters investigated here. Also, A Bonferroni correction for multiple 

comparisons was applied throughout all statistical analyses. 

6.6  RESULTS 

Participants were divided into four groups according to gender (male and female) and African or 

European mtDNA background (macro-haplogroups L or MN respectively), and analysed separately as 

significant phenotypical discrepancies between these groups exist (Malan et al., 2015). Within the four 

gender/background groups, participants were further grouped into two categories: those with high 

MutPred-scoring variants (scores above 0.5), and those without. After making a priori adjustments as 

described under Statistical Analyses, T-tests were carried out to compare the means of a priori adjusted 

measurements for each marker tested, between these two groups. As can be seen in Table 6.1, no 

significant differences were found for any of the oxidative stress and inflammation markers tested. 

Pearson’s correlation analyses were performed for MutPred adjusted loads against all a priori adjusted 

markers. As can be seen in Table 6.2, there were no significant correlations between MutPred adjusted 

loads and any of the a priori adjusted measurements for oxidative stress and inflammation markers, in 

any of the groups. While a correlation between MutPred adjusted loads and adjusted 8-OHdG 

measurements was borderline significant (r = 0.232; P-value = 0.03) in haplogroup MN females, this 

result was not robust against a correction for multiple testing.   

6.7  DISCUSSION 

Inflammation is frequently present in CVDs and is thought to be an important factor in the aetiology of 

disease phenotypes like atherosclerosis and hypertension. Because mitochondrial dysfunction has been 

shown to contribute to inflammation, mtDNA variation is a plausible genetic risk factor to investigate 

in such conditions. Here we examined a putative role for mtDNA variation in seven factors thought to 

be susceptible to changes as a result of mitochondrial dysfunction. 
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Table 6.1: Comparing means of oxidative stress and inflammation markers of participants who have high MutPred-scoring mtDNA variants, with 

those who do not 

  

Variants with 
MutPred scores 

above 0.5 present 

Total cohort 
(N = 363) 

Haplogroup L males 
(N = 100) 

Haplogroup L females 
(N = 94) 

Haplogroup MN males 
(N = 75) 

Haplogroup MN females 
(N = 94) 

  
Mean ± SEM t (df) Mean ± SEM t (df) Mean ± SEM t (df) Mean ± SEM t (df) Mean ± SEM t (df) 

Serum ROS  
(mg/L) 

No 95.02 ± 1.66 0.79 
(355) 

84.07 ± 2.09 -0.17 
(97) 

110.17 ± 3.26 1.52 
(88) 

77.95 ± 2.25 1.55 
(73) 

102.09 ± 3.3 -0.44 
(91) Yes 92.06 ± 3.15 84.23 ± 4.33 102.62 ± 6.44 73.57 ± 3.11 108.18 ± 6.85 

8-OHdG       
(ng/mg creatinine) 

No 31.7 ± 3.63 -0.35 
(339) 

22.77 ± 4.3 -0.96 
(95) 

26.74 ± 3.86 -0.81 
(85) 

61.29 ± 18.37 1.24 
(67) 

29.47 ± 3.01 -2.24 
(86) Yes 38.95 ± 4.16 34.52 ± 10.09 32.61 ± 6.2 37.59 ± 8.27 45.52 ± 7.24 

TBARS           
(mg/g creatinine) 

No 0.13 ± 0.01 -1.42 
(313) 

0.15 ± 0.02 -0.91 
(87) 

0.16 ± 0.02 -1.06 
(74) 

0.09 ± 0.01 -0.58 
(67) 

0.11 ± 0.01 -0.66 
(79) Yes 0.15 ± 0.02 0.24 ± 0.07 0.19 ± 0.04 0.1 ± 0.01 0.12 ± 0.01 

Serum CRP    
(mg/L) 

No 6.32 ± 0.55 -1.38 
(358) 

5.27 ± 0.92 -0.39 
(98) 

11.62 ± 1.27 -1.54 
(89) 

2.35 ± 0.35 0.18 
(73) 

3.27 ± 0.56 -0.92 
(92) Yes 5.42 ± 0.79 5.11 ± 1.87 14.58 ± 3.25 2.4 ± 0.36 4.33 ± 0.95 

Serum TNFα 
(IU/ml) 

No 0.23 ± 0.02 0.05 
(358) 

0.32 ± 0.04 0.36 
(98) 

0.24 ± 0.02 0.48 
(89) 

0.18 ± 0.02 -1.19 
(73) 

0.12 ± 0.02 0.13 
(92) Yes 0.2 ± 0.02 0.32 ± 0.04 0.21 ± 0.05 0.22 ± 0.03 0.11 ± 0.02 

Total serum NO 
(µmol/L) 

No 8.94 ± 0.99 1.13 
(356) 

10.6 ± 1.49 1.18 
(98) 

12.96 ± 1.48 0.4 
(89) 

3.13 ± 1.16 0.15 
(72) 

5.17 ± 3.24 0.59 
(91) Yes 5.35 ± 0.67 8.75 ± 1.7 11.94 ± 2.01 2.78 ± 0.92 2.62 ± 0.64 

Whole blood 
GSH (µM) 

No 876.4 ± 13.77 0.59 
(345) 

934.2 ± 20.52 0.69 
(98) 

855.7 ± 20.69 -0.58 
(88) 

861.9 ± 27.53 -0.41 
(73) 

828.2 ± 46 0.97 
(80) Yes 845.5 ± 22.22 899.5 ± 49.86 893.5 ± 38.41 866.3 ± 33.52 767.8 ± 45.38 

Independent T-tests were carried out to compare the means of oxidative stress and inflammation markers, with prior a priori confounder adjustments, of 
participants who carry high MutPred-scoring mtDNA variants, with those who do not. Means and standard deviations (SEM). The t statistic (t) and degrees of 
freedom (df) are presented using prior adjusted new residual values of markers. No statistically significant differences were found. ROS: reactive oxygen 
species; 8-OHdG: 8-hydroxy-deoxyguanosine; TBARS: thiobarbituric acid reactive substances; CRP: C-reactive protein; TNFα: tumor necrosis factor alpha; 
NO: nitric oxide; GSH: total glutathion; MutPred: a pathogenicity score assigned to a variant using the MutPred program (mutpred.mutdb.org/about.html).  
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Table 6.2: Pearson’s correlations comparing oxidative stress and inflammation markers, with MutPred adjusted loads 

 
Total cohort 

(N = 363) 
Haplogroup L males 

(N = 100) 
Haplogroup L females 

(N = 94) 
Haplogroup MN males 

(N = 75) 
Haplogroup MN females 

(N = 94) 

 Mean ± SD r Mean ± SD r Mean ± SD r Mean ± SD r Mean ± SD r 
Serum ROS (mg/L) 93.43 ± 28.25 .043 84.35 ± 18.92 -.026 107.7 ± 27.94 .178 76.2 ± 15.95 .185 103.8 ± 33.32 -.053 

8-OHdG (ng/mg creatinine) 33.96 ± 50.9 -.023 25.88 ± 40.13 -.102 27.37 ± 30.98 -.094 50.05 ± 84.84 .142 35.74 ± 34.18 -.232 

TBARS (mg/g creatinine) 0.14 ± 0.14 -.089 0.17 ± 0.22 -.115 0.16 ± 0.14 -.148 0.1 ± 0.06 -.062 0.12 ± 0.06 -.068 

Serum CRP (mg/L) 5.91 ± 8.48 -.075 5.19 ± 8.23 -.040 11.95 ± 11.49 -.170 2.46 ± 2.2 .025 3.67 ± 4.98 -.092 

Serum TNFα (IU/ml) 0.22 ± 0.23 -.002 0.32 ± 0.31 .026 0.24 ± 0.21 .045 0.2 ± 0.17 -.129 0.12 ± 0.16 .013 

Total serum NO (µmol/L) 7.6 ± 13.32 .064 10.12 ± 11.86 .147 12.78 ± 12.31 .045 2.74 ± 6.17 .010 3.92 ± 17.31 .056 

Whole blood GSH (µM) 864.2 ± 219.5 .027 925.5 ± 197.2 .073 863.4 ± 175.6 -.066 859.1 ± 187.6 -.056 798.1 ± 290.4 .096 

Pearson’s correlations were carried out to investigate the relationship between prior a priori adjusted measurements of oxidative stress and inflammation 
markers, and MutPred adjusted loads. Means and standard deviations (SD) as well as Pearson’s correlation coefficients (r) of oxidative stress and 
inflammation markers are presented. ROS: reactive oxygen species; 8-OHdG: 8-hydroxy-deoxyguanosine; TBARS: thiobarbituric acid reactive 
substances; CRP: C-reactive protein; TNFα: tumor necrosis factor alpha; NO: nitric oxide; GSH: total glutathion; MutPred: a pathogenicity score 
assigned to a variant using the MutPred program (mutpred.mutdb.org/about.html).  

ROS is produced in many pathways, most notably by NADPH oxidase and enzyme complexes of the electron transport chain (ETC), and is an indicator of 

oxidative stress (Harrison et al., 2007). ROS levels have previously been shown to be positively associated with blood pressure in Black South African males 

in the current cohort (Kruger et al., 2012), although in a later publication on the SABPA cohort, the significance of this relationship was lost when HIV+ 

participants were excluded (Mels et al., 2014). In the current study, no association was found between mtDNA variation and a priori adjusted ROS measurements 

in any of the groups. The bioavailability of endothelial derived NO, which is important for vasodilation, can be reduced by ROS via quenching, leading to 

hypertension (Harrison et al., 2007). Estimated NO bio-availability was previously shown to be higher in Black South African participants than in their 

Caucasian counterparts, in the SABPA cohort (Reimann et al., 2013). We did not find a relationship between MutPred adjusted loads and a priori adjusted NO 

measurements in any of the gender/mtDNA background groups. 
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The measurement of ROS levels in serum is not direct, but is rather derived from measurements of 

reactive oxygen metabolites, which makes this measurement susceptible to inaccuracies. Therefore, the 

inclusion of other indicators of oxidative stress can be useful. 8-OHdG is a urinary bio-marker for 

oxidative damage to DNA, while TBARS are formed during lipid peroxidation (Janero, 1990). High 

levels of oxidative molecules cause wide-spread damage to proteins, lipids and nucleic acid. When this 

damage is repaired in DNA, 8-OHdG is cleaved and excreted in the urine. Elevated levels of 8-OHdG 

have been associated with atherosclerosis and diabetes (Wu et al., 2004). During lipid peroxidation 

malondialdehyde is formed, which can be measured in urine as it reacts with thiobarbituric acid in a 

TBARS assay (Janero, 1990). In the SABPA cohort, TBARS were previously shown to be positively 

associated with arterial compliance and vascular resistance in Black South African participants 

(Mokhaneli et al., 2016). Also, 8-OHdG levels in urine were previously found to be inversely correlated 

with blood pressure in Black South African males, despite having higher ROS levels (Mels et al., 2014). 

Mels et al. (2014) suggested that this counter-intuitive relationship is indicative of mitochondrial 

hormesis, where oxidative stress in Black South African males of this cohort are at levels where 

protective mechanisms are upregulated, and not yet at inhibitory levels. This theory was further 

supported by demonstrating that total GSH activity, an indicator of anti-oxidant capacity, correlated 

well with ROS levels, showing that protective mechanisms are upregulated during increased oxidative 

stress. We however, could not find any association between MutPred adjusted loads and measurements 

for 8-OHdG, TBARS or GSH, in any of the groups. This might indicate that mtDNA variants in protein 

encoding genes, are not associated with the altered measurements of oxidative stress markers in this 

cohort. It is possible that other producers of ROS, such as NADPH oxidase, are contributing to the 

oxidative stress in these participants, to a greater extent than enzymes of the ETC (Harrison et al., 2007). 

Indeed, inflammation is central to the proposed mechanisms that link mtDNA to CVDs. While it seems 

that in the SABPA cohort, mtDNA variation is not associated with oxidative stress, the possibility still 

exists that mtDNA variation could be implicated in inflammation, independent of ROS (Chapter 2). 

TNFα is a cytokine that is produced mainly by macrophages as part of the acute phase reaction of 

inflammation (Wajant et al., 2003). Synthesis of CRP is triggered by cytokines as a response to the 

onset of inflammation, within two hours. CRP facilitates phagocytosis of dead or dying cells by binding 

to surface proteins (Pepys & Hirschfield, 2003). Therefore, high sensitivity tests for both TNFα and 

CRP, make them useful markers for inflammation, whereby the risk for developing CVDs can be 

assessed. In the SABPA cohort, it was previously reported that TNFα and CRP levels were significantly 

higher in Black South African participants compared to their Caucasian counterparts, and in Black 

South African males, cardiac stress was significantly associated with TNFα (Jansen van Vuren et al., 

2016a; 2016b). However, we could not find any relationships between a priori adjusted measurements 

for either of these markers, and MutPred adjusted loads, in any of the groups. Thus, as was found for 
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the markers of oxidative stress above, it seems unlikely that mtDNA variants within protein-encoding 

genes have an impact on markers for inflammation in the current cohort. 

While at first glance it seems that mtDNA variation is not involved in the aetiology of CVDs in the 

SABPA cohort, it is also possible that any down-stream effect of the mtDNA variation reported here is 

compensated for by other regulatory pathways, or masked by the consequences of other more influential 

factors. This is especially plausible since the participants of the SABPA cohort were not selected based 

on clinical features, and so few participants were severely diseased. Many environmental and 

behavioural risk factors are known to significantly contribute to the development and progression of 

CVDs (Malan et al., 2008; 2015). Genetic factors such as mtDNA or nuclear DNA variation would not 

cause CVDs, but would rather impact on disease susceptibility or alter the course of disease (Achilli et 

al., 2011), likely to a much lesser extent. Therefore, if the presence of one or more high MutPred-scoring 

(mildly deleterious) mtDNA variants could lead to mitochondrial dysfunction that consequently impacts 

on CVDs, it is possible that disease progression is not advanced enough in the SABPA cohort to 

demonstrate this impact, or that the influence of environmental and life-style factors in this cohort 

(Malan et al., 2013b; van Deventer et al., 2015) greatly out-weighs that of mtDNA variants. Future 

studies should include more direct measurements of mitochondrial function in these participants, which 

would enable us to know if the mtDNA variants reported here lead to mitochondrial dysfunction that is 

still mild enough to be tolerated by SABPA participants, and thus is masked from the analyses. Another 

plausible line of investigation to follow in this and other similar cohorts is the role of mtDNA copy 

number in CVD risk factors. Studies have shown that high mtDNA copy number is associated with a 

lower prevalence of microalbuminuria (Lee et al., 2009), and might protect against the development of 

diabetes type 2 (Lee et al., 1998; Zhou et al., 2016), although this latter finding has been contested 

(Singh et al., 2007). MtDNA copy number in peripheral blood cells was also altered in diabetic 

nephropathy (Czajka et al., 2015) and diabetic retinopathy (Malik et al., 2015). Replication of these 

studies in different populations might help to elucidate the putative relationship between mtDNA 

variation and these disease phenotypes.  
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Chapter 7: Utilising transmitochondrial 
cytoplasmic hybrid cells to test the 
MutPred mutational load hypothesis 

7.1  INTRODUCTION 

In previous chapters, it was hypothesised that mildly deleterious mtDNA variants may play a role in 

human disease by altering mitochondrial function and impacting on several downstream processes. 

However, by utilising the MutPred adjusted load method in the SABPA cohort, no associations could 

be found between high MutPred scores/adjusted mutational loads and hypertension or diabetes levels 

(Venter et al., 2017), or any measured markers of oxidative stress and inflammation (Chapter 6). Thus, 

questions remain as to whether the differences between those with high MutPred adjusted loads and 

those with lower loads, are not pronounced enough to be of statistical significance in the SABPA data, 

or are masked by other more influential regulatory processes or risk factors, or whether genetic variation 

as defined by MutPred load indeed translates to a significant impact on mitochondrial function. This 

latter fundamental biochemical question lies at the core of this study and, as described in this chapter, 

was further investigated using transmitochondrial cytoplasmic hybrid (cybrid) cells which were 

available for this study. Cybrid cells are generated by first depleting the host cell line of its own 

mitochondrial DNA (mtDNA) to create rho0 cells. Donor mtDNA is then introduced to rho0 cells by 

fusion with donor blood platelets (Chomyn, 1996). In this way, several cell lines can be engineered that 

have the same nuclear DNA background (that of the host cell line), but unique mtDNA. In theory, any 

differences measured in mitochondrial function, such as mitochondrial respiration, can then be 

attributed to mtDNA variation between cybrid cell lines (assuming all other possible variables remain 

unaffected by the process). It is important to note here that this process isolates the donor mtDNA from 

all other donor cell elements, eliminating the influence of factors such as the gender and non-

mitochondrial DNA disease phenotype of the donating person (Wilkins et al., 2014).  Although 

chromosomal instability of rho0 cells is a cause for concern in the process (Singh et al., 2005), several 

studies have used this method to demonstrate the role of mtDNA variation in mitochondrial function or 

disease (reviewed in Wilkins et al., 2014). For example, studies have shown that a variant in the MT-

ND5 gene, m.13565C>T, resulted in reduced mitochondrial membrane potential and defective 

mitochondrial function (McKenzie et al., 2007), which was associated with decreased calcium uptake 

by ND5 mutant cybrids (McKenzie et al., 2016). In a study by Silva et al. (2013), cybrids generated 

using blood platelets from Alzheimer Disease (AD) and mild cognitive impairment (MCI) patients had 

reduced COX activity and mitochondrial respiration when compared to control cybrids. However, 

conflicting results have previously been reported for both AD and Parkinson Disease cybrid studies 
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(Howell et al., 2005). In a series of studies, Kenney et al. (2014a, 2014b, 2016) showed that cybrids cell 

lines with different haplogroups (L, H or J) had significant alterations in bio-energetic profiles, reactive 

oxygen species (ROS) production, as well as in the expression of several mitochondrially encoded 

protein genes and nuclear encoded complement, inflammation, apoptosis and Wnt signalling pathway, 

and diabetes-related genes.  

In this study, cybrid cells were used to investigate whether mtDNA variants with high MutPred scores, 

which are more likely to be mildly deleterious mtDNA variants (Li et al., 2009), influenced 

mitochondrial respiration. As blood samples from the SABPA study cohort were not available for this 

investigation, cybrid cells were prepared from samples available from a previous, unrelated study, and 

were selected from patients and controls according to specific mtDNA variant-based selection criteria. 

Mitochondrial respiration in these cybrids was then measured using a Seahorse XFe 96 extra cellular 

flux analyser. As mentioned earlier, the process by which cybrids cell lines are produced eliminates the 

influence of non-mtDNA related characteristics of the donor cells. It is therefore not essential to use 

cybrid cell lines produced from SABPA participants to investigate the fundamental biochemical 

question stated above.      

7.2  METHODS 

7.2.1 Ethics approvals 

The following ethics approvals from the Health Sciences Ethics Office for Research at the North-West 

University, Potchefstroom Campus, applies to the work presented here. For DNA sequencing of the 

samples described here, which investigated the aetiology of myalgic encephalomyelitis (also known as 

chronic fatigue syndrome or CFS), approval according to application number NWU 00 102-12-S1 

applies. For the development and evaluation of cybrids the application NWU-00358-16-S1 applies.    

7.2.2 Sequencing and mtDNA variation analyses 

DNA extraction, sequencing and mtDNA variant calling was done as previously described (Chapter 3; 

van der Walt et al., 2012; Venter et al., 2017). Only consensus variants were used. Haplogroups were 

assigned using Haplogrep 2.0 (haplogrep.uibk.ac.at) and MutPred scores were calculated for all non-

synonymous variants using the MutPred program (mutpred.mutdb.org). MutPred total loads were 

calculated by summing the MutPred scores of all non-synonymous variants for a cell line. MutPred 
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adjustment 1 loads2 were calculated by summing MutPred scores of only non-synonymous variants with 

MutPred scores above 0.5 (mildly deleterious variants). Conservation and GenBank frequency details 

for each variant were obtained using MITOMAP. Variants were identified as haplogroup markers using 

Build 17 of Phylotree (http://www.phylotree.org). Phylogenetic median joining networks (Bandelt et 

al., 1999) were produced using the NETWORK (version 5) and NETWORK Publisher (version 2.0.0.1) 

software packages (http://www.fluxus-engineering.com/sharenet.htm). 

7.2.3 Cybrid cell line selection and development 

Previous repeatability tests done at the Mitochondrial Research laboratory (van Dyk, 2016) on the 

Seahorse XFe 96 analyser (Agilent Technologies) have shown that inter-assay variability (between 

different assay plates) can be up to 22% (data not shown). This is comparable to the inter-assay 

variability previously reported by Seahorse Bioscience and others for the Seahorse XFe24 analyser 

(Dranka et al., 2011). Consequently, the goal was to include all samples to be compared in a single 

analysis run. To minimise intra-assay variation and allow enough repeats of each sample (10-12 wells 

per sample), the number of cell lines that could be analysed on one 96-well plate was limited to eight. 

From the limited samples available, eight were selected according to specific criteria that best defined 

several MutPred load/mtDNA variant groups.  The properties of these samples were as follows (see 

also Tables 7.1 and 7.2):  

• All samples were of comparable haplogroups (U and R) 

• three samples had no variants with MutPred scores above 0.5 

• three samples each had one variant with a MutPred score above 0.5  

• and two samples had multiple variants with MutPred scores above 0.5   

Previously, blood was obtained from patients and controls using tubes containing EDTA (7.2 mg) and 

the blood platelets were then isolated and frozen using the method described by Chomyn (1996). As a 

gift from Dr. Leo Nijmants (Radboud Nijmegen University Medical Centre, Nijmegen, The 

Netherlands), 143B osteosarcoma rho0 cells were cultured in DMEM, supplemented with 10% (v/v) 

FBS, 1x penicillin-streptomycin (pen-strep), 100 μg/mL 5-bromo-2’-deoxyuridine, and 50 μg/mL 

uridine. Cybrids were then produced by polyethylene glycol fusion of patient and control blood platelets 

with 143B rho0 cells as described by Chomyn (1996). The newly formed cybrid cell lines were then  

                                                 
2 Note that the “MutPred adjustment 1 load” differs from the “MutPred adjusted load” described in previous 
chapters. Here, only the first adjustment step was applied (namely the exclusion of variants with MutPred 
scores < 0.5), but not the second step (adjusting for the sequence position in the phylogeny), as all cybrid cell 
lines were of comparable haplogroups. 

allowed to grow and divide for 35 passages in the same media as above, but with 5-bromo-2’-

deoxyuridine now excluded. 
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7.2.4 Bio-energetic flux analysis 

Bio-energetic flux measurements of cybrid cell lines were performed using the Seahorse XFe 96 

analyser according to optimized conditions for cybrid cells (van Dyk, 2016). One day before the assay 

commenced, cells for all cell lines were seeded at 13 000 cells per well into two 96-well microtiter 

Seahorse cell culture plates (Agilent Technologies, CAT# 102601-100) and incubated for 24 hours in 

either glucose [DMEM (from Gibco, CAT# 41966052) containing 1 mM sodium pyruvate and 4.5 g/L 

glucose, supplemented with 10% (v/v) FBS and 1x pen-strep] or galactose [DMEM (from Sigma, CAT# 

D5030) supplemented with 10 mM galactose, and 10% (v/v) FBS and 1x pen-strep] rich growth 

medium. Each cell lines had 10 to 12 repeats per plate, and the four corner wells were used as blank 

controls. One hour before the assay commenced, cells were washed with assay medium (containing 1 

mM sodium pyruvate and 5 mM glucose or 10 mM galactose), and the plates were placed in a CO2-free 

incubator. A Mito stress test kit (from Agilent technologies, CAT # 103015-100) was used according 

to the manufacturer’s directions, to calculate several parameters of mitochondrial OXPHOS by 

measuring oxygen consumption rates (OCR). The following conditions, as optimised previously for 

143B cybrids by van Dyk (2016), were used: at the onset of the Mito stress test, in each well, basal 

respiration is measured in assay medium (containing either glucose or galactose as described above); 

oligomycin with an end concentration of 1 μM  is first injected to inhibit ATP-synthase; next FCCP 

with an end concentration of 0.5 μM is injected to uncouple OXPHOS; finally rotenone and antimycin 

A with end concentrations of 0.5 μM are injected to completely stop mitochondrial respiration. To 

account for any differences in cell seeding growth density, all plates were normalized to the DNA 

content per well. This was done using the CyQUANT Cell Proliferation Assay kit (Thermo Fisher 

Scientific, CAT# C7026), which uses a proprietary green fluorescent CyQUANT® GR dye. When this 

dye binds to cellular nucleic acids, it exhibits a fluorescence enhancement which is measured using a 

Synergy HT microplate reader (from BioTek) with excitation at 485 ± 10 nm and emission detection at 

530 ± 12.5 nm. The normalised OCR values were calculated with the Seahorse Wave software (Version 

2.3) using the normalisation function expressed per fluorescent arbitrary unit (FAU).  

7.2.5 mtDNA copy number determination 

DNA was isolated from cybrid cells obtained at the various time points (passage numbers 17, 22, 26) 

and at the time of cell seeding (passage number 35). The relative mtDNA copy number (RMCN) was 

determined using real-time PCR as previously described (Meissner-Roloff, 2009) and optimised (van 

Dyk, 2013). The TaqMan® Gene Expression Assays kit (Thermo Fisher Scientific, CAT# 4331182) 

was used, which included primers for the nuclear β-globin gene (Hs00758889_s1) and the 

mitochondrial ND2 gene (Hs02596874_g1). Both of these genes were measured in triplicate in each 
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sample. RMCN was expressed as the number of mtDNA copies per two copies of β-globin gene (thus 

per cell, as each cell contains two copies of the β-globin gene). 

7.2.6 Statistical analyses 

All statistical analyses were carried out using IBM SPSS Statistics (version 23) or Prism GraphPad 

software (version 6.05). A Fisher’s exact test was used to see whether variants appearing only once in 

Phylotree were more likely to have high MutPred scores or not (Pereira et al., 2011). Pearson’s 

correlation tests were used to see whether different bio-energetic parameters correlated with basal 

respiration rates. Pearson’s correlations were also used to test the relationship between basal respiration 

rates and several genetic parameters. R2-values were calculated by squaring Pearson’s correlation 

coefficients (r). Bonferroni corrections for multiple testing were applied throughout all statistical 

analyses, where required.  To test the significance of differences between dependant correlation 

coefficients, a t-test was done (Chen & Popovich, 2002). To assess the differences in bio-energetic 

parameter measurements either between individual cell lines or mtDNA variant groups, one-way 

analyses of variance (ANOVA) with post-hoc Tukey tests were used.  

7.3  RESULTS 

To see whether the culmination of high MutPred-scoring mtDNA variants have an influence on 

mitochondrial respiration, as a measurement of mitochondrial function, a cybrid cell line model was 

utilised. Eight different cybrid cell lines previously created using 143 osteosarcoma rho0 cells as base 

cell line, and donor mtDNA from patients and controls in a myalgic encephalomyelitis cohort were 

selected, according to the criteria listed in Section 7.2. As mentioned, the process by which cybrid cells 

are produced eliminates the influence of the non-mtDNA characteristics associated with the donor 

disease phenotype. The genetic properties of the selected cybrid cell lines are given in Tables 7.1 and 

7.2. All cybrid cell lines had comparable haplogroups (U2, U4, U5 and R1) and either had zero, one or 

more than two mtDNA variants with MutPred scores above the “actionable hypothesis” threshold (0.5). 

Cell lines having no variants with MutPred scores above 0.5 can also be described as having low 

MutPred adjustment 1 loads, while those with one or more variants with MutPred scores above 0.5 will 

have higher MutPred adjustment 1 loads. In Table 7.1, a detailed description of all non-synonymous 

coding mtDNA, mt-tRNA and mt-rRNA variants is given for each cell line. Negative selection against 

deleterious variants over time (Elson et al., 2004) has resulted in less common variants being more 

likely to be mildly deleterious. As such, variants with higher MutPred scores (likely to be mildly 

deleterious) are also more likely to be rare (Pereira et al., 2011). In this test group, no individual variant 

with a MutPred score above 0.5 was present in more than one participant. 
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Table 7.1: Consensus mt-tRNA, mt-rRNA and non-synonymous mtDNA variants for all cybrid cell lines 

Gene AA 
change 

GenBank freq. 
(%) 

Conser-
vation 
(%) 

MutPred 
score 

Phylo-
tree 
freq. 

Nearest 
HG on 

Phylotree 

SA1 
(U2e1) 

SA5 
(U5b2a5) 

SA19 
(U4c2a) 

SA6 
(U5b1c2) 

HC2 
(U5a1c1a) 

SA11 
(U5b2a1b) 

HC3 
(U5b2b3a) 

SA16 
(R1a1a2) 

     

MT-CYB T-I 24091 (75.15) 49 0.17 4 HV 14766T 14766T 14766T 14766T 14766T 14766T 14766T 14766T 
MT-ATP6 M-T 153 (0.48) 24 0.20 10 U4c   8705C    

  

MT-CYB M-T 396 (1.24) 76 0.23 1 U4   15693C    
  

MT-COIII V-I 1344 (4.19) 91 0.25 4 U5a  9477A 
 

9477A 9477A 9477A 9477A 
 

MT-COIII V-I 221 (0.69) 82 0.26 13 H1b 9966A  
 

   
  

MT-ND2 N-S 219 (0.68) 31 0.29 2 U5b   
 

  4732G 
  

MT-ATP8 M-I 0 (0.00) 20 0.32 0 -  8491T* 
 

   
  

MT-CYB T-A 642 (2.00) 80 0.37 5 U5a   
 

 15218G  
  

MT-ATP6 T-A 31527 (98.34) 71 0.37 4 R14 8860G 8860G 8860G 8860G 8860G 8860G 8860G 8860G 
MT-ND5 I-V 91 (0.28) 98 0.38 3 U5b   

 
   12634G 

 

MT-ATP6 I-V 65 (0.20) 2 0.39 3 R1a   
 

   
 

8887G 
MT-ND4 F-L 74 (0.23) 13 0.39 2 U4c   10907C    

  

MT-CYB T-A 31512 (98.29) 18 0.45 9 U4b 15326G 15326G 15326G 15326G 15326G 15326G 15326G 15326G 
MT-CYB H-R 741 (2.31) 51 0.46 5 U5a   

 
 14793G  

  

MT-ATP8 V-A 55 (0.17) 11 0.51 2 R1a   
 

   
 

8388C 
MT-ND5 T-A 62 (0.19) 24 0.56 1 U5b   

 
   13630G 

 

MT-ND5 T-M 24 (0.07) 60 0.60 2 U5a   
 

 13802T  
  

MT-ND5 Q-R 287 (0.90) 62 0.61 4 U5b   
 

   13637G 
 

MT-ND2 N-D 1528 (4.77) 91 0.63 6 R1a   
 

   
 

4917G 
MT-COI T-A 0 (0.00) 96 0.63 0 -   

 
6444G   

  

MT-ND1 V-A 62 (0.19) 24 0.65 3 U5b   
 

   3338C 
 

MT-ND2 V-I 59 (0.18) 93 0.66 3 N11b   
 

  3736A 
  

MT-ATP6 A-V 11 (0.03) 24 0.72 1 R1a   
 

   
 

8765T 
MT-ND5 P-S 50 (0.16) 89 0.72 1 R1a   

 
   

 
13948T 
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Table 1 continued... 
 

Gene AA 
change 

GenBank freq. 
(%) 

Conser-
vation 
(%) 

Position 
in tRNA 
structure 

Phylo-
tree 
freq. 

Nearest 
HG on 

Phylotree 

SA1 
(U2e1) 

SA5 
(U5b2a5) 

SA19 
(U4c2a) 

SA6 
(U5b1c2) 

HC2 
(U5a1c1a) 

SA11 
(U5b2a1b) 

HC3 
(U5b2b3a) 

SA16 
(R1a1a2) 

MT-RNR1 rRNA 4118 (12.85) 40 - 59 U6 709A  
 

   
  

MT-RNR1 rRNA 31410 (97.98) 98 - 4 N10 750G 750G 750G 750G 750G 750G 750G 750G 
MT-RNR1 rRNA 107 (0.33) 24 - 3 R1   

 
   

 
1391C 

MT-RNR1 rRNA 30179 (94.14) 87 - 14 P2 1438G 1438G 1438G 1438G 1438G 1438G 1438G 1438G 
MT-RNR2 rRNA 225 (0.70) 58 - 1 U5b   

 
  1721T 1721T 

 

MT-RNR2 rRNA 2550 (7.95) 22 - 7 U2'4' 1811G  1811G    
  

MT-RNR2 rRNA 24784 (77.31) 84 - 9 U2 2706G 2706G 2706G 2706G 2706G 2706G 2706G 2706G 
MT-RNR2 rRNA 184 (0.57) 56 - 4 U5b   

 
   2755G 

 

MT-RNR2 rRNA 10 (0.03) 100 - 2 M7 3140G  
 

   
  

MT-RNR2 rRNA 1350 (4.21) 36 - 4 U5a  3197C 
 

3197C 3197C 3197C 3197C 
 

MT-TC tRNA 57 (0.18) 0 Stem 2 R1a   
 

   
 

5823G 
MT-TD tRNA 43 (0.13) 96 loop 1 R1a   

 
   

 
7547C 

MT-TL2 tRNA 4193 (13.08) 96 Top/stem 3 U5a 12308G 12308G 12308G 12308G 12308G 12308G 12308G 
 

MT-TT tRNA 124 (0.39) 31 loop 3 U5b   
 

   15905C 
 

MT-TT tRNA 229 (0.71) 60 loop 1 U2e 15907G  
 

   
  

The mtDNA variants found in the rRNA, tRNA and protein encoding genes are listed for each cybrid cell line used, with some descriptive data to the left. Transversions are 
marked with an asterisk. GenBank frequency was derived by MITOMAP from 32 069 sequences available on GenBank as of August 2016. Conservation is across 45 species. 
MutPred scores refer to pathogenicity scores assigned by the MutPred program for non-synonymous changes. Phylotree frequency refers to the number of times a variants is 
present as a haplogroup marker in the phylogenetic tree found at www.phylotree.org, Built 17. Where a variant listed as a haplogroup marker did not match the haplogroup of 
the cell line it appears in, the phylogenetically nearest haplogroup where the variant appears was given (indicated in italics). Very rare variants (GenBank frequency < 0.1%) are 
indicated in bold. 
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However, from Table 7.1 it can be seen that only three of these high-scoring variants were 

considered rare in the population (GenBank frequency < 0.1%, shown in bold). Of these, one 

variant (m.6444A>G) present in cell line SA6, was not present on GenBank at all, and has also 

not been reported according to MITOMAP. The same was true for one other variant in this 

cohort, m.8491A>T present in SA5, which is also the only non-synonymous transversion in 

this dataset. It should be noted that this variant has a MutPred score of only 0.32, well below 

the “actionable hypothesis” threshold. This would suggest that the variant on its own is not 

deleterious, despite being rare. It might, however, influence mitochondrial function against 

specific haplogroup backgrounds. At the very least, this demonstrates that even with more than 

30 000 mtDNA sequences available on GenBank, not all existing variants have been 

documented, and more sequencing should be done. 

As all the cybrid cell lines were of comparable haplogroups (U2, U4, U5 and R1), several 

variants were present in all or multiple cybrid cell lines of corresponding haplogroups. Figure 

7.1 is a functional network, produced by using only non-synonymous variants. As can be seen, 

cybrids cell lines SA5, SA6, SA11, HC2 and HC3 (all haplogroup U5) cluster together on the 

left of the network, while SA1, SA16 and SA19 (haplogroups U2, R1 and U4) respectively 

clustered to the right of the network. To see whether variants were considered to be haplogroup 

markers, their presence on Phylotree (Build 17) was noted. Only the two very rare variants 

mentioned above (m.6444A>G and m.8491A>T) were not listed as haplogroup markers. In 

Table 7.1, the amount of times a variant appears as a haplogroup marker on Phylotree can be 

seen; very few variants were present only once. Although non-synonymous variants with 

MutPred scores above 0.5 were more likely than those with scores below 0.5 to be found only 

once on Phylotree, this difference was not significant (Fisher’s P = 0.19). Not all variants 

shown to be haplogroup markers defined the haplogroup assigned to the corresponding cybrid 

cell line. In these cases, the phylogenetically nearest haplogroup was listed. These “out of 

place” variants are indicated in italics in Table 7.1, and were more common among mt-RNA 

genes than protein coding genes.  
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Figure 7.1: Functional network analysis of eight cybrid cell lines. A functional network showing 
non-synonymous variants for each cybrid cell line. Transitions are indicated in italics, while variants 
with MutPred scores above 0.5 are indicated in boldface.  

The MutPred adjusted load hypothesis was previously described (Chapter 5: Venter et al., 2017), where 

MutPred scores of non-synonymous variants for a sequence are summed to obtain a total mutational 

load score. In the Venter et al. (2017) study, two adjustments were made to the total mutational load. 

Firstly, all variants with MutPred scores below the “actionable hypothesis” threshold (0.5) were 

excluded from the calculations, as these variants are unlikely to have a phenotypic effect, being common 

population variants likely to define major haplogroups. Mutational loads calculated with this adjustment 

are referred to as MutPred adjustment 1 loads in this thesis. Secondly, because of the rCRS position 

within the phylogeny, as well as the differences in the number of mtDNA variants between population 

groups, mutational load scores were also divided by the number of variants used to calculate loads, as 

a second adjustment. Both these steps supported minimisation of any bias that might be introduced by 

population stratification. However, because the cybrid cell lines used here were of similar haplogroups, 

this second adjustment step was not applied here. Table 7.2 gives a summarised look at the different 

genetic parameters important for this study. 

To assess mitochondrial function, several parameters of mitochondrial respiration can be measured 

using the Seahorse XFe 96 extracellular flux analyser, along with a Mito stress test. The process involves 

the measurement of the rate at which oxygen is consumed (OCR) by cells within each well of a Seahorse 

culture plate. After a basal respiration measurement is taken, a sequence of inhibitor injections first 
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inhibits ATP synthase to determine ATP production and proton leak, followed by the uncoupling of 

OXPHOS to measure maximal respiration rate. Finally, inhibitors of complex I and III are injected to 

completely block mitochondrial respiration; the remaining oxygen consumption is ascribed to non-

mitochondrial respiration and is subtracted from all other measurements. Previous studies (Gómez-

Durán et al., 2010) have shown that mtDNA copy number fluctuates greatly in cell cultures, but then 

stabilise after ~22 passages. Accordingly, the cybrid cell lines were cultured past 22 passages, while 

mtDNA copy number was monitored at certain time points. The Seahorse XFe analyses were eventually 

carried out on cells after 35 passages. Unfortunately, even at this late state, RMCN still differed between 

passages within each cell line. Although RMCN is not expected to be exactly the same for all eight 

cybrid cell lines, there also were no consistencies in copy numbers in relation to each other. In other 

words, one cell line did not repeatedly have the highest copy number while another had the lowest. As 

an example, in Figure 7.2 it can be seen that whilst SA19 had one of the lowest RMCN at passage 26, 

it had by far the highest RMCN at passage 35, when mitochondrial respiration was assessed.    

 

Figure 7.2: RMCN ratios between different cybrid cell lines. In this figure, the mtDNA copy number 
per cell is given as a percentage of the sum total of the entire group, to demonstrate the changes in ratio 
between different cybrid cell lines at various passages (time points). 
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Although an attempt was made to measure the RMCN at a consistent cell confluency (80-90%), at each 

time point, this was not always possible as not all cybrid cell lines had the same growth rate. mtDNA 

copy number has been shown to vary greatly at different stages of the cell cycle. Because non-confluent 

cell cultures are more likely to proliferate, it is possible that differences in confluency at the time that 

cells were harvested for RMCN assessment, might explain the differences in RMCN from one time 

point to the next. Despite this underlying concern, mitochondrial respiration of all eight cybrid cell lines 

was assessed at passage 35, using the Mito stress test.  

Because the 143B osteosarcoma cell line is cancerous, it is more likely to rely on glycolysis for ATP 

production rather than OXPHOS (Crabtree effect). In an attempt to force cells to make use of OXPHOS, 

galactose-containing media was used instead of glucose-containing media in one assay plate when 

seeding cells 24 hours before the assay. The bio-energetic profile measurements of this plate were then 

compared to that of the other plate (cultured in glucose-rich media), seeded at the same time. 

Measurements of basal respiration, ATP production, proton leak and non-mitochondrial respiration in 

galactose-rich media, were all twice that of the same measurements on the same cell lines in glucose-

rich media (results not shown). Interestingly, maximal respiration rates were only slightly higher in 

galactose-rich media than in glucose-rich media. Spare respiratory capacity is calculated as the 

difference in maximal respiration and basal respiration, and is an indication of the cell’s ability to cope 

with stressful conditions. Because basal respiration rates were doubled in galactose-rich media but 

maximal respiration rates were not, the spare respiratory capacity of cells in galactose-rich media is 

comparably less. Table 7.3 gives the means and standard deviations of OCR measurements for each 

bio-energetic profile parameter, in each cybrid cell line, cultured in galactose-rich media. These 

measurements (from the assay plate with cells seeded in galactose-rich media), were used for the rest 

of this study. ATP production, maximal respiration, proton leak and non-mitochondrial respiration 

measurements all correlated significantly with basal respiration rates (Pearson’s r = .98; .90; .52; and 

.67 respectively, all Ps < 0.0001). To simplify further statistical analyses, basal respiration rates were 

chosen as representative of mitochondrial function (OXPHOS) in these cells.
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Table 7.2: Genetic parameters for each cybrid cell line 

Cybrid 
cell line 

Number of 
variants with MP 

scores <0.5 

Number of variants 
with MP scores 

>0.5 

Total number of 
variants with MP 

scores 

MutPred 
total load 

MutPred 
adjustment 1 

load 

RMCN 

SA1 4 0 4 1.24 0 1260 
SA5 5 0 5 1.56 0 9200 
SA19 6 0 6 1.81 0 37768 
SA6 4 1 5 1.86 0.63 3427 
HC2 6 1 7 2.66 0.60 1351 
SA11 5 1 6 2.19 0.66 18571 
HC3 5 3 8 3.43 1.81 2058 
SA16 4 4 8 3.96 2.59 2106 

In this table, several genetic parameters relating to mtDNA are given. The number of non-synonymous variants with MutPred (MP) scores below 
or above the actionable hypothesis threshold (0.5) are given for each cybrid cell line used, as well as the total number of non-synonymous (MP-
scoring) variants. MutPred adjustment 1 loads are mutational loads calculated by summing the MutPred scores of only variants with a score above 
0.5. RMCN: relative mtDNA copy number refers to the number of mtDNA molecules per cell. 

Table 7.3: Bio-energetic parameters for each cybrid cell line 
Cybrid 
cell line 

Basal 
respiration 

 ATP 
production 

 Proton leak  Maximal 
respiration 

 Spare 
respiratory 
capacity 

 Non-
mitochondrial 

respiration 

 Coupling 
efficiency (%) 

N Mean ± SD  N Mean ± SD  N Mean ± SD  N Mean ± SD  N Mean ± SD  N Mean ± SD  N Mean ± SD 
SA1 10 1.62 ± 0.21  9 1.07 ± 0.12  9 0.55 ± 0.12  10 1.42 ± 0.39  10 -0.20 ± 0.24  9 0.24 ± 0.09  9 66.31 ± 3.43 

SA5 9 2.46 ± 0.11  9 1.98 ± 0.08  11 0.52 ± 0.12  11 2.69 ± 0.30  12 0.27 ± 0.30  11 0.52 ± 0.10  10 80.29 ± 2.72 

SA19 12 1.09 ± 0.28  12 0.81 ± 0.18  11 0.35 ± 0.10  12 1.13 ± 0.35  12 0.04 ± 0.13  12 0.26 ± 0.36  10 68.76 ± 2.63 

SA6 11 1.97 ± 0.30  12 1.66 ± 0.31  10 0.39 ± 0.06  12 2.17 ± 0.55  12 0.10 ± 0.47  12 0.44 ± 0.16  11 79.89 ± 2.43 

HC2 9 2.84 ± 0.10  11 2.38 ± 0.16  10 0.47 ± 0.05  12 3.35 ± 0.71  11 0.65 ± 0.43  12 0.70 ± 0.08  12 81.48 ± 4.46 
SA11 11 2.70 ± 0.23  12 2.31 ± 0.26  11 0.45 ± 0.05  11 3.49 ± 0.45  12 0.60 ± 0.48  12 0.71 ± 0.11  12 83.19 ± 1.63 

HC3 10 1.57 ± 0.08  10 1.24 ± 0.06  10 0.33 ± 0.03  10 1.80 ± 0.22  10 0.23 ± 0.19  9 0.31 ± 0.04  8 78.70 ± 0.57 
SA16 12 1.75 ± 0.32  12 1.37 ± 0.21  12 0.37 ± 0.13  11 1.90 ± 0.30  11 0.13 ± 0.10  12 0.40 ± 0.19  12 79.16 ± 3.53 

In this table, the mean and standard deviation of OCR (pmol/min/Abs) of bio-energetic parameters as measured by the Seahorse XFe analyser are given for 
each cybrid cell line used. The number of repeats, excluding outliers, used for each parameter is also given (N).  
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For this study, it was hypothesised that mildly deleterious mtDNA variants might be associated with 

changes in mitochondrial respiration; mildly deleterious variants being defined as those with MutPred 

scores of 0.5 or greater. As mentioned, MutPred adjustment 1 loads refer to mutational loads calculated 

by using only those variants with a MutPred score above 0.5, for each cybrid cell line. It was expected 

that basal respiration rates would correlate in some way with MutPred adjustment 1 loads, or differ 

between cybrid cell lines with zero, one or more than two high MutPred-scoring variants, if these 

variants were impacting on phenotype. Figure 7.3 is a graphical representation of the relationship 

between basal respiration and three genetic parameters: MutPred adjustment 1 loads; number of variants 

with MutPred scores below 0.5; and RMCN (for simplicity, the line in this graph illustrates log-

transformed values of RMCN). Green bars represent basal respiration rates of cybrid cell lines that have 

no high MutPred-scoring variants; blue bars represent those rates of cybrid cell lines that each have one 

variant with MutPred scores > 0.5; and red bars represent basal respiration rates of cybrid cell lines 

carrying more than two variants with MutPred scores > 0.5.     

Figure 7.3: Relationship between mitochondrial basal respiration and genetic parameters. Means 
and SDs of basal respiration OCR measurements are indicated by columns, while genetic parameters 
are indicated by lines. The colour of the bar columns indicates the number of variants with MutPred 
(MP) scores above 0.5 in each cybrid cell line as follow: green = none; blue = one; red = more than 2. 
RMCN: relative mitochondrial DNA copy number. 
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At first visual inspection of the data, no clear relationship between MutPred adjustment 1 loads and 

basal respiration could be seen. While basal respiration rates of cybrid cell lines with the highest load 

scores (reds) were lower than in those with moderate load scores (blues), basal respiration rates of 

cybrid cell lines with load scores of 0 (greens) ranged from the lowest OCRs to relatively high OCRs. 

Aside from the number of high-scoring variants, the type of high-scoring variant did also not help to 

explain respiration level: very rare (Genbank frequency < 0.1%) high-scoring variants were present in 

SA6, SA16 and HC2 (Table 7.1), all of which had very different basal respiration rates. SA5 has one 

very rare, low-scoring variant. While both HC3 and SA16 had multiple high-scoring variants in 

complex I genes, SA11 and HC2 also had high-scoring variants in complex I genes. Having multiple 

high-scoring variants in complex V (SA16) also did not predict basal respiration rate very well, as three 

other cell lines lacking such combinations had lower respiration rates. No combination of non-

synonymous mtDNA variants and mt-rRNA or mt-tRNA variants formed any clear relationship with 

basal respiration rates. As seen in Figure 7.3, two other genetic parameters appeared to more closely 

follow respiration trends: RMCN and number of variants with MutPred scores below 0.5. In fact, initial 

Pearson’s correlation tests between all the genetic parameters listed in Table 7.2, and basal respiration 

rates, showed that only RMCN significantly correlated with respiration (r = -.33, P = 0.002). Curiously, 

this correlation was negative, while Figure 7.3 suggests a positive relationship. On closer inspection of 

the data, it became clear that the exceptionally high RMCN of SA19 (twice that of the next highest 

measurement) was responsible for this irregularity (Figure 7.4). 
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Figure 7.4: Graphical representation of the correlative relationship between basal respiration and 
RMCN. Mean basal respiration OCRs with SDs (error bars) are given in relationship to RMCN for 
each cybrid cell line. SA19 is marked with an ellipse.   

Together with SA1, SA19 also had significantly lower coupling efficiency [F (7, 76) = 43.01, P < 

0.0001] and significantly higher proton leak to basal respiration ratios [F (7, 72) = 51.1, P < 0.0001] 

than all other cybrid cell lines, indicating that OXPHOS coupling is somehow hampered in these two 

lines. Unlike SA19, SA1 however did not have significantly higher RMCN. The regulation of mtDNA 

copy number is not completely understood, but studies have shown that cellular proliferation could play 

a role (Trinei et al., 2006). mtDNA copy number is the highest in the late G1 phase of the cell cycle, 

just before the transition into the S phase (when nDNA replication takes place before cell division). 

Since the S-phase requires an increased ATP output, it is thought that mtDNA is increased in the pre-S 

phase as preparation, before nDNA is replicated. Mitra et al. (2009) have also shown that during this 

stage in the cell cycle, mitochondria form large hyperfused networks. It is possible that the cells of 

SA19 were not as confluent as the other cell lines, and were proliferating at a higher rate. At the point 

of cell harvesting, many cells might have been in the G1-to-S transitions phase, where mtDNA copy 

number is ramped up, but may not yet have translated this into increased ATP output. Another 

possibility is that despite an effort to keep all cell lines under identical conditions, including monitoring 
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of mycoplasma contamination, SA19 cells were somehow exposed to an unknown stressor. The 

significantly high RMCN, but with low mitochondrial respiration, appears anomalous and could not be 

disregarded. Indeed, in a similar previous study (van Dyk, 2016), which also included all the cybrid 

lines used in this study, SA19 was one of the best performing cell lines, with only SA5 and HC2 having 

higher basal respiration rates. For this reason, it was decided that SA19 should be excluded from further 

statistical analyses.   

With SA19 now removed from the dataset, Pearson’s correlation tests were again done to compare basal 

respiration rates with the genetic parameters listed in Table 7.2. From this, several genetic parameters 

correlated significantly with basal respiration rates. In Table 7.4 it can be seen that only the total number 

of non-synonymous (shown as variants with MP scores) variants and the MutPred total load did not 

significantly predict basal respiration rates. Note that the P-values given in this table are post Bonferroni 

correction for multiple testing.  

Table 7.4: Pearson’s correlations between mitochondrial basal respiration 

and genetic parameters 

Genetic parameter Pearson's 
coefficent 

(r) 

Significance 
(P) 

R2 

Number of variants with 
MP scores < 0.5 

.67 < 0.00001 0.44 

Number of variants with 
MP scores > 0.5 

-.41 < 0.01 0.17 

Total number of variants 
with MP scores 

-.09 2.81 0.01 

MutPred total load -.24 0.25 0.06 

MutPred adjustment 1 
load 

-.40 < 0.01 0.16 

RMCN .55 < 0.00001 0.30 

In this table, Pearson’s correlation coefficients (r), P-values and R2 values are 
given where each genetic parameter was compared to basal respiration rates. 
N was equal to 72. A Bonferroni correction has already been applied to the P-
values in this table. MP: MutPred, RMCN: relative mtDNA copy number. 

From this re-analysed data, both the number of high MutPred-scoring variants, and the MutPred 

adjustment 1 load significantly correlated with basal respiration rates, in a negative direction. These 

two parameters could account for 17% and 16% of variation respectively, which is a noteworthy 

contribution. The negative relationships of these two genetic parameters with basal respiration rates 
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also make biological sense in a simplistic model, as these variants are assumed to be mildly deleterious. 

That is to say, an increase in the number of these variants or the mutational load from high-scoring 

variants lead to a decrease in basal respiration rates. It therefore seems, from this preliminary data, that 

the MutPred mutational load hypothesis could possibly be of biological significance. 

RMCN significantly correlated with basal respiration rates (now in a positive direction), and accounted 

for 30% of variation, while the number of variants with MutPred scores below 0.5 could account for 

44% of the variation. Both these parameters were significantly better at predicting basal respiration 

rates than the MutPred adjustment 1 load (t Difference = 10.2 for number of variants with MP-scores < 0.5; 

t Difference = 11.6 for RMCN; Ps > 0.01). As mentioned, mtDNA copy number is likely regulated during 

the cell cycle, and higher copy numbers could translate into more OXPHOS complexes being assembled 

to achieve higher ATP turnover (Trinei et al., 2006). This would result in a positive correlation between 

RMCN and basal respiration as shown here; changes in mitochondrial respiration would then be a 

consequence of a change in mtDNA copy number. However, upregulated expression of mtDNA copy 

number could also be a consequence of aberrant mitochondrial respiration: Al-Kafaji and Golbahar 

(2013) have shown that oxidative stress induced by high glucose concentrations increased mtDNA copy 

number in human mesangial cultured cells, possibly to compensate for mtDNA oxidative damage. 

Although cell growth was limited in galactose-rich media when compared to the glucose-rich assay 

plate, it is not known whether reactive oxygen species or mtDNA were increased in the cybrid cells 

used here, as this was not measured. Indeed, Rossignol et al. (2004) have shown that mtDNA copy 

number did not significantly differ between HeLa cells grown in galactose- or glucose containing 

media, which might also be the case for the 143B cells used as base cell line in this study. Turning to 

the number of variants with MutPred scores below 0.5, as non-synonymous variants with low MutPred 

scores are more likely to be common population variants, the significant correlation found here would 

rather support the hypothesis that, in terms of mtDNA variants, mitochondrial respiration is more 

influenced by haplogroup background than rarer, mildly deleterious variants. Although this result was 

not expected, it is not in contradiction to existing literature.  

In a series of papers, Kenney et al. (2014a; 2014b) showed that: i) while ATP production and spare 

respiratory capacity were comparable between haplogroup H cybrids and haplogroup J cybrids, the 

OCR to ECAR ratio (OXPHOS:glycolysis) was higher in haplogroup H cybrids (Kenney et al., 2014b);  

and ii) haplogroup L cybrids had lower mtDNA copy number and decreased ATP and ROS production, 

but higher expression levels of nine mtDNA-encoded OXPHOS complexes, when compared to 

haplogroup H cybrids (Kenney et al., 2014a). However, is interesting to note that when MutPred 

adjustment 1 loads are calculated for the cybrid cell lines used in the above studies, haplogroup J cybrid 

cell lines have load scores of 3.1, 1.2 and 0.6, while all haplogroup H cybrid cell lines used by Kenney 

et al. have no variants with MutPred scores above 0.5 (i.e. MutPred adjustment 1 loads of 0). 
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Haplogroup L cybrids also had several variants with MutPred scores above 0.5, with MutPred 

adjustment 1 loads of 0.6, 1.7 and 2.9 for the three cell lines used. Thus, any comparisons between 

haplogroup J or L cybrid cell lines and haplogroup H cybrid cell lines would also be a comparison 

between high and low mutational load scores. In the above studies, that would result in cybrids cell 

lines with high mutational load scores (haplogroups J and L) having lower bio-energetic profile 

parameters than those with scores of 0 (haplogroup H). Nevertheless, this was not considered in the 

Kenney et al. studies and these authors concluded that the observed differences in their study (which 

include the altered expression of eight nuclear encoded genes, in addition to the changes mentioned 

above) are “not due to rare mtDNA variants but rather the combination of SNPs representing the J 

versus H haplogroups” (Kenney et al., 2014b). The limited cybrid data presented here supports this 

observation to some extent. 

Next, the cybrid cell lines were grouped into two of six categories: for variants with MutPred scores 

below 0.5, cell lines carrying either 4, 5 or 6 variants each; for variants with MutPred scores above 0.5, 

cell lines carrying either 0, 1 or more than 2 variants each (Figure 7.5). The differences in basal 

respiration rates were tested using one-way ANOVAS (Table 7.5). For the number of variants with 

MutPred scores below 0.5 categories, all three groups differed significantly from each other. However, 

from Figure 7.5A it can be seen that basal respiration rates of HC3, having 5 such variants, is more 

comparable with basal respiration rates of cybrid cell lines having only 4 variants. Still, the significant 

differences between these groups, would suggest that having more variants with MutPred scores below 

0.5 results in higher mitochondrial respiration (Figure 7.5A). However, these variants are not believed 

to have any significant impact on structure or function. The way in which these variants could play a 

role in mitochondrial respiration rates would have to be more indirect. Cross-talk between 

mitochondrial DNA and nuclear genes has been suggested as a possible way for these population 

variants to impact on mitochondrial function (Picard et al., 2016). This result is also not consistent with 

the work of Kenney et al., as haplogroups J and L have several more low-scoring, non-synonymous 

variants when compared to haplogroup H, but were shown to have lower measurements of 

mitochondrial function than haplogroup H (i.e. a negative relationship between the number of low-

scoring variants and mitochondrial function measurements, as opposed to the positive relationship 

shown in the current study). 

When considering the number of mtDNA variants with a MutPred score below 0.5 (which are assumed 

to be common population variants) as a possible predictor of mitochondrial function, one should be 

careful to keep bias introduced by population stratification in mind. Differences in the number of such 

variants could simply be an artefact of the position of the cell line mtDNA sequence in the phylogeny, 

in relation to that of the rCRS. A way to test whether this specific type of bias has had any influence on 

the data in question, would be to call variants against the reconstructed sapiens reference sequence 
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(RSRS), which roots the phylogeny in such a way that it shows no bias in phylogenetic distance to any 

modern haplogroups (Behar et al., 2012). When this check was applied for the eight cybrid cell lines 

used in this study, three variants (m.8860A>G, m.14766C>T and m.15326A>G) previously called 

against the rCRS were excluded from variant lists. However, given the closely related haplogroups of 

the cybrid cell lines in this study, all three variants were previously included in all eight cell lines, and 

as such, the exclusion of the variants was uniform across all eight cell lines. Consequently, the statistical 

relationships between the number of variants with MutPred scores below 0.5 and basal respiration rates 

were unaffected. 

For the number of variants with MutPred scores > 0.5 categories, cybrid cell lines having one such 

variant significantly differed from both other groups. Yet, in Figure 5B it can be seen that basal 

respiration rates of SA6 were not consistent with those of other cybrid cell lines in the same group 

(having one high-scoring variant). The single high-scoring variant present in SA6 is very rare, and not 

present on Phylotree or GenBank. It could be possible that this variant is deleterious enough to be as 

biologically significant as having more than one high-scoring variant. Groups with cybrid cell lines that 

have none or more than two variants with a MutPred score above 0.5 did not significantly differ from 

each other, since SA1 had very low basal respiration rates. As mentioned previously, SA1 also had 

significantly lower coupling efficiency compared to other cell lines (66% in SA1 vs ~80% in other cell 

lines). Whether this lowered coupling efficiency is a direct consequence of mtDNA variants (other than 

high-scoring variants, as SA1 had none), or rather some other biological or methodological factors, is 

unknown. If the basal respiration rates for SA5 are taken to be more representative of cell lines carrying 

no high MutPred-scoring variants, then the data presented in figure 7.5B would suggest that 

mitochondria can tolerate small aberrations in OXPHOS complexes, introduced by single high 

MutPred-scoring variants, but that some threshold is exceeded in cell lines carrying several such 

variants (cell lines HC3 and SA16), disrupting mitochondrial respiration. However, whether these 

decreased respiration rates are detrimental to cell viability, and by extension, health, is not definite. 

Subtle changes in coupling efficiency have been implicated in survival rates after sepsis (decreased 

coupling efficiency might be beneficial by aiding in increased heat production during sepsis), in a 

prospective study comparing haplogroup H patients to patients from other haplogroups (Baudouin et 

al., 2005). It has also been suggested that having “leaky” mitochondria could protect against diseases 

such as diabetes type 2 in the presence of an over-supply of nutrients: sporadic alleviation of the 

membrane potential over the inner membrane via proton leak, ensures that the OXPHOS system does 

not reach a static head equilibrium, which would increase electron leak, resulting in increased H2O2 

production and consequent downstream damage by oxidative stress (Fisher-Wellman & Neufer, 2012). 

Including measurements for cell viability and oxidative stress markers in future cybrid studies could 

help to further elucidate this putative relationship between mtDNA variants, mitochondrial respiration 

and health.   
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Table 7.5: Comparisons of mean mitochondrial basal respiration between different mtDNA variant groups 
 

Mitochondrial basal respiration OCR (pmol/min/Abs) 
N Mean ± SD F (dfM, dfR)  N Mean ± SD F (dfM, dfR) 

Number of variants with  
MutPred scores < 0.5 

Number of variants with  
MutPred scores > 0.5 

4 33 1.78 ± 0.31 27.7 (2, 69)* 0 19 2.02 ± 0.46 26.9 (2, 69)* 
5 30 2.25 ± 0.52  1 31 2.48 ± 0.45  
6 9 2.84 ± 0.10  > 2 22 1.67 ± 0.25  
 In this table, mean basal respiration rates of different mtDNA groups were compared using one-way ANOVAS. Means and 
standard deviations (SD) are given with F-ratios (F) and degrees of freedom for the effect of the model (dfM) and residuals 
(dfR). Asterisks indicates differences significant at the < 0.0001 level. 

 

  

 

 

 

 

 

Figure 7.5: Comparison of basal respiration between cybrid cell lines within different mtDNA variant groups. Box-plots indicated the means, 25% and 
75% quantiles as well as standard deviations of basal respiration for each cell line, grouped according to the number of variants with MutPred scores below 0.5 
(A) or above 0.5 (B), that each cybrid cell line carried.  
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7.4   CONCLUDING REMARKS 

This cybrid cell line study aimed to test whether those with MutPred scores above 0.5 (mildly 

deleterious variants), either in isolation or in combination, impact on mitochondrial respiration. 

Although the number of variants with MutPred scores above 0.5, as well as MutPred adjustment 1 loads 

significantly correlated with mitochondrial respiration, correlations between RMCN and the number of 

variants with MutPred scores below 0.5, with mitochondrial respiration was more pronounced. While 

some of the results here are consistent with previous studies (low MutPred-scoring/population variants 

have a higher impact on mitochondrial function than high MutPred-scoring/rare variants), others are 

not (in this study a positive relationship between the number of low MutPred-scoring variants and 

mitochondrial respiration was found, while the Kenney et al. studies suggest a negative relationship). 

Although the data presented here reveal some interesting insights into mtDNA variation and 

mitochondrial function, there are some important shortcomings: i) the statistical power of this study 

was limited by methodology requirements, such as the number of repeats needed for a cell line, and the 

fact that all cell lines needed to be analysed in the same experimental run; ii) more refined selection 

criteria, such as the inclusion of cybrids cell lines containing multiple very rare mtDNA, non-population 

variants or exactly matched haplogroups, was restricted by sample availability; iii) heteroplasmy data 

was not available for all samples used, and therefore the possible influence of such variants could not 

be investigated; iv) despite the cells being cultured past an advanced number of passages, the RMCN 

was still not stable, and could have affected mitochondrial respiration significantly; v) factors such as 

mtDNA damage, ROS production, cell viability and mtDNA gene expression were not measured and 

could not contribute to further interpretation of the data. Thus, further investigations are warranted, in 

studies where these shortcomings are addressed. It would also be of great advantage to the validity of 

such studies if their results can be duplicated with several other haplogroups.   
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Chapter 8: Summary and conclusions 

In this chapter the rationale, theoretical and experimental approaches, as well as the key findings of the 

study, are summarised, critically evaluated and assimilated to provide a basis for the conclusions that 

were finally made.   

8.1 BIOLOGICAL RATIONALE FOR CONSIDERING MTDNA VARIATION IN           
……HUMAN DISEASE 

The endosymbiotic theory states that the organelles mitochondria and chloroplasts are derived from 

ancient endosymbionts of prokaryotic organisms (Mereschkowsky, 1910). The attainment of an 

energetically favourable aerobic electron transport system would have given the host organism a 

remarkable evolutionary advantage, making possible the complexity of contemporary life. Indeed, 

mitochondria in most eukaryotic cells produce ~90% of cellular energy (Chance et al., 1979), but are 

also intricately involved in essential cellular processes by: i) influencing homeostasis and adaptive 

stress signalling pathways (including cell proliferation, differentiation and apoptosis); ii) housing 

several biosynthetic pathways (including for pyrimidines, lipids, heme and Fe-S clusters, and 

neurotransmitter precursors); iii)  regulating levels of a wide range of cellular compounds (metabolites, 

amino acids and enzyme co-factors); and iv) modulating Ca2+ flux (reviewed by Nunnari & 

Suomalainen, 2012). The production of both ATP and ROS by the OXPHOS complexes is central to 

most of these functions. This broad extent of mitochondrial influence has, unsurprisingly, lead to the 

implication of mitochondrial dysfunction in not only rare mitochondrial disease, but also in metabolic 

and degenerative common complex disease (Nunnari & Suomalainen, 2012; Wallace, 2013). During 

the transition from endosymbiont to organelle, the precursor of the mitochondrion transferred most of 

its genes to the host organism, retaining only 38 mitochondrially encoded genes in humans. The loss of 

mitochondrial genes to the nucleus has several, widely accepted advantages, which are typically centred 

around the preservation of genetic integrity (Johnston & Williams, 2016). The factors that determine 

which genes are retained within the mitochondrion are the subject of an ongoing debate (Allen, 2015). 

A very recent study by Johnston and Williams (2016) provided robust statistical support for three factors 

to greatly influence the retention of mitochondrial protein coding genes in eukaryotes: protein 

hydrophobicity (it might be difficult to correctly transport highly hydrophobic proteins into 

mitochondria from elsewhere in the cell), gene GC-content [high GC content provides thermodynamic 

stability to the mtDNA molecule (Samuels, 2005), which could serve as a selective force], and energetic 

centrality (retained genes make up the core subunits of the ETC). The benefit of energetic centrality is 

described by the CoRR (co-location of gene and gene product for redox regulation of gene expression) 

hypothesis (Allen, 1992). The CoRR hypothesis states that the redox state of locally encoded gene 
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products (such as ETC subunits in the mitochondrion) can serve as a regulatory control for the 

expression of those genes (Allen, 2015). The advantage of such a system would be that the composition 

of enzyme complexes is directly regulated by the redox environment within the mitochondrion, 

allowing for acute and fine bioenergetic modulation (Allen, 2015; Johnston & Williams, 2016). In 

another study, Maier et al. (2013) illustrated that the two rRNA subunits encoded by mtDNA are also 

central to the assembly of mitochondrial ribosomes. The 22 tRNAs encoded by mtDNA is the minimum 

subset necessary to read all the mtDNA codons (Florentz et al., 2003). From all of this, it should be 

clear that: i) the genes encoded by mtDNA are those most essential to optimal mitochondrial function 

and regulation, and ii) mitochondrial function in turn is essential to optimal cellular function, and by 

extension, human health. This lends a solid biological rationale for also considering variation in mtDNA 

(despite its relatively small size when compared to nuclear DNA) when investigating genetic factors 

involved in a wide range of rare and common diseases, including cardiometabolic and other late-onset 

diseases. Indeed, as discussed in detail throughout this thesis, many studies have done exactly that in 

the last decade or so, utilising several approaches (see Chapter 2). However, when investigating mtDNA 

variation, irreproducible, inconsistent and contradicting reports are common in literature (Salas & 

Elson, 2015), indicating the need for alternative approaches when considering mtDNA variation in 

association with disease.  It was therefore also set as a specific goal of this study to further develop and 

implement such a novel approach, the core concept of which was proposed by Elson et al. (2006), and 

which is presented here in the form of the “MutPred adjusted load” hypothesis.  

8.2 PROBLEM STATEMENT AND AIM 

With the growing epidemic of cardiometabolic disease, especially in rapidly urbanising African 

populations, it becomes essential to identify all factors that could be involved in the onset and 

progression thereof (Mensah et al., 2015). Identification of genetic risk factors, which then also include 

mtDNA variation, could help in understanding the differences between population groups in disease 

susceptibility and outcome, in addition to the well-documented environmental and life-style factors 

known to play a significant role (Malan & Malan, 2016). Sub-Saharan African populations are under-

represented in genetic databases, as well as genetic studies concerning cardiovascular disease. Even in 

well-characterised studies on mtDNA variation in disease done mostly on Caucasians, current 

approaches have often delivered results that often include inconclusive and contradicting reports (Salas 

& Elson, 2015). Thus, the aim of this study was to determine whether mtDNA variants play a significant 

role in the presentation or severity of cardiometabolic disease in a bi-ethnic cohort, using current and 

novel investigative approaches.  
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8.3 OBJECTIVES: RESULTS AND LIMITATIONS OF THIS STUDY 

 First objective: generating mtDNA sequences for African populations 

The first objective of this study was to “generate and contribute complete mtDNA sequences for an 

under-represented population group (Sub-Saharan Africans), as well as a Caucasian group from the 

same geographical area”.  

Of the 409 participants in the SABPA cohort, all from the same geographical area (North-west province, 

South Africa), 200 were Black South Africans and 209 were Caucasian South Africans. Technical 

aspects that each contributed to a few cases of sample fall-out were difficulty in obtaining good quality 

isolated DNA samples, failure to obtain amplicons of both PCR fragments, or loss of genetic material 

during clean-up steps. In the end, complete mitochondrial sequences were produced and reported for 

194 Black South Africans and 169 Caucasian South Africans. Currently on GenBank, haplogroup L3 

is the best-represented African haplogroup. The majority of African sequences generated in this study 

were from haplogroup L0 (61.5%), followed by L2 (17%), L3 (16.5%), L1 (4.6%) and lastly a single 

L4 sequence.  Non-African sequences generated in this study were predominantly from haplogroups H 

(39%), U (21%), T (14.3%) and J (%), with single-digit representations for haplogroups B, I, K, M, N, 

R and W. Variant lists as called against the rCRS are published as supplementary material in Venter et 

al (2017), and complete sequences will shortly be made available to both GenBank and Phylotree. The 

first objective of this study was thus successfully achieved.    

 Second objective: Disease-associated mtDNA variants in hypertension  

The second objective of this study was to “test whether disease-associated variants or known pathogenic 

mutations are more frequently found in hypertensive groups than control groups”. 

This objective was addressed in Chapter 4, in particular Section 4.3.1, by assessing the frequency of 

disease-associated variants, as reported by MITOMAP, in hypertensive groups when compared to 

normotensive groups. As an unbiased approach, all disease-associated variants reported by MITOMAP 

as of August 2016, were used for frequency analyses, without evaluating the evidence of the reported 

associations. However, it is well known from literature that many of these variants have weak evidence 

of disease association, and not surprisingly, most of the variants listed here had an even distribution 

among phenotype groups. From the full list, four disease-associated mtDNA variants were identified 

(m.961T>C, m.5460G>A, m.5911C>T and m.10398A>G) based on a distribution tendency towards 

segregating with disease. However, none of these distributions were statistically significant after a 

Bonferroni correction for multiple testing, even though two of these variants (m.961T>C and 
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m.5911C>T) were only found in haplogroup L hypertensives. Taken together, this highlights some of 

the difficulties faced by current approaches such as haplogroup association studies, and the need for 

alternative approaches when mtDNA is investigated in relation to disease. Having to do a number of 

Fisher’s exact or chi square tests to evaluate each individual variant imposes a large statistical burden 

on studies, as corrections for multiple testing need to be done. Frequency analyses are also crude in the 

sense that they are essentially quantitative in nature, and the predicted, or known biological structural 

and functional impact of a variant is not necessarily considered. In contrast, the MutPred mutational 

load hypothesis reduces this statistical burden by combining individual variants into a single continuous 

metric (mutational load), and is also qualitative in nature, as it incorporates the pathogenicity scores of 

variants involved. However, being aware of the limitations imposed by the moderate cohort size, as 

well as current approaches, the objective here was specifically not to do a haplogroup association study, 

or attempt to investigate individual variants in relation to hypertension. Rather, the set objective was to 

simply assess whether disease-associated variants as a group were found more frequently in 

hypertensives than in normotensives, as a way of exploring the data. It was concluded that this was not 

the case. Therefore, the objective was successfully achieved. 

Interestingly though, three variants that are considered to be known pathogenic mutations were also 

identified in this cohort. The first, m.11778G>A, is a well-known LHON mutation (Yu-Wai-Man & 

Chinnery, 2000 [Updated 2016]), but was found at only 16% heteroplasmy level in one participant and 

is unlikely to be physiologically relevant in this case. Two mt-tRNA mutations, m.5814T>C and 

m.14687A>G, were found in four participants. These mutations were classified as pathogenic using the 

pathogenicity scoring system described in Yarham et al. (2011). However, as discussed in Chapter 4, 

the evidence of pathogenicity for both these variants now seems questionable, and it is likely that both 

these variants, given their GenBank frequencies (between 0.1% and 1%) and presence on Phylotree, 

should be reclassified as rare population variants. The re-evaluation of these two variants does raise an 

important issue concerning the classification of disease-causing variants: the functional evidence for 

pathogenicity was reported more than a decade ago. It is thus probable that, at the time, both these 

variants were thought to be very rare, as would be expected for a mutation causing primary 

mitochondrial disease (mitochondrial encephalopathy and mitochondrial myopathy in this case). 

Similar observations have been reported in an investigation of mtDNA in African patients with 

mitochondrial disease (van der Walt et al., 2012). However, as more sequences have been added to 

databases and the human mtDNA phylogeny has been refined, these variants have been found in 

hundreds of assumedly non-diseased study participants. Because genetic counselling can have an 

enormous impact on a patient’s life, such as choosing not to have a child, or choosing mitochondrial 

replacement therapy for in vitro fertilisation, it is important to re-evaluate the pathogenicity status of 

mutations on a regular basis. Indeed, a preliminary scan of mt-tRNA mutations previously classified as 

pathogenic, using the Yarham scoring system, identified two other mutations, m.5628T>C and 
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m.7472T>C, as potential candidates for re-evaluation, based on GenBank frequency and their presence 

on Phylotree as haplogroup markers. It would be a useful exercise to systematically inspect the evidence 

for pathogenicity put forth for these and other mutations that are routinely used during genetic 

counselling.      

 Third objective: mitochondrial tRNA and rRNA variants in hypertension 

The third objective of this study was to “test whether mitochondrial tRNA and rRNA variants are more 

abundant in hypertensive groups compared to control groups”.  

This objective was addressed in Chapter 4, in particular Section 4.3.2. It was argued that mt-tRNA 

variants are good candidates for being linked to disease, as they occur more at the tips of the phylogeny 

than within the deeper branches, indicating an ongoing selection against these variants (Yarham et al., 

2010). Also, compared to mutations in mtDNA protein encoding genes, pathogenic mutations of both 

mt-tRNA and mt-rRNA genes have a much wider impact on mitochondrial proteins, as the products 

thereof are involved in translation and transcription of all mitochondrial protein genes (Elson et al., 

2015; Florentz et al., 2003). However, again taking into consideration the limitations imposed by the 

moderate cohort size, the objective here was not to attempt to identify specific known or novel mt-

tRNA or mt-rRNA variants in association with hypertension, but simply to test whether (consensus) 

mt-tRNA or mt-rRNA variants that were rare on either GenBank (< 0.1% frequency) or rare within each 

gender/background group (only occurring once per group) were more abundant as a group, within 

hypertensives compared to normotensives. As discussed in Chapter 4, when taking into consideration 

the size of each group, the differences in frequency of these variants across hypertensive and 

normotensive groups were not statistically significance. Considering these findings, this objective was 

successfully achieved.  

The fact that rare mt-tRNA and mt-rRNA variants are more abundant in haplogroup L participants, 

might be a result of the under-representation of African sequences in databases. Variants might be rare 

in GenBank, but well represented within unexplored African populations. This can make it difficult 

when novel disease-associated variants are sought, and highlight the need for more sequencing to be 

done in SSA populations.  
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 Fourth objective: Non-synonymous mtDNA variants in hypertension and     

hyperglycaemia 

The fourth objective of this study was “Using a new approach (a modified mutational load hypothesis), 

investigate the possible role of non-synonymous protein coding mtDNA variants in the presentation of 

hypertension or hyperglycaemia”. 

This objective was addressed in Chapter 5, which is presented in this thesis as a published, peer 

reviewed paper (Venter et al., 2017). Here, only consensus and non-synonymous (protein coding) 

mtDNA variants were considered. First the data was explored by comparing the number of very rare 

(GenBank frequency of < 0.1%) and common (GenBank frequency of > 1%) non-synonymous 

population alleles unique to each group as defined by haplogroup background (L or MN), gender and 

phenotype. Although hypertensive haplogroup L participants had more very rare variants than 

haplogroup MN participants in any groups, no statistically significant differences were found. As 

mentioned, it is more likely that these high rare allele counts in hypertensives are a result of the under-

representation of African sequences on GenBank, as well as the clinical cut-off points for hypertension 

classification that are possibly unfit for use in a uniform manner across different population and gender 

groups.  

Next, MutPred pathogenicity scores were assigned to all non-synonymous mtDNA variants. To 

minimise the influence of population variants, which are proposed to be of little biological relevance 

and are likely to have low MutPred scores, variants with scores below the “actionable hypothesis” 

threshold (0.5) (Li et al., 2009) were excluded from further analyses. MutPred total (mutational) loads 

were calculation by summing the MutPred scores for the remaining variants for each participant. 

However, since the number of mtDNA variants a sequence can have is also an artefact of its position in 

the phylogeny in relation to that of the rCRS, and since some population variants do have MutPred 

scores above 0.6, MutPred adjusted loads were calculated by dividing MutPred total loads by the 

number of variants used, as a second adjustment. These corrections were made even though 

comparisons were not made between haplogroup L and haplogroup MN groups, since the genetic 

variation within African haplogroups alone can be quite large, and a homogenous group of “haplogroup 

L” participants is not guaranteed. Alternatively, this issue could be mitigated by the use of the RSRS 

instead of the rCRS. This would, however, bring about difficulties in relating data to existing literature, 

and so the consensus in the field is the continued use of the rCRS (Bandelt et al., 2013). Comparisons 

of MutPred adjusted loads between hypertensive and normotensive, or healthy, pre-diabetic and diabetic 

participants within gender/mtDNA background groups did not reveal any statistically significant results. 

Participants in disease groups (hypertensive, pre-diabetic or diabetic) were also no more likely to have 

variants with MutPred scores above 0.6 than control groups.  
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The MutPred adjusted load hypothesis was proposed as an alternative to the troubled haplogroup 

association approach. As mentioned, the combination of several characterised (pathogenicity scored) 

individual variants into a single qualitative metric allows for the use of simple parametric statistics and 

reduces the need for multiple testing corrections, which deliver more statistical power. Also, the two 

adjustment steps that were applied during the calculation of the final mutational loads used aim to limit 

the possible bias introduced by population stratification in analyses. From a genetics point of view, this 

means that it would have been acceptable to perform the various statistical analyses described in this 

thesis, where MutPred adjusted loads were used, across the different population groups. However, this 

was not done and the cohort was divided into four groups based on gender and mtDNA background 

(haplogroup), because of population stratification from a phenotypical point of view: great disparities 

exist in blood pressure and blood glucose measurements between both male vs female groups, and 

African vs Caucasian groups. In the SABPA study, many other biochemical measurements (Malan et 

al., 2015; 2017), as well as metabolic profiles (van Deventer, 2015) differed significantly between the 

four gender/mtDNA background groups. As mentioned several times in this thesis, the high percentage 

of haplogroup L participants that are classified as hypertensive, in a cohort that did not seek to 

specifically recruit diseased participants, in the author’s opinion, leads to uncertainty on the validity of 

the universal use of current clinical threshold values to classify hypertension. Possibly, these values 

should be tailored to be gender and population specific. The lack of large and comprehensive CVD 

studies in African populations does not make such an adjustment to clinical threshold values easy, and 

should be addressed so that population specific, outcome-based reference values can be established. As 

a similar issue, Hoebel et al. (2013) proposed the use of different waist-circumference cut-offs 

associated with metabolic syndrome for use in African and European males and females. The 2013 

ESH/ESC guide lines for the management of arterial hypertension does not list different reference 

values for males and females, despite the tendency for males to have higher blood pressure than females 

in pre-menopausal states (Piepoli et al., 2016). Thus, an alternative cut-off point, based on findings 

reported by Hermida et al. (2013) was used in this study to classify females as hypertensive or 

normotensive. Of course, even “correct” clinical cut-off points can be seen as arbitrary thresholds when 

used in research studies such as this one, as participants with measurements close to these thresholds 

might differ from each other with only a few points (mmHg for ABPM), but be classified into different 

phenotype groups. Clearly, such cases, which are likely to be much more abundant than cases on the 

extreme ends of the spectrum, would influence group averages and might mask actual differences 

between participants with very high or very low measurements. For this reason, correlation analyses 

are more likely to reflect the true relationships between genetic parameters and these phenotypical 

measurements (and were also used in this study).  
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Despite the fact that the cohort had to be divided into four groups and analysed separately, the study 

was comparatively well-powered. When the proposed hypothesis is considered where only variants with 

MutPred scores above 0.5 are included, and the position on the phylogeny is taken into account (see 

Table 4 in Chapter 5), the study had 80% power at the 0.05 significance level to detect a 0.106 difference 

in MutPred adjusted mutational loads between those with high blood pressure and those with blood 

pressure on the normal range, with 95 participants in each group. A 0.106 difference equates to 

approximately a 24% difference between the cases and controls. While this is a large difference, this 

still compares favourably to the traditional haplogroup association method as described in Samuels et 

al., (2006):  

“Studies with only 500 cases and 500 controls would have only 90% power to detect >35% increase in 

the frequency of haplogroup H, corresponding to an OR >1.75. For less common haplogroups or more-

subtle changes in haplogroup frequency, even greater sample sizes will be required”   

As such, the methods proposed here, achieved a similar power to the traditional haplogroup 

methodology with approximately one fifth of the sample size. The use of a single, continuous genetic 

variable (MutPred adjusted load) also made it possible to test whether variation in mutational load 

values was associated with an increase in symptom severity, using correlation analysis. If larger sample 

sizes were to be used, even smaller differences between cases and controls could be detected. This 

attests to the usefulness of the concept of the MutPred mutational load hypothesis as an investigative 

tool when mtDNA variation in disease is considered. Thus, despite the limitations imposed on this study 

by the discrepancies in phenotype presentation between different gender and mtDNA background 

groups, this objective was successfully achieved.  

 Fifth objective: Non-synonymous mtDNA variants in oxidative stress and 

inflammation 

The fifth objective of this study was: “using a new approach (a modified mutational load hypothesis), 

investigate the possible role of non-synonymous protein coding mtDNA variants in altered levels of 

oxidative stress and inflammation indicators”. 

This objective was addressed in Chapter 6 using the same approach as described in detail in Chapter 5 

and briefly in the previous section here, and presented in article format. From the previously described 

analyses, it was concluded that non-synonymous variants with MutPred scores above 0.5 did not play 

a significant role in hypertension or hyperglycaemia. Because blood pressure and blood glucose levels 

are both strictly controlled within humans, the question remained whether the previous result was 
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because other, more influential regulatory systems such as the sympathetic nervous system, could 

overcome or out-weigh comparably smaller changes resulting from downstream processes of mtDNA 

variation. In Chapter 2, inflammation, to which mtDNA contributes both via ROS and independently 

of ROS, was considered as a unifying factor involved in the aetiology of many CVD conditions. As 

such, measurements for seven indicators of oxidative stress and inflammation were selected from the 

data available on the SABPA cohort. All these measurements could putatively be influenced in a direct 

way by mitochondrial dysfunction, and so the role of non-synonymous mtDNA variants in these 

measurements were assessed using the MutPred adjusted load hypothesis. As with the previous 

statistical analyses done for blood pressure and blood glucose measurements, the measurements for 

markers used in this part of the study (ROS, NO, 8-OHdG, TBARS, GSH, CRP, and TNFα) also 

differed significantly between gender/mtDNA background groups. Statistical analyses were done 

separately for each group, and no statistically significant relationships were found. There were also no 

significant differences in the mean measurements between groups who had one or more mtDNA 

variants with a MutPred score above 0.5, and those who did not. Limitations of this part of the study 

could be those imposed by the accuracy of methods used to measure the biological parameters: for 

example, both ROS and NO bioavailability are measured indirectly, while TBARS was measured in 

urine and not blood. All seven indicators were also adjusted using age, BSA, TEE, serum cotinine (as 

indication of tobacco use) and cGGT (as indication of alcohol use), and in some cases CRP. Objectively 

measured lifestyle factors were obtained for the SABPA cohort and is a strength in the study (Hamer et 

al., 2011), but still, as is often the case for assays in biological samples, all these measurements have 

limitations in sensitivity and specificity, as well as inherent inter and intra-assay variability, which can 

be exacerbated by applying statistical adjustments using multiple factors. Another limitation could be 

that the cohort itself is not a severely diseased one, and it is possible that no significant results were 

found because disease progression is not advanced enough in the SABPA cohort to demonstrate the 

proposed impact of high MutPred-scoring variants. Also, it could be possible that such an impact exists, 

but is very small, and that the statistical power of this study was not sufficient to detect it, or that impact 

of environmental influences greatly out-weight mtDNA genetic risk factors in relation CVD 

susceptibility. Sympathetic hyperactivity may influence disease progression, and indeed was related to 

cardiac injury and blood pressure increases in Black South Africans SABPA participants (Malan et al., 

2017). Since no direct measurement of mitochondrial function could be done for this cohort, is was not 

possible to know whether mitochondrial dysfunction was present in any of the participants. However, 

from the results presented in Chapter 6, it seems unlikely for this cohort, that non-synonymous mtDNA 

variants play a role in the selected oxidative stress and inflammation markers as measured for this study. 

As such the fifth objective of this study was successfully reached.  
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 Sixth objective: mtDNA variants in mitochondrial respiration 

The sixth objective of this study was to “investigate the influence of selected mtDNA variants on 

mitochondrial respiration in cytoplasmic hybrid cells”. 

This objective was addressed in Chapter 7. As mentioned in the previous section, failure to identify any 

associations between high MutPred-scoring variants (assumed to be mildly deleterious) and disease 

phenotypes or indicators of oxidative stress and inflammation gave rise to the fundamental biological 

question of whether these variants do indeed play a role in mitochondrial function. To test this, cybrid 

cell lines produced for a previous study were utilised, as appropriate blood samples from SABPA 

participants were not available. As discussed in Chapter 7, this is not problematic as the process by 

which cybrid cell lines are made isolates the mitochondrial component from the donor phenotype 

(Wilkins et al., 2014), and places it in the uniform background of the host cell line used for all cybrids 

(143B osteosarcoma cells in this case). Eight cell lines were identified that best met the criteria set for 

selection, and cultured past 35 passages in an attempt to allow RMCN to stabilise. However, even at 

this advanced number of passages, RMCN measurements did not stabilise and so mitochondrial 

respiration of the cell lines was measured using the Seahorse XFe analyser. As a representation of 

mitochondrial respiration, only basal respiration rates were used in statistical analyses. The cybrid cell 

line SA19 showed irregular measurements of RMCN and basal respiration. These did not correspond 

to previous measurements of this cell line, and it was excluded from further analyses. Pearson’s 

correlation tests between basal respiration rates of cybrids cell lines and several genetic parameters 

revealed that the number of variants with MutPred scores above 0.5, as well as the mutational loads 

calculated using these variants, could account for 17% and 16% of variation respectively. Considering 

that all of these variants have MutPred scores no higher than 0.72, and could be considered mildly 

deleterious, an effect size of around -.4 (Pearson’s correlation coefficient) for both these parameters is 

considerable. Correlations of these two parameters with basal respiration rates were in a negative 

direction (higher MutPred loads or number of variants equals lower basal respiration rates), which 

makes biological sense in a straightforward simplistic manner. When cybrid cell lines were then 

grouped according to the number of variants with MutPred scores above 0.5 (having either zero, one, 

or more than two such variants), the picture became more complicated: average respiration rates for 

groups having zero or more than two high-scoring variants did not significantly differ from each other, 

and were lowest, but did significantly differ from the high average basal respiration rates of the group 

of cybrid cell lines having only one such variant. However, it is likely that the low basal respiration 

rates of SA1, having no variants with MutPred scores above 0.5, was due to lowered coupling efficiency 

of the cells. With the exception of this cell line, it could be that mitochondrial respiration is decreased 

when several high MutPred-scoring variants are present, but not when only one such variant is present. 
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Considering the small number of samples in this study, it is impossible to draw confident conclusions 

from the data before studies are repeated using a wider range of samples.  

Interestingly, both RMCN and the number of variants with MutPred scores below 0.5 (which are 

assumed to be of little functional or structural impact) correlated significantly better with basal 

respiration than genetic parameters which consider only high-scoring variants. Also, these correlations 

were in a positive direction meaning increased RMCN or number of low MutPred-scoring variants 

results in increased respiration rates. For RMCN, this again can be explained by a straightforward 

biological model: higher RMCN suggests increased rates of translation and transcription of 

mitochondrial proteins, leading to increased availability of these sub-units for OXPHOS complex 

assembly and ultimately, higher respiration rates. Knowing whether this is indeed the case would 

require further elaborated studies, where the levels of intermediate compounds (such as transcripts of 

genes for OXPHOS subunits) in this model are also measured.  The positive correlation between basal 

respiration rates and the number of variants with MutPred scores below 0.5 were also reflected in 

ANOVAS comparing groups containing cybrid cell lines which carry either four, five or six such 

variants. These groups all differed significantly from each other and average basal respiration rates were 

progressively higher in groups with five and six of these low-scoring variants. Since the number of 

variants called against the rCRS is affected by the position of that sequence in relation to the rCRS, the 

differences in the number of variants between cybrid cell lines were re-calculated using the 

reconstructed sapiens reference sequence (RSRS). The RSRS roots the phylogeny in such a way that 

the distance between all modern human sequences and the RSRS is the same (Behar et al., 2012). As 

discussed in Chapter 7, this step did not change the groupings or the continuous order of these cell lines, 

most likely because cell lines of comparable haplogroups were selected. Unlike variants with MutPred 

scores above 0.5, these low-scoring variants are not expected to have any direct structural or functional 

impact on mitochondrial enzyme proteins. As such, their influence on basal respiration rates is likely to 

be indirect, perhaps being involved in regulation or cross-talk with nuclear genes, the mechanisms of 

which are still unclear (Picard et al., 2016; Reinecke et al., 2009). One possible mechanism could be 

via small mitochondrial peptides, encoded by mtDNA. More than a decade ago such a peptide, called 

humanin, was discovered to be encoded within the mtDNA 16S rRNA coding region (Hashimoto et al., 

2001). Later studies revealed humanin to be a neuroprotective factor, with circulating levels decreasing 

with age (Muzumdar et al., 2009). Consequently, humanin has been a target of many studies aiming to 

investigate the role of mitochondria in aging and age-related diseases. Recent studies have identified 

several other potential mitochondrial derived peptides, by searching within the 12S and 16S rRNA 

coding regions. Lee et al. (2016) identified a 16-amino-acid peptide named MOTS-c to be implicated 

in obesity and insulin resistance via regulation of the folate-methionine cycle and purine biosynthesis 

(and the eventual activation of AMP-activated protein kinase). Cobb et al. (2016) found six more 

potential small humanin like peptides (SHLPs), the codes of which lie within the mtDNA 16S rRNA 
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coding region. Two of these, SHLP2 and SHLP3, were shown to enhance cell viability, decrease 

apoptosis and ROS formation, increase respiration and ATP production in vitro, and to be involved in 

several other signalling pathways related to insulin sensitivity and inflammatory profiles. Both SHLP2 

and SHLP3 also decreased with age in mice, which again might implicate these small peptides in age-

related diseases. In the study by Cobb et al. (2016) only the 16S rRNA coding region was scanned for 

SHLPs; great potential therefore exists to discover dozens more when the rest of the mtDNA genome 

is investigated. How many of these mitochondrial peptides exist, how they influence mitochondrial and 

cellular function, and how mtDNA variants impact those functions are all questions to which the 

answers might also help to understand the role of mtDNA variants in disease. Some variants that 

currently have low MutPred pathogenicity scores and are therefore thought not to be functionally 

relevant, might prove to have significant consequences in the translation, transcription and function of 

potentially existing SHLPs. This very young branch of mitochondrial genetics certainly promises to 

bring some interesting perspectives and discussions to the field. 

When considering drawing conclusions from this part of this study, several limitations should be noted. 

As discussed in Chapter 7, the Seahorse XFe analyser itself imposes various technical limitations on 

studies, because of inter- and intra-assay variation. The limitation on the number of cell lines that can 

be analysed in a single run is then carried over to statistical power, rendering confident findings difficult. 

The availability of cybrid cell lines which do or do not meet specific selection criteria was also limiting, 

as not many cell lines with very rare or very high MutPred-scoring variants could be used. RMCN 

stability was also not achieved even after the recommended number of passages, which potentially 

influenced mitochondrial respiration analyses significantly. Also, other factors such as gene product 

transcription, ROS production, cell viability and DNA damage that could help to elucidate the 

underlying mechanisms involved in the impact of mtDNA variants in basal respiration were not 

measured in this preliminary study. Addressing these limitations is likely be the subject of future 

projects. As such, the objective, which was to investigate the role of mtDNA variants in mitochondrial 

respiration, was only partially met, given the limitations listed above.  

8.4 FINAL CONCLUSIONS AND FUTURE PROSPECTS 

To conclude, the aim of this study was to determine whether mtDNA variants play a significant role in 

the presentation or severity of cardiometabolic disease in a bi-ethnic cohort that was available for this 

purpose. This was done using several different approaches, that included a novel and more appropriate 

model: the MutPred adjusted load hypothesis.  
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Given the statistical power of the main study, conclusions could be drawn from the results presented in 

Chapters 5 and 6, where the role of non-synonymous protein coding mtDNA variants were investigated, 

with reasonable confidence, these were: it is unlikely that mtDNA variants, represented by the MutPred 

adjusted load, play a significant role in hypertension, diabetes or markers of oxidative stress and 

inflammation in this cohort.  

It should be noted that the MutPred mutational load hypothesis is a flexible concept that can be modified 

according to the needs of a study. When SABPA participants were used, two adjustments were made to 

the total MutPred mutational load, the first was to exclude variants with scores below 0.5, and the 

second was to adjust for the phylogenetic position of a sequence in relation to that of the rCRS. When 

cybrid cell lines were used, this second adjustment step was not applied since population stratification 

was not a concern (cell lines were of comparable haplogroups). As the MutPred mutational load 

hypothesis is a new approach, it is likely to undergo some more modifications as its use is explored in 

other phenotypes and cohorts. From the limited results obtained through the cybrid cell line study, it is 

likely that the variants to be included in a mutational load calculation should be reconsidered. Perhaps 

variants with MutPred scores above 0.5 but that are known to be common haplogroup-defining variants, 

could be excluded, or rare variants with MutPred scores below 0.5 could be included.  Evaluating a 

wide-ranging number of options would no doubt be helpful in the process of unravelling the effect of 

mtDNA in this useful, but imperfect, in vitro system.   Another factor to reconsider is the complete 

exclusion of low-scoring variants from the mutational load calculations, as these variants might prove 

to be biologically relevant in some way. However, in this one should exercise some caution, as the 

relationship between low-scoring variants and basal respiration was in the opposite direction to that of 

high-scoring variants and basal respiration. This might indicate that these classes of variant impact on 

mitochondrial function in different ways. Combining all these variants into a single mutational load 

might mask real relationships. The more pronounced influence of population stratification on low-

scoring variants can also not be ignored: if the number of variants with MutPred scores below 0.5 were 

investigated within the SABPA cohort, a clear relationship between this parameter and hypertension 

would have been found. This is simply because haplogroup L lineages have more such variants that 

haplogroup MN lineages, and in this cohort, haplogroup L participants had higher blood pressure than 

their haplogroup MN counterparts. However, as discussed in detail throughout this thesis, both these 

parameters are heavily influenced by non-desease factors, and such an analysis would likely result in a 

type I error. Thus, while the MutPred mutational load hypothesis is open to scrutiny and modification, 

this should be done after careful consideration. Nevertheless, it is this author’s opinion that this 

approach delivers comparatively well-powered results, and could be a useful alternative to current 

approaches such as haplogroup association studies.  
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From this study, several potential future prospects can be identified. As discussed in Section 8.3.2, the 

re-evaluation of the evidence for pathogenicity of clinically proven mutations will be useful and might 

contribute in a positive way to diagnostic and genetic counselling fields. As mentioned throughout this 

thesis, the high number of rare variants found in African sequences indicates that genetic databases have 

not yet reported all existing mtDNA variants, and that populations from SSA are under-represented in 

these databases. Thus, large-scale sequencing of people from African lineages should be 

prioritised/supported if we are to provide population-relevant care to all nations. In relation to this, the 

lack of well-phenotyped studies in African populations, as well as the lack of clinical gender- and 

population-specific reference values complicate the design of studies in these populations, and should 

be addressed.  It might also be useful to repeat the current study in a severely diseased cohort, or to 

consider the influence of mtDNA variants in disease outcomes or endpoints. A role for mtDNA copy 

number in diabetes complications has previously been reported (Czajka et al., 2015; Malik et al., 2015), 

and RMCN was significantly correlated with mitochondrial respiration in the current study (cybrids 

sub-study). Determining the mtDNA copy number in SABPA participants or another CVD cohort could 

contribute insights to this field of mtDNA genetics. Lastly, the cybrid cell lines study included in this 

thesis inspired many new questions and considerations. To answer these questions, this study should be 

repeated where the limitations listed in the previous section are addressed wherever possible. It would 

be advantageous to also include measurements for cell viability, ROS production and mtDNA gene 

expression, so that the consequences of altered mitochondrial respiration in cells can be assessed. 

Furthermore, repeating the cybrid evaluations using several other haplogroups would contribute greatly 

to the understanding of the role of both rare and common variants in mitochondrial function, and 

ultimately in human health and disease.  
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Please read this Participant Information Form carefully. Feel free to ask questions about any 
information in the document. You may also wish to discuss the project with a relative or friend 
or your local health worker. Feel free to do this. 

Once you understand what the project is about and if you agree to take part in it, you will be 
asked to sign the Consent Form. By signing the Consent Form, you indicate that you 
understand the information and that you give your consent to participate in the research 
project. 

You will be given a copy of the Participant Information and Consent Form to keep as a record. 

What is the study about? 
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The aim of this project is to have an impact on the eventual prevention and treatment of 
lifestyle diseases in Africans from South Africa. New knowledge regarding the relationship 
between higher nervous system activity implicating cardiovascular, metabolic and 
psychological well-being will improve understanding and change strategies at the roots of 
treatment and prevention of lifestyle diseases.  
Our research has shown that lifestyle diseases in urban Africans present higher obesity levels, 
high blood pressure or hypertension prevalence rates and the experiencing of more stress. 
This pattern is enhanced during psychosocial stress/urbanisation in participants with a specific 
coping style. Hence, the planned SABPA project, which is the first study in South Africa where 
coping and direct markers of in Africans will be measured.  

Purpose of study 

The purpose of this study is to repeat our previous measurements to investigate biological 
markers associated with higher nervous system activity in urban teachers with a specific 
coping style.  

To investigate the relationship between blood pressure, inflammation, obesity, stress and 
coping in more detail we are going to perform this study in 409 men and women from the 
North-West province, aged 25-65 years. A comprehensive assessment of the cardiovascular 
and nervous systems by means of non-invasive painless techniques will be performed and 
blood and saliva samples will be taken by an experienced research doctor and nurse to 
determine your blood sugar, cardiovascular, inflammation and stress hormone levels amongst 
other health markers.  

Procedures 

All measurements are performed in the Metabolic Unit (lipid clinic) of the University. A 
researcher has explained the entire procedure in detail and while you are reading this 
information document you have time to ask questions and to have clarified matters. If you are 
fine with the explained procedure you are requested to sign a *consent form (at the end of this 
document). Remember all personal data will be handled with care and remain confidential.  

*By consenting to participate in this study, you consent to the storage and later analysis and 

testing of your stored blood samples for the purposes noted above. Your blood will also be 

tested for preliminary results on HIV status, since your HIV status may directly influence the 

main purposes of this study. If you would like to know what your HIV-status is, we will provide 

it. If tested positive we will refer you to your doctor and he/she will perform the necessary tests 

which will allow you to apply for chronic medication benefit. Also, the blood cells from your 

donated blood sample will be used to investigate the molecular genetics of higher nervous 

system activity and type 2 diabetes in order to enable pre-symptomatic diagnosis of 

hypertension and diabetes in the long term.  

Why was I chosen? Educators are exposed to changing curricula and disciplinary problems 
whilst living in an urbanised environment adding to higher stress experiencing and nervous 
system activity.  
 
How was I chosen? 
 
Inclusion criteria:  
Phase I: black African educators aged 25-65 years (male and female) 
Phase II: white African educators aged 25-65 years (male and female). 
 
Exclusion criteria: pregnancy, lactation, alpha and beta blockers, temperature >37°C. You can 
not be included if you have donated blood or been vaccinated in the previous 3 months.  
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What will be expected of me? 
You, as participant will be screened once by a registered nurse to be eligible complying with 
the inclusion criteria. The following procedures will be followed: 
 
o Recruitment and informed sessions with all participants will be done two months prior to 

the study (October - November 2010, Phase I, and November, 2011, Phase II) and 
informed consent forms will be signed.  

o After selection of all participants, the details of the project will be discussed with you in 
English or your home language, i.e. what the exact objectives of the study are, what 
procedures will be taken and what will be expected from each of you (e.g. overnight stay, 
resting blood pressure procedures and fasting urine and blood samples are required, 
importance of complying with the correct sampling methods, incentives). You will be 
given the opportunity to ask questions.  

o Data collection for each participant will involve two days (15min in the morning and 2½ 
hours in the evening) on Day I; and 2 hours on Day II): 

 
DAY I  
o On day I between 07:00-08:00, the blood pressure apparatus, which will measure your 

blood pressure and heart function as well as a physical activity apparatus will be 
applied to your arm and waist at your school and you can then resume your normal 
daily activities. Urine sampling (24h) and 24h diets will commence. 

o At the end of Day I (± 15:30) you will be transported from your schools to overnight in 
the Metabolic Unit Research Facility of the North-West University. This unit is a 
research unit for human studies and equipped with 10 well furnished bedrooms, a 
kitchen, two bathrooms and a television room. Each of you will be subjected to the 
following procedures: 

➢ At the end of Day I ± 16:00 you will be welcomed and each of you will receive your 
own private bedroom and eye measurements will commence.  

➢ Pre-cunselling for HIV/AIDS will be done. All other apparatus will be shown and the 
procedures, which will be done, will be explained again and you will receive dinner.   

➢ After dinner, the psychosocial questionnaires will be completed under supervision of 
registered clinical psychologists/postgraduate students. Completion of 
questionnaires will take approximately 40 min, From 22:00 you will be fasting, 
therefore, this will be you last meal for Day I as you must be fasting on Day II for 
obtaining good results. 

➢ Thereafter, you can relax and watch television or socialize with your co-participants. 
It will be wise to go to bed not later than 22:00 as the blood pressure apparatus will 
take measurements every hour during the night and it can be tiring.  

DAY II 
➢ At 07:00 on Day II in the anthropometric station your weight, height and body 

circumferences will be measured.  

➢ The blood pressure apparatus will be removed at 07:30 and the last urine sample 
collected.  

➢ Next the cardiovascular measurements will follow consisting of three separate 
procedures: 

• Firstly, after being in semi-Fowlers position for 5 minutes your blood pressure 
will be taken in duplicate with the sphygmomanometer (the same as used at 
clinics) with a resting period of 5 minutes in between.  
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• Secondly, our registered research nurse will measure the ECG which measures 
heart function, with 12 leads, which will be placed into position on your rib 
cage/front part of the body.  

• Thirdly, the assessment of pulse wave velocity will follow, i.e. giving an 
indication of how stiff your vessel walls are. The stiffer your vessel wall is the 
faster the blood travels from one point of your body to another. These painless 
measurements will require two technicians using blunt probes (tonometer) 
putting light pressure on the neck and on the foot to measure the velocity of the 
pulse waves. This takes only a few minutes. 

• Laslty, an ultrasound device will be taken of your arteries in the neck with a 
blunt probe to indicate the intrinsic thickness of your arteries which contributes 
to high blood pressure.   

➢ A once-off blood sample of 47,5 will be obtained between 08:30  - 09:00 from a 
vein in your dominant arm. The two stressors you will be exposed to for one 
minute include:  

You have reached the end of the sampling phase.  

➢ Immediate feedback on your HIV/AIDS status, obesity levels, blood pressure and 
blood glucose/sugar values will be given. HIV/AIDS post-test counselling will be 
arranged if you are tested positive.  

➢ Thank you for your participation! You now will have the opportunity to shower 
and a take away breakfast will be given.  

➢ You will now be transported back to your school and after one week you will receive 
your 24-hour blood pressure, 12 lead ECG and eye reports as well as sleeping 
disturbances/sleep apnea risk.  

Possible Risks 

The measurements performed in our study will include only non-invasive techniques that are 
not expected to reveal any risks but might cause little discomfort. The taking of blood samples 
is an invasive procedure with a minimal risk of bleeding. Thus the procedure may cause only 
a few seconds of light discomfort. All tests will be performed by experienced research nurses 
of our department. There may be additional unforeseen or unknown risks. 

Precautions to protect the participant 

The Metabolic Unit facility of the NWU is fully equipped, and in case of an emergency which 
could not be handled by the registered nurse, the supervising medical doctor Emile Kotzé will 
be contacted. Dr. Kotzé was notified before the study commenced that this study will be taking 
place, and that there is a slight possibility that he may be contacted. Supporting medical 
treatment care facilities will be at hand anytime if needed.  

Other Treatments Whilst on Study 

It is important to tell the research staff about any treatments or medications you may be taking, 
including non-prescription medications, vitamins or herbal remedies during your participation 
in the study. 

 

Incentives  

1. All educators will receive feedback on their health profile and if necessary references 
will be given to physicians/clinics/hospitals. 
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2. Blood pressure and ECG monitoring report (normally costing £45.00). Your benefit of 
participation is a comprehensive assessment of the cardiovascular and metabolic 
condition including investigation of blood pressure, inflammatory status and 
psychological well-being. These examinations will help us to assess the degree of 
vascular impairment of the arteries and to predict your risk of possible cardiovascular 
events such as heart attacks and stroke. The results may assist your doctor in decision 
making for further treatment or for instituting preventive measures. Our study will also 
contribute to the identification of possible factors leading to high blood pressure. As 24 
hour ambulatory blood pressure monitoring is required for the diagnosis of 
hypertension, medical aids insist on this method of diagnosis to qualify for chronic 
medication. Additional testing could also reveal illnesses of a chronic nature and would 
serve as a motivation to qualify for chronic medication, such as metabolic syndrome, 
anti-inflammatory and cholesterol-lowering drugs.  

3. Monetary incentive as compensation for discomfort and token of appreciation of 
R100.00 / US$±14)) 

4. Diet for 24 hours (R150.00 / Two breakfast (± US$121.50). 

Privacy, Confidentiality and Disclosure of Information 

By consenting to participate in this study, you consent to the storage and later analysis and 
testing of your stored blood samples for purposes noted above. Your blood samples will be 
discarded immediately after analysis. All information provided by you and the results of tests 
will be treated in the strictest confidence, and will only be used for the purpose of this research 
project. It will only be disclosed with your permission, except as required by law. The results 
of your medical tests will be labelled only with a code number, and will be stored separately 
from any identifying information. When the results are analysed we will be looking for 
differences between groups of people, not at the results of individuals. No information that 
could identify any person taking part in the study will be revealed when the results are reported. 

Participation is Voluntary 

Participation in any research project is voluntary. If you do not wish to take part you are not 
obliged to. If you decide to take part and later change your mind, you are free to withdraw from 
the project at any stage.  

Your decision whether to take part or not to take part, or to take part and then withdraw, will 
not affect your routine treatment, your relationship with those treating you or your relationship 
with the North-West University. 

Before you make your decision, a member of the research team will be available so that you 
can ask any questions you have about the research project. You can ask for any information 
you want. Sign the Consent Form only after you have had a chance to ask your questions and 
have received satisfactory answers. 

If you decide to withdraw from this project, please notify a member of the research team before 
you withdraw.  

Ethical Guidelines 

This project will be carried out according to Ethical Guidelines of the Helsinki declaration from 
2004, with additional notes in 2002. This statement has been developed to protect the interests 
of people who agree to participate in human research studies. 

The ethical aspects of this research project have been approved by the Human Research 
Ethics Committee of North-West University Potchefstroom: 
(NEW-EC): 0003603S6 
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Further Information or Any Problems 

If you require further information or if you have any problems concerning this project, you 
can contact the principal researcher or the other researchers responsible for this project.  

Prof Leoné Malan (018-299 2438)   

Project Leader     Signature 
 
 
PART 2 
 
To the subject signing the consent as in part 3 of this document  
 
You are invited to participate in a research project as described in paragraph 2 of Part 1 of 
this document.  It is important that you read/listen to and understand the following general 
principles, which apply to all participants in our research project: 

1. Participation in this project is voluntary. 

2. It is possible that you personally will not derive any benefit from participation 
in this project, although the knowledge obtained from the results may be 
beneficial to other people. 

3. You will be free to withdraw from the project at any stage without having to 
explain the reasons for your withdrawal. However, we would like to request 
that you would rather not withdraw without a thorough consideration of your 
decision, since it may have an effect on the statistical reliability of the results 
of the project. 

4. The nature of the project, possible risk factors, factors which may cause 
discomfort, the expected benefits to the subjects and the known and the most 
probable permanent consequences which may follow from your participation 
in this project, are discussed in Part 1 of this document. 

5. We encourage you to ask questions at any stage about the project and 
procedures to the project leader or the personnel, who will readily give more 
information. They will discuss all procedures with you. 
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 PART 3 

 
Consent 
Title of the project: “THE SABPA STUDY (Sympathetic activity and Ambulatory Blood 
Pressure in Africans)”. 
 
 

I, the undersigned………………………………………………………    (full names) 

read / listened to the information on the project in PART 1 and PART 2 of this 

document and I declare that I understand the information. I had the opportunity to 

discuss aspects of the project with the project leader and I declare that I participate in 

the project as a volunteer. I hereby give my consent to be a subject in this project. 

 
 
(Signature of the subject) 
 
Signed at   .............................................   on ………………………………2010/11 
 
Witnesses 
 
1.   .........................................................  
 
2.  . ........................................................  
 
Signed at   .............................................   on …………………………………2010/11 
2007/8 
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APPENDIX C: CYBRIDS STUDY CONSENT FORM 

 
 

 

 

 

 

 

 

HREC Stamp 

 

PARTICIPANT INFORMATION LEAFLET AND RE-CONSENT FORM FOR 

ALL PARTICIPATING IN THE CYBRID STUDY 
 

TITLE OF THE RESEARCH PROJECT: In vitro functional investigation of the effect of rare mtDNA 
variants in cytoplasmic hybrid cells  
 

REFERENCE NUMBERS: (Ethics approval number)  NWU-00358-16-S1 (current study) and NWU-
00102-12-A1, “Biotransformation and Oxidative Stress Assessment” (previous study, 2013).  
 

PRINCIPAL INVESTIGATOR:  Prof FH van der Westhuizen (PhD Biochemistry) 

STUDY CO-ORDINATOR:  Mrs Cecile Cook (National diploma Medical Technology) 

 

ADDRESS: Focus Area for Human Metabolomics, Building F3, North-West University, Potchefstroom 

Campus 

 

CONTACT NUMBER: 018 299 2305/2318 

 

You have previously taken part in the “Biotransformation and Oxidative Stress Assessment” study in 

2013. In that study, subjects who were willing to take part had their oxidative stress status studied 

along with how well their body was able to naturally detoxify foreign and natural toxins. From the 

results of that study we were able to gather very valuable information in mostly healthy individuals 

for future studies. Some interesting information that was obtained from this was the inherited 

(genetic) information, which had to do with the way that energy can be processed.  
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We would like to follow up on that previous study and would like to invite you to take part in this new 

study by allowing us to use your blood sample that was obtained during the previous study.   

 

Please take some time to read the information given here, which will explain the details of this new 

project. Please ask the researcher any questions about any part of this project that you do not fully 

understand. It is very important that you clearly understand what this research is all about and how 

you can be involved. Also, your participation is entirely voluntary and you are free to decline to 

participate. If you say no, this will not have any negative effect on you whatsoever. You are also free 

to withdraw from the study at any point, even if you agreed to take part at the start. 

 

This study has been approved by the Health Research Ethics Committee of the Faculty of Health 

Sciences of the North-West University (NWU ethics approval nr. NWU 00358-16-S1) and will be 

carried out according to the ethical guidelines and principles of the international Declaration of 

Helsinki and the ethical guidelines of the National Health Research Ethics Council. It might be 

necessary for the research ethics committee members or relevant authorities to have a look at the 

research records. 

 

 What is this research study all about? 

In short, this study wants to investigate the effect of some small genetic differences often found on 

the mitochondrial DNA of healthy people.  

In our cells there are two inherited genetic parts: the first part is in the nucleus (called nuclear DNA), 

which is the largest and most important genetic feature inherited from both our parents. The second 

part, which is less common knowledge, is called mitochondrial DNA (mtDNA) and is found in the part 

of our cells called “mitochondria”. Mitochondria are the energy producing elements of our cells, so 

they are a very important part of our cells. Mitochondrial DNA are quite unique as they are only 

inherited from our mothers and, compared to nuclear DNA, are very small (about 6/10 000 the size!). 

They are very important for energy metabolism and for that reason we have been interested in their 

role in the energy demanding functions such as biotransformation and oxidative stress.   

In the past years we have found some differences between healthy people’s mtDNA, that are not 

known to affect health, but might still cause slight differences in the way we use the energy from what 

we eat. We want to investigate these differences using a new technique. The technique involves 

making “cytoplasmic hybrid” (or cybrid for short) cells by using mtDNA that can be obtained from a 

part of blood. In the figure below a bit more detail of how this can be done is shown.  We will be happy 

to explain this process to you, because this might look very hard to understand!   
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Figure 1. The process of making of cybrid cells from blood platelets using donor (rho 0) cells. The 
picture indicates an example where different types of mtDNA can be compared to others.    
         

We plan to: 

➢ Use stored blood samples to transfer mtDNA found in one component of the blood (called the 

blood platelets) into other cells that do not contain mtDNA (called ρ0 cells) (see Figure 1). This 

forms a cybrid cell that now can be used to compare the effect of the different types of mtDNA. 

This is almost like testing different car batteries using the same car, where in the experiment the 

batteries from different cars are taken out and put into the same model of car – then tests are 

performed on this one car type with the different types of batteries.   

➢ Do tests to see if these different types of mtDNA have an effect on the way we process energy in 

our cells.  

 

 Why have you been invited to participate? 

You have been invited to take part because, in the previous study, the mtDNA data that we got from 

your blood showed that your mtDNA is a type that we would like to compare to other types of mtDNA.  

 

 What will be expected of you? 

If you understand the purpose of the study and what we want to do, and agree that we can use the 

blood still available from the previous study, give us written consent to do so by signing this from. We 

will not be collecting any new blood samples from you, we will be making use of the previously 

collected blood samples. We will contact you again after one week in order for you to decide whether 

or not you would like to consent to this.  

 

 Will you gain anything from taking part in this research? 

There will be no direct benefit from this study, but by allowing us to use your blood sample, the 

indirect benefit is that it will help medical science and genetics better understand if and how small 

differences between our mtDNA can have an effect on the way we use energy from our diet.  This 

 

Low MutPred scoring 
mtDNA 

mtDNA 

High MutPred scoring 
mtDNA 

mtDNA 
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could also help us to better understand if these effects have an impact on many rare and common 

diseases.   

 

 Are there risks involved in your taking part in this research? 

➢ There are no physical or other risks for you by taking part in this study. We do not require 

anything other than consent from you.  

➢ No new genetic data will be created and there is no chance that your identity can become 

known from the methods given here. 

➢ There are only benefits to this study. 

 

How will we protect your confidentiality and who will see your findings? 

Your identity is already protected in that a laboratory number has been assigned to your samples 

during the previous study.  We will use only this number and never your name.  Only the researchers 

and the supervisory doctor from the previous study will be able to look at your results. These persons 

have all signed confidentiality agreements. Your privacy will be respected by allowing only three 

persons (Prof Francois van der Westhuizen, Mr Lardus Erasmus and Mrs Cecile Cook) to access the 

personal information that links you to a specific laboratory number. Findings will be kept safe by 

storing hard copies in locked cupboards in the researcher’s office and electronic data will be password 

protected. The data will be stored for a minimum of seven years but we will store the samples as long 

as possible, unless you want it destroyed.  

 

What will happen with the data/samples? 

The data will be stored for 7 years and the material will be stored only at the Centre for Human 

Metabolomics, North-West University, Potchefstroom, until you request (in writing) the destruction 

of this material at any time.  

 

None of the biological samples will be transported or tested abroad, they will only be stored and tested 

at the Centre for Human Metabolomics, Potchefstroom campus, NWU. 

 

How will you know about the findings? 

A final information session will be arranged during which the findings of the study will be reported to 

you and the other participants. It is expected that this will happen before the end of 2017. A report 

with a summary of the key findings will be made available electronically as well as in hard copy. 

Participants that have access to email will receive the electronic copy, others will receive a hard copy 

during the final information session. During this session the results will be explained and participants 

will have the opportunity to ask questions. 

 

Will you be paid to take part in this study and are there any costs involved? 

There is no remuneration for participating in the follow up study.  

 

Is there anything else that you should know or do? 

➢ You can contact Prof Francois van der Westhuzien at 018 299 2318 or 

Francois.vanderWesthuizen@nwu.ac.za if you have any further queries or encounter any 

problems. 

mailto:Francois.vanderWesthuizen@nwu.ac.za
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➢ You can also contact Mrs Cecile Cook at 018 299 2305 or Cecile.Cook@nwu.ac.za if you have 

questions relating to this or the previous study. 

➢ You can contact the Health Research Ethics Committee via Mrs Carolien van Zyl at 018 299 

1206; carolien.vanzyl@nwu.ac.za if you have any concerns or complaints that have not been 

adequately addressed by the researcher.  

➢ You will receive a copy of this information and consent form for your own records. 

 

Declaration by participant 

 

By signing below, I …………………………………..…………. agree to take part in a research study entitled: 

 

In vitro functional investigation of the effect of rare mtDNA variants in cytoplasmic hybrid cells 

 

I declare that: 

• I have read this information and consent form and it is written in a language with which 

I am fluent and comfortable. 

• I have had a chance to ask questions and all my questions have been adequately 

answered. 

• I understand that taking part in this study is voluntary and I have not been pressurised 

to take part. 

• I may choose to leave the study at any time and will not be penalised or prejudiced in 

any way. 

• I may be asked to leave the study before it has finished, if the researcher feels it is in my 

best interests, or if I do not follow the study plan, as agreed to. 

• I may be contacted in case a discovery is made that could impact on my health:  

   Yes  No 

• I may be contacted if further participation or re-consent is required when new discoveries 

have been made:  Yes  No 

 

Signed at (place) ......................…........…………….. on (date) ………….…….. 20.... 

 

 

………………………………………   ………………………………………. 

Signature of participant   Signature of witness 

 

  

mailto:Cecile.Cook@nwu.ac.za
mailto:carolien.vanzyl@nwu.ac.za
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Declaration by investigator 

 

I (name) ……………………………………………..……… declare that: 

 

• I explained the information in this document to ………………………………………………. 

• I encouraged him/her to ask questions and took adequate time to answer them. 

• I am satisfied that he/she adequately understands all aspects of the research, as 

discussed above 

• I did/did not use an interpreter.  

 

 

Signed at (place) ......................…........……….. on (date) …………....……….. 20.... 

 

 

………………………………………   ………………………………………. 

Signature of investigator   Signature of witness 

 

Declaration by independent person 

I (name) ……………………………………….. declare that: 

• I explained the information in this document to ………………………………………………. 

• I encouraged him/her to ask questions and took adequate time to answer them. 

• I am satisfied that he/she adequately understands all aspects of the research, as 

discussed above 

• I did/did not use an interpreter.  

 

Signed at (place) ......................…........……….. on (date) …………....……….. 20.... 

 

 

………………………………………   ………………………………………. 

Signature of independent person  Signature of witness 
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APPENDIX D: SUPPLEMENTARY MATERIALS FOR ARTICLE PUBLISHED IN JOURNAL OF GENETICS AND GENOMICS 
(CHAPTER 5) 

Supplimentary Table 1: Important phenotypical and genetic data for each participant 
Gender 24 hr 

Systolic / 
Diastolic 
ABPM 
(mmHg) 

HbA1c (%) Blood pressure and blood 
glucose classifications 

Complete cohort  Variants with a MutPred 
pathogenicity score 

above 0.3 

 Variants with a MutPred 
pathogenicity score 

above 0.5 

 Variants with a MutPred 
pathogenicity score 

above 0.6 
Mut. 
load 

Num 
of 
var  

Adj 
load 

 Mut. 
load 

Num 
of var  

Adj 
load 

 Mut. 
load 

Num 
of var  

Adj 
load 

 Mut. 
load 

Num 
of var  

Adj 
load 

Haplogroup L participants 
Male 136 / 82 5.5 Hyper and optimal 4.97 13 0.38  4.24 9 0.47  1.92 3 0.64  1.92 3 0.64 
Male 148 / 83 5.7 Hyper and pre-diabetic 7.63 19 0.40  6.93 15 0.46  3.38 6 0.56  1.82 3 0.61 
Male 152 / 97 6.4 Hyper and pre-diabetic 4.65 14 0.33  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 124 / 74 5.7 Hyper and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 145 / 89 6.1 Hyper and pre-diabetic 2.67 8 0.33  2.19 5 0.44  0.56 1 0.56  0.00 0 0.00 
Female 143 / 75 5.8 Hyper and pre-diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 181 / 112 6.1 Hyper and pre-diabetic 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Female 136 / 82 5.3 Hyper and optimal 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 124 / 70 6.4 Hyper and pre-diabetic 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Female 121 / 78 6 Hyper and pre-diabetic 4.87 14 0.35  4.21 10 0.42  0.61 1 0.61  0.61 1 0.61 
Female 117 / 77 5 Hyper and optimal 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 145 / 93 6.1 Hyper and pre-diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Male 158 / 101 12.3 Hyper and diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Male 143 / 90 5.9 Hyper and pre-diabetic 3.21 10 0.32  2.29 5 0.46  1.12 2 0.56  0.61 1 0.61 
Male 147 / 97 5.6 Hyper and optimal 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Male 146 / 95 10.4 Hyper and diabetic 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Male 137 / 78 5 Hyper and optimal 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 157 / 105 6.2 Hyper and pre-diabetic 4.65 14 0.33  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 124 / 81 6.3 Hyper and pre-diabetic 4.89 14 0.35  4.23 10 0.42  1.12 2 0.56  0.61 1 0.61 
Male 144 / 91 6.5 Hyper and diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 147 / 75 5.4 Hyper and optimal 5.12 13 0.39  4.40 9 0.49  2.07 3 0.69  2.07 3 0.69 
Male 138 / 90 5.5 Hyper and optimal 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Male 131 / 86 8.8 Hyper and diabetic 8.38 20 0.42  7.68 16 0.48  4.00 7 0.57  2.44 4 0.61 
Male 142 / 100 5.8 Hyper and pre-diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 113 / 71 5.3 Normal and optimal 5.54 14 0.40  5.06 11 0.46  1.87 3 0.62  1.87 3 0.62 
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Male 154 / 103 6.8 Hyper and diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 121 / 79 5.6 Normal and optimal 7.11 18 0.40  6.39 14 0.46  2.97 5 0.59  1.91 3 0.64 
Female 151 / 78 5.7 Hyper and pre-diabetic 1.85 7 0.26  1.16 3 0.39  0.00 0 0.00  0.00 0 0.00 
Female 110 / 64 5 Normal and optimal 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Female 123 / 73 5.8 Hyper and pre-diabetic 5.58 16 0.35  4.61 11 0.42  0.61 1 0.61  0.61 1 0.61 
Female 123 / 74 7.3 Hyper and diabetic 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Female 136 / 85 6.9 Hyper and diabetic 8.41 20 0.42  7.70 16 0.48  4.28 7 0.61  3.21 5 0.64 
Female 137 / 75 5.7 Hyper and pre-diabetic 2.64 8 0.33  2.16 5 0.43  0.00 0 0.00  0.00 0 0.00 
Female 125 / 82 11.2 Hyper and diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 133 / 82 5.1 Hyper and optimal 7.68 19 0.40  6.96 15 0.46  3.54 6 0.59  2.47 4 0.62 
Female 124 / 79 5.7 Hyper and pre-diabetic 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 111 / 65 5.5 Normal and optimal 5.55 14 0.40  4.83 10 0.48  2.07 3 0.69  2.07 3 0.69 
Female 132 / 84 6.3 Hyper and pre-diabetic 4.94 13 0.38  4.21 9 0.47  1.46 2 0.73  1.46 2 0.73 
Male 136 / 83 6.3 Hyper and pre-diabetic 5.38 15 0.36  4.48 10 0.45  1.85 3 0.62  1.34 2 0.67 
Male 112 / 73 5.7 Normal and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 139 / 90 5.7 Hyper and pre-diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 152 / 108 6.8 Hyper and diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 145 / 87 6.5 Hyper and diabetic 3.28 9 0.36  2.80 6 0.47  1.15 2 0.57  1.15 2 0.57 
Male 131 / 84 5.7 Hyper and pre-diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 154 / 95 8.7 Hyper and diabetic 7.68 19 0.40  6.96 15 0.46  3.54 6 0.59  2.47 4 0.62 
Female 132 / 86 5.1 Hyper and optimal 3.92 10 0.39  3.44 7 0.49  1.79 3 0.60  1.79 3 0.60 
Male 147 / 102 10.1 Hyper and diabetic 4.36 13 0.34  3.63 9 0.40  0.61 1 0.61  0.61 1 0.61 
Female 133 / 84 5.7 Hyper and pre-diabetic 6.41 15 0.43  5.69 11 0.52  2.91 4 0.73  2.91 4 0.73 
Male 151 / 94 6.6 Hyper and diabetic 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 150 / 82 6.8 Hyper and diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 114 / 67 5.6 Normal and optimal 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 154 / 100 7.5 Hyper and diabetic 4.15 12 0.35  3.42 8 0.43  0.61 1 0.61  0.61 1 0.61 
Male 130 / 84 5.5 Hyper and optimal 5.20 13 0.40  4.72 10 0.47  2.38 4 0.60  1.29 2 0.64 
Male 135 / 87 5.6 Hyper and optimal 5.35 15 0.36  4.67 11 0.42  1.29 2 0.65  1.29 2 0.65 
Male 157 / 91 6.3 Hyper and pre-diabetic 5.20 13 0.40  4.72 10 0.47  2.38 4 0.60  1.29 2 0.64 
Male 161 / 111 5.5 Hyper and optimal 5.08 14 0.36  4.42 10 0.44  1.31 2 0.66  1.31 2 0.66 
Male 138 / 87 6.4 Hyper and pre-diabetic 2.65 8 0.33  2.17 5 0.43  0.00 0 0.00  0.00 0 0.00 
Male 111 / 73 5.6 Normal and optimal 3.25 10 0.32  2.50 6 0.42  0.62 1 0.62  0.62 1 0.62 
Male 142 / 96 5.4 Hyper and optimal 4.60 14 0.33  3.44 8 0.43  1.12 2 0.56  0.62 1 0.62 
Female 126 / 83 5.7 Hyper and pre-diabetic 4.11 11 0.37  3.64 8 0.45  1.20 2 0.60  0.67 1 0.67 
Female 144 / 84 5.7 Hyper and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 133 / 72 6.2 Hyper and pre-diabetic 1.55 6 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 107 / 62 7.6 Normal and diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 123 / 75 5.9 Normal and pre-diabetic 4.40 13 0.34  3.43 8 0.43  1.64 3 0.55  0.58 1 0.58 
Male 118 / 79 5.7 Normal and pre-diabetic 5.38 15 0.36  4.48 10 0.45  1.85 3 0.62  1.34 2 0.67 
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Male 140 / 84 6.1 Hyper and pre-diabetic 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Female 137 / 78 6.2 Hyper and pre-diabetic 6.98 18 0.39  6.26 14 0.45  3.28 6 0.55  1.15 2 0.58 
Female 115 / 73 5.3 Normal and optimal 5.00 14 0.36  4.35 10 0.43  1.24 2 0.62  1.24 2 0.62 
Male 134 / 96 5.9 Hyper and pre-diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Male 129 / 83 5.7 Hyper and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 119 / 79 5.4 Hyper and optimal 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Female 107 / 71 6.2 Normal and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 126 / 90 5.5 Hyper and optimal 7.26 18 0.40  6.56 14 0.47  3.38 6 0.56  1.82 3 0.61 
Male 122 / 75 6 Normal and pre-diabetic 5.00 15 0.33  4.11 10 0.41  1.14 2 0.57  0.63 1 0.63 
Male 135 / 86 5.9 Hyper and pre-diabetic 3.94 12 0.33  3.28 8 0.41  0.61 1 0.61  0.61 1 0.61 
Female 140 / 87 6 Hyper and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 119 / 78 5.7 Hyper and pre-diabetic 3.23 9 0.36  2.75 6 0.46  1.21 2 0.61  1.21 2 0.61 
Female 116 / 73 5.6 Normal and optimal 2.60 8 0.33  2.13 5 0.43  0.00 0 0.00  0.00 0 0.00 
Male 132 / 82 5.8 Hyper and pre-diabetic 5.20 14 0.37  4.72 11 0.43  1.67 3 0.56  1.15 2 0.58 
Male 124 / 79 6.3 Normal and pre-diabetic 4.90 13 0.38  4.42 10 0.44  1.31 2 0.66  1.31 2 0.66 
Female 117 / 75 5.7 Hyper and pre-diabetic 1.55 6 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 121 / 73 5.4 Hyper and optimal 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Female 144 / 90 5.5 Hyper and optimal 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 131 / 71 5.7 Hyper and pre-diabetic 2.11 7 0.30  1.64 4 0.41  0.00 0 0.00  0.00 0 0.00 
Female 120 / 70 6.3 Hyper and pre-diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 113 / 73 5.4 Normal and optimal 5.34 15 0.36  4.61 11 0.42  0.61 1 0.61  0.61 1 0.61 
Female 127 / 79 5.8 Hyper and pre-diabetic 4.39 14 0.31  3.24 8 0.41  0.51 1 0.51  0.00 0 0.00 
Female 130 / 81 5 Hyper and optimal 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Female 123 / 80 5.2 Hyper and optimal 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 119 / 74 5.8 Normal and pre-diabetic 2.26 7 0.32  1.79 4 0.45  0.56 1 0.56  0.00 0 0.00 
Female 105 / 68 6.1 Normal and pre-diabetic 1.82 6 0.30  1.34 3 0.45  0.52 1 0.52  0.00 0 0.00 
Female 116 / 77 5.4 Hyper and optimal 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 113 / 74 6.4 Normal and pre-diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 139 / 91 5.7 Hyper and pre-diabetic 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Female 163 / 100 6 Hyper and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 132 / 85 5.4 Hyper and optimal 1.13 4 0.28  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 162 / 96 6.3 Hyper and pre-diabetic 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Male 148 / 94 9.5 Hyper and diabetic 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Male 128 / 88 6 Hyper and pre-diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 135 / 94 6.3 Hyper and pre-diabetic 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Male 152 / 96 6.1 Hyper and pre-diabetic 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Male 133 / 88 6.4 Hyper and pre-diabetic 4.52 14 0.32  3.36 8 0.42  1.04 2 0.52  0.00 0 0.00 
Male 118 / 78 5.1 Normal and optimal 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 130 / 82 6.4 Hyper and pre-diabetic 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Male 140 / 88 5.6 Hyper and optimal 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
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Male 148 / 92 6.2 Hyper and pre-diabetic 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Male 125 / 85 7.4 Hyper and diabetic 4.90 13 0.38  4.42 10 0.44  1.31 2 0.66  1.31 2 0.66 
Female 133 / 83 5 Hyper and optimal 5.12 13 0.39  4.40 9 0.49  2.07 3 0.69  2.07 3 0.69 
Female 130 / 84 6.3 Hyper and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 132 / 90 6.3 Hyper and pre-diabetic 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 132 / 85 5.3 Hyper and optimal 3.92 10 0.39  3.44 7 0.49  1.79 3 0.60  1.79 3 0.60 
Female 115 / 67 5.2 Normal and optimal 2.84 8 0.35  2.36 5 0.47  0.66 1 0.66  0.66 1 0.66 
Male 144 / 92 5.9 Hyper and pre-diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 145 / 85 6.2 Hyper and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 179 / 88 5.6 Hyper and optimal 2.97 10 0.30  2.05 5 0.41  0.51 1 0.51  0.00 0 0.00 
Male 199 / 126 5.9 Hyper and pre-diabetic 3.94 12 0.33  3.28 8 0.41  0.61 1 0.61  0.61 1 0.61 
Female 130 / 77 5.5 Hyper and optimal 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 129 / 78 5.3 Hyper and optimal 1.55 6 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 127 / 81 5.9 Hyper and pre-diabetic 4.32 13 0.33  3.17 7 0.45  1.29 2 0.64  0.78 1 0.78 
Female 115 / 64 6 Normal and pre-diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 129 / 82 6.1 Hyper and pre-diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Male 140 / 84 5.5 Hyper and optimal 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Male 131 / 82 5.7 Hyper and pre-diabetic 6.83 17 0.40  6.13 13 0.47  3.38 6 0.56  1.82 3 0.61 
Female 117 / 78 5.3 Hyper and optimal 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 110 / 72 5.3 Normal and optimal 4.03 10 0.40  3.72 8 0.46  1.84 3 0.61  1.34 2 0.67 
Female 111 / 72 5.2 Normal and optimal 2.65 8 0.33  2.17 5 0.43  0.00 0 0.00  0.00 0 0.00 
Female 111 / 73 5.5 Normal and optimal 5.75 15 0.38  5.28 12 0.44  1.79 3 0.60  1.29 2 0.64 
Female 130 / 84 6.2 Hyper and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 122 / 72 6.1 Normal and pre-diabetic 3.23 9 0.36  2.75 6 0.46  1.21 2 0.61  1.21 2 0.61 
Male 172 / 111 5.4 Hyper and optimal 3.23 9 0.36  2.75 6 0.46  1.21 2 0.61  1.21 2 0.61 
Male 112 / 72 5.8 Normal and pre-diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 168 / 90 5.2 Hyper and optimal 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 139 / 92 5.2 Hyper and optimal 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 145 / 91 5.1 Hyper and optimal 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Female 116 / 78 5.3 Hyper and optimal 4.71 13 0.36  4.24 10 0.42  1.12 2 0.56  0.61 1 0.61 
Female 115 / 75   Hyper and  7.11 18 0.40  6.39 14 0.46  2.97 5 0.59  1.91 3 0.64 
Male 114 / 77 5.7 Normal and pre-diabetic 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Male 154 / 94 6.6 Hyper and diabetic 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Male 140 / 94 5.4 Hyper and optimal 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Male 117 / 72 5.4 Normal and optimal 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Female 148 / 93 7.4 Hyper and diabetic 6.04 17 0.36  4.98 11 0.45  1.78 3 0.59  1.26 2 0.63 
Female 130 / 82 6.4 Hyper and pre-diabetic 4.85 14 0.35  3.97 9 0.44  1.64 3 0.55  0.61 1 0.61 
Female 130 / 85 5.6 Hyper and optimal 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 117 / 80 5.3 Hyper and optimal 6.79 16 0.42  6.48 14 0.46  2.86 5 0.57  1.82 3 0.61 
Female 129 / 86 5.5 Hyper and optimal 3.60 11 0.33  2.90 7 0.41  0.55 1 0.55  0.00 0 0.00 
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Female 135 / 85 5.7 Hyper and pre-diabetic 3.73 10 0.37  3.25 7 0.46  1.71 3 0.57  1.21 2 0.61 
Female 145 / 88 6.1 Hyper and pre-diabetic 7.11 18 0.40  6.39 14 0.46  2.97 5 0.59  1.91 3 0.64 
Female 129 / 70 5.7 Hyper and pre-diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 137 / 76 5.5 Hyper and optimal 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 141 / 94 5.4 Hyper and optimal 4.81 13 0.37  4.34 10 0.43  1.23 2 0.61  1.23 2 0.61 
Male 140 / 89 5.9 Hyper and pre-diabetic 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Male 117 / 77 6.2 Normal and pre-diabetic 1.98 6 0.33  1.50 3 0.50  0.68 1 0.68  0.68 1 0.68 
Male 128 / 76 6.1 Normal and pre-diabetic 3.97 12 0.33  3.25 8 0.41  0.61 1 0.61  0.61 1 0.61 
Male 122 / 82 5.1 Hyper and optimal 3.21 10 0.32  2.29 5 0.46  1.12 2 0.56  0.61 1 0.61 
Male 146 / 100 6.1 Hyper and pre-diabetic 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 124 / 80 5.2 Hyper and optimal 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Male 135 / 87 5.5 Hyper and optimal 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Male 123 / 79 5.9 Normal and pre-diabetic 5.38 15 0.36  4.48 10 0.45  1.85 3 0.62  1.34 2 0.67 
Male 158 / 101 9.6 Hyper and diabetic 3.92 10 0.39  3.44 7 0.49  1.79 3 0.60  1.79 3 0.60 
Male 125 / 82 9.4 Hyper and diabetic 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 114 / 68 5.6 Normal and optimal 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Male 124 / 79 6 Normal and pre-diabetic 5.86 16 0.37  4.97 11 0.45  2.33 4 0.58  1.83 3 0.61 
Female 160 / 98 5.7 Hyper and pre-diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 181 / 112 9.6 Hyper and diabetic 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 121 / 66 5.3 Hyper and optimal 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 111 / 65 6.2 Normal and pre-diabetic 5.16 14 0.37  4.68 11 0.43  1.11 2 0.56  0.61 1 0.61 
Female 113 / 77 5.3 Hyper and optimal 4.40 13 0.34  3.43 8 0.43  1.64 3 0.55  0.58 1 0.58 
Male 161 / 97 5.9 Hyper and pre-diabetic 4.21 12 0.35  3.48 8 0.44  1.16 2 0.58  0.61 1 0.61 
Female 122 / 77 5.9 Hyper and pre-diabetic 4.93 14 0.35  4.20 10 0.42  0.61 1 0.61  0.61 1 0.61 
Male 124 / 79 6 Normal and pre-diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Female 104 / 63 5.2 Normal and optimal 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 160 / 84 12.8 Hyper and diabetic 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Female 131 / 82 6.5 Hyper and diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 112 / 74 5.6 Normal and optimal 4.66 13 0.36  4.18 10 0.42  0.61 1 0.61  0.61 1 0.61 
Male 161 / 108 5.8 Hyper and pre-diabetic 5.23 14 0.37  4.24 9 0.47  1.92 3 0.64  1.92 3 0.64 
Female 126 / 82 5 Hyper and optimal 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Female 120 / 74 5.2 Hyper and optimal 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Male 158 / 94 5.8 Hyper and pre-diabetic 4.42 13 0.34  3.69 9 0.41  0.61 1 0.61  0.61 1 0.61 
Male 138 / 93 6.7 Hyper and diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 129 / 82 5.6 Hyper and optimal 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 124 / 83 6.1 Hyper and pre-diabetic 5.34 15 0.36  4.61 11 0.42  0.61 1 0.61  0.61 1 0.61 
Female 126 / 81 6.2 Hyper and pre-diabetic 3.46 10 0.35  2.89 7 0.41  0.51 1 0.51  0.00 0 0.00 
Female 122 / 68 5.5 Hyper and optimal 7.26 18 0.40  6.56 14 0.47  3.38 6 0.56  1.82 3 0.61 
Female 131 / 86 4.8 Hyper and optimal 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Female 145 / 78 5.8 Hyper and pre-diabetic 5.34 15 0.36  4.61 11 0.42  0.61 1 0.61  0.61 1 0.61 
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Male 131 / 87 5.7 Hyper and pre-diabetic 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Male 111 / 72 5.5 Normal and optimal 4.93 14 0.35  4.20 10 0.42  0.61 1 0.61  0.61 1 0.61 
Male 122 / 74 5.2 Normal and optimal 4.66 14 0.33  3.77 9 0.42  1.14 2 0.57  0.63 1 0.63 
Male 132 / 78 9.2 Hyper and diabetic 4.38 13 0.34  3.72 9 0.41  0.61 1 0.61  0.61 1 0.61 
Female 121 / 74 5.5 Hyper and optimal 1.55 6 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 127 / 73 5.2 Hyper and optimal 4.93 14 0.35  4.20 10 0.42  0.61 1 0.61  0.61 1 0.61 
Male 153 / 90 5.6 Hyper and optimal 4.56 13 0.35  4.09 10 0.41  0.61 1 0.61  0.61 1 0.61 
Male 135 / 98 5.6 Hyper and optimal 5.54 14 0.40  5.06 11 0.46  1.87 3 0.62  1.87 3 0.62 
Male 163 / 97 6.3 Hyper and pre-diabetic 2.18 7 0.31  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 

Haplogroup MN participants 
Male 133 / 93 5.5 Hyper and optimal 1.35 5 0.27  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 123 / 68 5.6 Hyper and optimal 3.43 8 0.43  3.02 6 0.50  1.81 3 0.60  1.26 2 0.63 
Female 190 / 119 5.2 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 128 / 85 5.6 Hyper and optimal 2.09 5 0.42  1.93 4 0.48  1.11 2 0.55  0.00 0 0.00 
Female 131 / 72 5.3 Hyper and optimal 4.11 11 0.37  3.33 7 0.48  1.71 3 0.57  1.20 2 0.60 
Female 123 / 83 5.7 Hyper and pre-diabetic 0.99 3 0.33  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 120 / 70 5 Hyper and optimal 2.06 6 0.34  1.65 4 0.41  0.00 0 0.00  0.00 0 0.00 
Female 111 / 67 5.5 Normal and optimal 3.13 8 0.39  2.86 6 0.48  1.22 2 0.61  1.22 2 0.61 
Female 110 / 70 5.4 Normal and optimal 3.88 9 0.43  3.61 7 0.52  1.97 3 0.66  1.97 3 0.66 
Male 124 / 82 6.1 Hyper and pre-diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 132 / 83 5.6 Hyper and optimal 1.13 3 0.38  1.13 3 0.38  0.00 0 0.00  0.00 0 0.00 
Male 126 / 81 5.7 Hyper and pre-diabetic 2.53 7 0.36  2.11 5 0.42  0.00 0 0.00  0.00 0 0.00 
Female 113 / 69 6.3 Normal and pre-diabetic 4.11 11 0.37  3.33 7 0.48  1.71 3 0.57  1.20 2 0.60 
Female 113 / 70 5.7 Normal and pre-diabetic 2.26 6 0.38  1.92 4 0.48  0.61 1 0.61  0.61 1 0.61 
Female 111 / 69 5.3 Normal and optimal 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 118 / 72 5.4 Normal and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 112 / 69 5.7 Normal and pre-diabetic 0.99 3 0.33  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 113 / 72 5.6 Normal and optimal 0.99 3 0.33  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 116 / 76 5.3 Hyper and optimal 4.94 12 0.41  4.31 9 0.48  1.27 2 0.64  0.77 1 0.77 
Female 117 / 71 5.1 Normal and optimal 2.78 8 0.35  2.16 5 0.43  0.51 1 0.51  0.00 0 0.00 
Female 120 / 73 5.1 Hyper and optimal 0.99 3 0.33  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 130 / 79 5.4 Hyper and optimal 1.44 4 0.36  1.17 3 0.39  0.00 0 0.00  0.00 0 0.00 
Female 120 / 74 5.5 Hyper and optimal 1.14 4 0.28  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 133 / 81 5.3 Hyper and optimal 3.25 9 0.36  2.82 6 0.47  1.22 2 0.61  1.22 2 0.61 
Male 135 / 89 5.2 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 129 / 82 5.3 Hyper and optimal 2.84 7 0.41  2.51 5 0.50  1.19 2 0.60  1.19 2 0.60 
Male 158 / 94 6.3 Hyper and pre-diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 133 / 79 7.8 Hyper and diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 120 / 79 5.2 Hyper and optimal 2.57 7 0.37  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Female 110 / 61 5.2 Normal and optimal 1.50 3 0.50  1.50 3 0.50  0.68 1 0.68  0.68 1 0.68 
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Male 128 / 69 5.1 Normal and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 168 / 84 5.7 Hyper and pre-diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 126 / 82 5.7 Hyper and pre-diabetic 2.82 7 0.40  2.56 5 0.51  1.74 3 0.58  1.24 2 0.62 
Female 124 / 70 5.3 Hyper and optimal 1.22 4 0.30  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 124 / 79 5.2 Normal and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 117 / 71 5.4 Normal and optimal 1.85 6 0.31  1.22 3 0.41  0.00 0 0.00  0.00 0 0.00 
Female 120 / 78 5.2 Hyper and optimal 2.80 7 0.40  2.09 4 0.52  1.27 2 0.64  1.27 2 0.64 
Female 133 / 80 5.6 Hyper and optimal 3.99 10 0.40  3.55 7 0.51  1.91 3 0.64  1.40 2 0.70 
Male 125 / 78 5.7 Normal and pre-diabetic 1.76 5 0.35  1.43 3 0.48  0.61 1 0.61  0.61 1 0.61 
Male 123 / 80 5.8 Hyper and pre-diabetic 2.96 9 0.33  2.24 5 0.45  1.09 2 0.55  0.57 1 0.57 
Female 129 / 81 5.4 Hyper and optimal 4.11 11 0.37  3.33 7 0.48  1.71 3 0.57  1.20 2 0.60 
Female 112 / 72 5.1 Normal and optimal 5.59 15 0.37  4.87 11 0.44  1.29 2 0.64  1.29 2 0.64 
Female 124 / 77 5.6 Hyper and optimal 2.57 7 0.37  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Female 125 / 83 5.1 Hyper and optimal 7.12 17 0.42  6.10 12 0.51  2.86 4 0.72  2.86 4 0.72 
Female 126 / 74 5.4 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 109 / 70 5 Normal and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 122 / 74 5 Hyper and optimal 2.88 8 0.36  2.45 5 0.49  1.22 2 0.61  1.22 2 0.61 
Female 122 / 79 5.6 Hyper and optimal 4.11 11 0.37  3.33 7 0.48  1.71 3 0.57  1.20 2 0.60 
Male 118 / 74 5.2 Normal and optimal 2.28 5 0.46  2.12 4 0.53  1.29 2 0.65  1.29 2 0.65 
Male 114 / 66 5.1 Normal and optimal 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 124 / 72 5.8 Normal and pre-diabetic 3.88 9 0.43  3.61 7 0.52  1.97 3 0.66  1.97 3 0.66 
Male 150 / 91 5.6 Hyper and optimal 1.76 5 0.35  1.43 3 0.48  0.61 1 0.61  0.61 1 0.61 
Male 136 / 78 5.2 Hyper and optimal 6.40 15 0.43  5.63 11 0.51  2.86 4 0.72  2.86 4 0.72 
Female 123 / 74 6.3 Hyper and pre-diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 104 / 66 5.6 Normal and optimal 3.52 8 0.44  3.26 6 0.54  2.43 4 0.61  1.88 3 0.63 
Female 107 / 61 5.1 Normal and optimal 2.57 7 0.37  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Female 137 / 76 5.1 Hyper and optimal 1.36 3 0.45  1.36 3 0.45  0.54 1 0.54  0.00 0 0.00 
Male 124 / 81 5.3 Hyper and optimal 2.32 6 0.39  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Male 124 / 86 5 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 139 / 87 6.4 Hyper and pre-diabetic 1.76 5 0.35  1.43 3 0.48  0.61 1 0.61  0.61 1 0.61 
Female 110 / 66 5.4 Normal and optimal 2.28 5 0.46  2.12 4 0.53  1.29 2 0.65  1.29 2 0.65 
Female 102 / 61 5.1 Normal and optimal 1.71 4 0.43  1.71 4 0.43  0.00 0 0.00  0.00 0 0.00 
Female 106 / 70 5.8 Normal and pre-diabetic 2.26 6 0.38  1.92 4 0.48  0.61 1 0.61  0.61 1 0.61 
Female 122 / 70 5.5 Hyper and optimal 2.06 4 0.51  2.06 4 0.51  1.24 2 0.62  1.24 2 0.62 
Female 126 / 73 5.3 Hyper and optimal 2.32 6 0.39  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Male 140 / 82 5.2 Hyper and optimal 1.79 5 0.36  1.52 4 0.38  0.00 0 0.00  0.00 0 0.00 
Female 121 / 72 5.6 Hyper and optimal 1.80 4 0.45  1.80 4 0.45  0.62 1 0.62  0.62 1 0.62 
Female 111 / 66 4.8 Normal and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 135 / 80 5.3 Hyper and optimal 2.62 6 0.44  2.46 5 0.49  1.29 2 0.65  1.29 2 0.65 
Female 115 / 77 5 Hyper and optimal 1.59 4 0.40  1.59 4 0.40  0.00 0 0.00  0.00 0 0.00 
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Female 119 / 71 5.3 Normal and optimal 2.93 7 0.42  2.59 5 0.52  1.28 2 0.64  1.28 2 0.64 
Male 127 / 71 5.6 Normal and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 147 / 93 6.1 Hyper and pre-diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 113 / 75 5.5 Normal and optimal 3.99 10 0.40  3.55 7 0.51  1.91 3 0.64  1.40 2 0.70 
Male 122 / 82 5.5 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 126 / 67 5.7 Normal and pre-diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 115 / 63 5.2 Normal and optimal 1.68 3 0.56  1.68 3 0.56  0.86 1 0.86  0.86 1 0.86 
Female 112 / 59 5.2 Normal and optimal 3.58 9 0.40  3.14 6 0.52  1.91 3 0.64  1.40 2 0.70 
Female 137 / 86 6.4 Hyper and pre-diabetic 1.24 4 0.31  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 125 / 74 5.3 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 115 / 78 5.6 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 125 / 76 5.8 Normal and pre-diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 148 / 75 5.7 Hyper and pre-diabetic 2.28 5 0.46  2.12 4 0.53  1.29 2 0.65  1.29 2 0.65 
Female 124 / 86 5.2 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 120 / 69 5.2 Normal and optimal 1.13 3 0.38  1.13 3 0.38  0.00 0 0.00  0.00 0 0.00 
Female 117 / 70 4.8 Normal and optimal 4.54 14 0.32  3.38 8 0.42  1.06 2 0.53  0.00 0 0.00 
Female 127 / 81 5.3 Hyper and optimal 1.60 4 0.40  1.43 3 0.48  0.61 1 0.61  0.61 1 0.61 
Female 108 / 66 5 Normal and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 120 / 72 5.4 Normal and optimal 1.67 4 0.42  1.67 4 0.42  0.51 1 0.51  0.00 0 0.00 
Female 123 / 81 5.6 Hyper and optimal 3.58 9 0.40  3.14 6 0.52  1.91 3 0.64  1.40 2 0.70 
Female 140 / 81 5.8 Hyper and pre-diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 117 / 74 5.1 Normal and optimal 2.93 7 0.42  2.59 5 0.52  1.28 2 0.64  1.28 2 0.64 
Female 115 / 71 5.4 Normal and optimal 0.99 3 0.33  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 117 / 66 6.1 Normal and pre-diabetic 0.99 3 0.33  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 113 / 70 5.4 Normal and optimal 1.37 4 0.34  1.21 3 0.40  0.00 0 0.00  0.00 0 0.00 
Male 132 / 82 5.6 Hyper and optimal 3.43 8 0.43  3.01 6 0.50  1.36 2 0.68  1.36 2 0.68 
Female 105 / 73 5.2 Normal and optimal 0.99 3 0.33  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 138 / 85 5.1 Hyper and optimal 4.11 11 0.37  3.33 7 0.48  1.71 3 0.57  1.20 2 0.60 
Female 106 / 72 5.1 Normal and optimal 1.49 3 0.50  1.49 3 0.50  0.67 1 0.67  0.67 1 0.67 
Male 135 / 90 5.5 Hyper and optimal 1.76 5 0.35  1.43 3 0.48  0.61 1 0.61  0.61 1 0.61 
Male 125 / 80 5.5 Hyper and optimal 1.16 3 0.39  1.16 3 0.39  0.00 0 0.00  0.00 0 0.00 
Male 134 / 82 5.6 Hyper and optimal 1.34 3 0.45  1.34 3 0.45  0.52 1 0.52  0.00 0 0.00 
Female 115 / 77 5.5 Hyper and optimal 2.70 6 0.45  2.48 5 0.50  1.31 2 0.66  1.31 2 0.66 
Female 127 / 73 5.7 Hyper and pre-diabetic 1.64 4 0.41  1.64 4 0.41  0.51 1 0.51  0.00 0 0.00 
Female 112 / 71 5.2 Normal and optimal 2.57 7 0.37  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Female 126 / 75 5.7 Hyper and pre-diabetic 1.13 3 0.38  1.13 3 0.38  0.00 0 0.00  0.00 0 0.00 
Female 118 / 73   Normal and  1.13 3 0.38  1.13 3 0.38  0.00 0 0.00  0.00 0 0.00 
Female 119 / 72 4.7 Normal and optimal 1.13 3 0.38  1.13 3 0.38  0.00 0 0.00  0.00 0 0.00 
Female 143 / 93 5.4 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 120 / 69 5.1 Hyper and optimal 3.25 9 0.36  2.82 6 0.47  1.22 2 0.61  1.22 2 0.61 



146 
 

Female 112 / 76 5.9 Hyper and pre-diabetic 2.28 5 0.46  2.12 4 0.53  1.29 2 0.65  1.29 2 0.65 
Male 123 / 78 5.7 Normal and pre-diabetic 1.47 4 0.37  1.47 4 0.37  0.00 0 0.00  0.00 0 0.00 
Male 123 / 73 5.5 Normal and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 118 / 75 5.4 Normal and optimal 2.82 7 0.40  2.56 5 0.51  1.74 3 0.58  1.24 2 0.62 
Male 151 / 95 6.1 Hyper and pre-diabetic 4.11 11 0.37  3.45 7 0.49  1.80 3 0.60  1.29 2 0.65 
Male 123 / 74 5.9 Normal and pre-diabetic 2.09 5 0.42  1.93 4 0.48  1.11 2 0.55  0.00 0 0.00 
Female 108 / 69 5.2 Normal and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 121 / 65 5.9 Normal and pre-diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 127 / 81 5.4 Hyper and optimal 1.96 7 0.28  1.26 3 0.42  0.00 0 0.00  0.00 0 0.00 
Female 123 / 78 5 Hyper and optimal 2.89 7 0.41  2.55 5 0.51  1.24 2 0.62  1.24 2 0.62 
Female 110 / 67 5.1 Normal and optimal 2.93 7 0.42  2.59 5 0.52  1.28 2 0.64  1.28 2 0.64 
Female 112 / 74 5.2 Normal and optimal 1.78 5 0.36  1.44 3 0.48  0.62 1 0.62  0.62 1 0.62 
Male 129 / 82 5.7 Hyper and pre-diabetic 2.73 7 0.39  2.47 5 0.49  1.24 2 0.62  1.24 2 0.62 
Male 130 / 83 5 Hyper and optimal 3.21 8 0.40  2.94 6 0.49  1.24 2 0.62  1.24 2 0.62 
Male 153 / 99 5.1 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 107 / 70 5 Normal and optimal 2.53 7 0.36  2.11 5 0.42  0.00 0 0.00  0.00 0 0.00 
Female 146 / 85 5.4 Hyper and optimal 2.32 6 0.39  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Male 144 / 85 7.4 Hyper and diabetic 2.57 7 0.37  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Male 117 / 77 5.8 Normal and pre-diabetic 2.28 5 0.46  2.12 4 0.53  1.29 2 0.65  1.29 2 0.65 
Male 125 / 76 5.5 Normal and optimal 2.14 6 0.36  1.43 3 0.48  0.61 1 0.61  0.61 1 0.61 
Male 120 / 83 5.6 Hyper and optimal 4.11 11 0.37  3.33 7 0.48  1.71 3 0.57  1.20 2 0.60 
Female 111 / 72 5.3 Normal and optimal 3.99 10 0.40  3.55 7 0.51  1.91 3 0.64  1.40 2 0.70 
Female 122 / 63 5.4 Hyper and optimal 2.06 6 0.34  1.65 4 0.41  0.00 0 0.00  0.00 0 0.00 
Female 121 / 69 5.3 Hyper and optimal 2.28 5 0.46  2.12 4 0.53  1.29 2 0.65  1.29 2 0.65 
Female 139 / 82 5.7 Hyper and pre-diabetic 2.99 7 0.43  2.62 5 0.52  1.30 2 0.65  1.30 2 0.65 
Female 116 / 70 5.6 Normal and optimal 1.56 5 0.31  1.26 3 0.42  0.00 0 0.00  0.00 0 0.00 
Male 109 / 65 5.4 Normal and optimal 3.94 12 0.33  3.28 8 0.41  0.61 1 0.61  0.61 1 0.61 
Male 127 / 81 5.9 Hyper and pre-diabetic 2.57 7 0.37  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Male 125 / 77 5.4 Normal and optimal 1.28 3 0.43  1.28 3 0.43  0.00 0 0.00  0.00 0 0.00 
Female 118 / 75 5.2 Hyper and optimal 2.66 7 0.38  2.25 5 0.45  0.60 1 0.60  0.60 1 0.60 
Male 124 / 77 5.1 Normal and optimal 2.66 7 0.38  2.25 5 0.45  0.60 1 0.60  0.60 1 0.60 
Male 121 / 74 5.2 Normal and optimal 2.28 5 0.46  2.12 4 0.53  1.29 2 0.65  1.29 2 0.65 
Male 147 / 94 5.6 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 118 / 78 5.9 Normal and pre-diabetic 2.36 5 0.47  2.14 4 0.53  1.31 2 0.66  1.31 2 0.66 
Male 125 / 82 5.7 Hyper and pre-diabetic 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 127 / 77 5.4 Normal and optimal 3.96 12 0.33  3.24 8 0.40  0.61 1 0.61  0.61 1 0.61 
Male 135 / 88 5.4 Hyper and optimal 2.82 7 0.40  2.56 5 0.51  1.74 3 0.58  1.24 2 0.62 
Male 121 / 85 6.6 Hyper and diabetic 1.30 5 0.26  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 124 / 73 5.3 Normal and optimal 2.24 5 0.45  1.99 4 0.50  1.17 2 0.59  0.66 1 0.66 
Male 130 / 74 5.5 Hyper and optimal 2.66 8 0.33  2.18 5 0.44  0.53 1 0.53  0.00 0 0.00 
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Female 116 / 68 6.9 Normal and diabetic 3.62 9 0.40  3.19 6 0.53  1.96 3 0.65  1.96 3 0.65 
Male 124 / 80 6.1 Hyper and pre-diabetic 2.53 7 0.36  2.11 5 0.42  0.00 0 0.00  0.00 0 0.00 
Male 156 / 95 5.8 Hyper and pre-diabetic 1.81 6 0.30  1.22 3 0.41  0.00 0 0.00  0.00 0 0.00 
Male 129 / 86 6 Hyper and pre-diabetic 4.54 14 0.32  3.38 8 0.42  1.06 2 0.53  0.00 0 0.00 
Female 125 / 79 5.7 Hyper and pre-diabetic 2.89 7 0.41  2.55 5 0.51  1.24 2 0.62  1.24 2 0.62 
Female 123 / 78 6 Hyper and pre-diabetic 3.67 9 0.41  3.24 6 0.54  2.01 3 0.67  2.01 3 0.67 
Male 112 / 71 5.1 Normal and optimal 1.24 4 0.31  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Male 141 / 93 5.9 Hyper and pre-diabetic 3.99 10 0.40  3.55 7 0.51  1.91 3 0.64  1.40 2 0.70 
Female 130 / 84 5.5 Hyper and optimal 5.20 13 0.40  4.72 10 0.47  2.38 4 0.60  1.29 2 0.64 
Male 113 / 72 5.5 Normal and optimal 1.85 6 0.31  1.22 3 0.41  0.00 0 0.00  0.00 0 0.00 
Male 128 / 77 6.3 Normal and pre-diabetic 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Male 125 / 77 5.6 Normal and optimal 2.82 7 0.40  2.56 5 0.51  1.74 3 0.58  1.24 2 0.62 
Female 119 / 74 5.3 Normal and optimal 1.76 5 0.35  1.43 3 0.48  0.61 1 0.61  0.61 1 0.61 
Female 135 / 74 5.3 Hyper and optimal 0.82 2 0.41  0.82 2 0.41  0.00 0 0.00  0.00 0 0.00 
Female 104 / 66 5.3 Normal and optimal 1.76 5 0.35  1.43 3 0.48  0.61 1 0.61  0.61 1 0.61 
Male 113 / 75 6.2 Normal and pre-diabetic 2.32 6 0.39  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 
Female 114 / 67 5.1 Normal and optimal 3.98 13 0.31  2.83 7 0.40  0.51 1 0.51  0.00 0 0.00 
Male 117 / 69 5.4 Normal and optimal 2.32 6 0.39  2.06 4 0.52  1.24 2 0.62  1.24 2 0.62 

 

In this table, several identified and calculated phenotypical and genetic parameters for each participant are listed. The MutPred mutational load (Mut. load) and MutPred 
adjusted load (Adj. load) as well as the number of variants (Num of var) for each participant is given, when all variants are considered or when only variants with MutPred 
pathogenicity scores above a specified threshold (0.3, 0.5 or 0.6) are considered. 24 h ABPM, 24 hour ambulatory blood pressure monitoring. Normotensive and hypertensive 
classifications are based on 24 hour systolic and diastolic ambulatory blood pressure measurements with hypertensive participants being those with 24 h systolic ABPM above 
130 mmHg for males, 125 mmHg for females, and/or 24 h diastolic ABPM above 80 mmHg for males, 75 mmHg for females. HbA1c, Glycated haemoglobin is measured to 
calculate the three-month average plasma glucose concentration. HbA1c measurements were used to classify participants as having either optimal blood glucose levels (HbA1c 
< 5.7%), being pre-diabetic (HbA1c from 5.7% to 6.4%) or diabetic (HbA1c > 6.4%). MutPred, a pathogenicity score assigned to a variant using the MutPred program 
(mutpred.mutdb.org/about.html). 
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Supplementary Table 2: Top twenty-five variants with the highest number of instances in the SABPA cohort data set 

Variant MutPred score Number of 
instances in 
cohort total 

Number of 
instances in 

haplogroup L 
participants 

Number of 
instances in 

haplogroup MN 
participants 

Number of 
instances on 

Phylotree 

Present in 
macro-

haplogroup L on 
Phylotree 

Present in macro-
haplogroup MN 

on Phylotree 

4232C 0.609 87 78 8 6 Yes Yes 
5460A 0.505 58 52 6 43 Yes Yes 
4216C 0.611 39 0 39 13 Yes Yes 
4917G 0.628 25 1 24 6 No Yes 
11172G 0.630 21 21 0 3 Yes Yes 
14798C 0.609 14 0 14 5 No Yes 
14000A 0.552 11 9 2 4 Yes Yes 
14178C 0.516 11 11 0 5 Yes Yes 
13789C 0.576 10 10 0 2 Yes Yes 
13886C 0.571 8 8 0 1 Yes No 
15257A 0.785 8 0 8 3 No Yes 
9098C 0.685 8 0 8 5 Yes Yes 
13780G 0.606 7 0 7 1 No Yes 
15812A 0.518 7 1 6 3 Yes Yes 
8618C 0.641 7 7 0 4 Yes Yes 
10114C 0.603 6 6 0 1 Yes No 
10128A 0.609 6 6 0 1 Yes No 
15312C 0.530 6 6 0 1 Yes No 
15617A 0.714 6 3 3 3 Yes Yes 
6150A 0.676 6 6 0 2 Yes Yes 
6723A 0.653 6 6 0 1 Yes No 
7119A 0.520 6 6 0 2 Yes Yes 
13129T 0.850 5 5 0 2 Yes Yes 
14334T 0.501 5 0 5 0 No No 
3434G 0.577 5 5 0 3 Yes Yes 

In this table, a description is given for variants with MutPred scores above 0.5, that have the most number of instances in the SABPA cohort data set. The MutPred 
score is given for each variant. The number of instances in the entire cohort; in the haplogroup L participants; and in the haplogroup MN participants are also given. 
Finally, the number of times a variant appears as a haplogroup defining variant on Phylotree (http://www.phylotree.org) is given, and whether a variant defines 
haplogroups within macro-haplogroup L or macro-haplogroup MN. Variants that only define either macro-haplogroup L or macro-haplogroup MN lineages, are 
shown in bold. MutPred: a pathogenicity score assigned to a variant using the MutPred program (mutpred.mutdb.org/about.html).  


