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ABSTRACT 

Among the inborn errors of energy metabolism, complex I (CI) deficiency is the most frequently 

encountered and debilitating disorder of the oxidative phosphorylation system. Hallmarks include 

an early onset, progressive and heterogeneous course resulting in mortality, as well as a lack of 

curative treatment. On a cellular level, CI deficiency exhibits various biochemical consequences, 

of which the most destructive is the excessive production of reactive oxygen species (ROS). 

Previous studies at this institution have investigated the adaptive cellular responses associated 

with CI deficiency, with special focus on the increased expression of metallothioneins (MTs). MTs 

are small, non-enzymatic, endogenously expressed proteins, which have been shown to be 

involved in mitochondrial energy modulation and the detoxification of ROS. Consequently, these 

proteins may provide a novel therapeutic option against CI deficiency. However, a suitable 

experimental model to investigate this has been lacking. 

Therefore, this study aspired to realise two aims: Firstly, to produce and characterise (on a genetic 

and protein level) an in vitro model with which the effect of MTI overexpression on CI deficiency 

could be investigated; secondly, to perform an in vitro evaluation of the effect of MTI 

overexpression on the bioenergetics consequences of CI deficiency. To achieve the first, Ndufs4 

knockout (a CI-deficient model) and TgMTI (an MTI overexpressing model) mice were used. In 

comparing their genetic backgrounds to C57BL6/J, a clear match was revealed. Consequently, 

the two mouse strains were crossbred to obtain four genotypes [wildtype, CI-deficient, MTI 

overexpressing and CI-deficient MTI overexpressing (experimental model)] from which primary 

skin fibroblasts – used for the remainder of the study – were successfully established. Upon 

characterisation, each cell line was found to correspond to its expected Ndufs4 and TgMTI 

genotypes, while TgMTI+/+ cell lines revealed MtI mRNA overexpression. CI deficiency could 

further be verified in the Ndufs4-/- cell lines, by the absence of the NDUFS4 [NADH 

dehydrogenase (ubiquinone) iron-sulphur protein 4] protein and instable and non-functional CI. 

Interestingly, these parameters were all increased in Ndufs4+/+:TgMTI+/+ cells. For the second aim, 

the effect of each genotype on cell viability, relative mitochondrial DNA copy number, cellular 

reduction-oxidation- and energy status, and ROS levels was determined. Finally, each genotype’s 

bioenergetics profile was evaluated, using the Seahorse XF Analyser. 

In this study, all objectives relating to the development and characterisation of primary mouse 

fibroblasts were thus successfully met. Since the four fibroblast models exhibited undeniable 

genetic and protein correspondence to the original mouse strains, they were regarded as suitable 

for further bioenergetics investigations. However, while the objectives of the second aim could be 

addressed using suitable methodologies, the results showed striking variation attributable to the 

process of cell culture, thereby making it impossible to accurately evaluate the effect of genotype 
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on the bioenergetics consequences of CI deficiency. In conclusion, while the model produced 

corresponded exactly to genetic and protein expectations, primary skin fibroblasts from these 

mouse models are not suitable to investigate MTI overexpression on CI deficiency. It is therefore 

recommended that robust conclusions involving these models can only be reached via an in vivo 

approach. 

Keywords: adaptive response; complex I deficiency; Leigh syndrome; metallothionein; Ndufs4 

knockout mouse model; primary fibroblasts; reactive oxygen species; Seahorse XF Analyser; 

TgMTI mouse model 
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CHAPTER 1: 
INTRODUCTION 
 

Present in nearly all eukaryotic cells, mitochondria are classified as highly specialised organelles, 

tasked with the responsibility of providing the majority of cellular energy in the form of adenosine 

triphosphate (ATP). This function is achieved via the concerted action of five multimeric 

complexes (CI to CV), collectively termed the oxidative phosphorylation (OXPHOS) system. In 

addition, mitochondria control numerous physiological processes including, but not limited to, 

various forms of metabolism, cellular reduction-oxidation (redox) status, Ca2+ signalling, the 

generation of reactive oxygen species (ROS), and cell death via apoptosis and necrosis 

(Koopman et al., 2010). Given its multifaceted involvement in cells, the mitochondrion’s 

dysfunction has therefore been implicated in numerous rare as well as common human disorders. 

Overall, mitochondrial dysfunction has a prevalence of 1 in ~4 300, the greater part of which is 

due to complex I (CI) deficiency (Gorman et al., 2015; Hoefs et al., 2012). The same tendency 

has been observed in the South African patient population, where CI deficiencies represent ~67% 

of all diagnosed cases (unpublished data). Due to its large structure and sizeable involvement in 

energy production, a deficiency of CI can have a profound and detrimental effect on physiological 

cell function. The defect is associated with a variety of biochemical abnormalities [including an 

altered redox status, decreased energy production, intracellular Ca2+ imbalance and disrupted 

mitochondrial membrane potential (Δψ)], of which the most destructive involves the excessive 

production of ROS (Distelmaier et al., 2009). In general, CI deficiency has an early onset, followed 

by a short and devastating course which ultimately ends in mortality. In addition, these disorders 

may be specific or multi-systemic and are accompanied by exceptional genetic and clinical 

heterogeneity. Altogether, these factors impede the development of curative treatment, with 

current disease management being largely empirical and primarily symptomatic (Rodenburg, 

2016). 

To promote survival in the face of CI deficiency, the cell employs various adaptive responses to 

restore homeostasis. These include, mitochondrial biogenesis, metabolic regulation, autophagy, 

controlled cell death, and defensive (e.g. antioxidant) responses. Previous studies at this 

institution have identified the increased expression of metallothioneins (MTs) as a novel 

adaptation to CI deficiency (van der Westhuizen et al., 2003). MTs are small, cysteine-rich, non-

enzymatic proteins, primarily involved in metal homeostasis, heavy metal detoxification, and free 

radical scavenging. Of particular interest to this study are the numerous reports linking MT’s action 

to the mitochondrion. Specifically, MTs have been shown to modulate mitochondrial energy 

production (Babula et al., 2012). In addition, research at this facility has provided in vitro evidence 
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for the protein’s protective effect against ROS-mediated cell damage and -death (Reinecke et al., 

2006). Since ROS is one of the primary initiators of CI deficiency, antioxidants like MTs may offer 

a favourable endogenously expressed therapeutic intervention. Indeed, current therapeutic 

studies researching the potential of antioxidants have shown great promise (de Haas et al., 2017). 

Thus, the critical question put forward was whether MTs display a protective effect against CI 

deficiency in vivo. 

In order to investigate this treatment option, a suitable experimental model was required. To this 

end, previous studies at this institution have involved the use of various MT models [e.g. 

transformation-induced MTIB and MTIIA overexpressing HeLa cells, as well as MtI, MtII and MtIII 

knockout (KO) mice] in which CI deficiency had been induced by inhibition with rotenone. The 

use of chemical inhibition, however, failed to mimic the full spectrum of the disorder, displayed 

clear secondary effects, and was therefore considered to be limited with regards to disease model 

studies (Lindeque, 2011; Pretorius, 2011). A more dependable alternative is the use of animal 

genetic models. Of these, mice are especially valued, owing to their genetic, physiological, and 

phenotypic similarities to humans (Breuer et al., 2013b). In 2015, the first genetic model of CI 

deficiency [produced in 2008 by Kruse et al. (2008)] became commercially available to the general 

scientific community. This model, referred to in this study as the Ndufs4 mouse, was developed 

by knocking out the NADH dehydrogenase (ubiquinone) iron-sulphur protein 4 (NDUFS4) subunit 

of CI, producing a pathophysiological phenotype corresponding to that of the CI deficiency, Leigh 

syndrome. Additionally, in 1993, an MTI overexpressing transgenic model, referred to in this study 

as the TgMTI mouse, was developed (Palmiter et al., 1993). Both models were therefore acquired 

for a larger project at this facility, of which the final aim was to obtain a more comprehensive 

understanding of the effect of MTI (and its overexpression) on CI deficiency. 

As a first step towards the larger project, the first aim of this study was thus to crossbreed the 

Ndufs4 and TgMTI mouse strains in order to develop a model with which the effects of MTI 

overexpression on CI deficiency could be studied and confirmed in vitro [similar to Reinecke et 

al. (2006)]. Primary fibroblasts were then to be cultured from these mice and characterised on a 

genetic and protein level. Secondly, this study aimed to investigate the effects of MTI 

overexpression on the bioenergetics consequences of CI deficiency, using the fibroblasts 

mentioned. 

In Chapter 2, a comprehensive overview of the literature relevant to this study is provided. The 

problem statement, aims and objectives, as well as the experimental strategy are summarised in 

Chapter 3, whereas Chapter 4 contains a detailed description of the methodologies used for each 

objective. The results pertaining to the first and second aims of this study are presented in 

Chapters 5 and 6, respectively. Lastly, Chapter 7 provides a short summary of the results as well 

as the main conclusions reached, while additional information is given in Appendices A to E.  



3 

CHAPTER 2: 
LITERATURE REVIEW 
 

2.1 INTRODUCTION 
All biochemical reactions require the exchange of some or other form of energy. In aerobic 

eukaryotic cells, this primarily involves the hydrolysis of adenosine triphosphate (ATP) to its 

constituents, adenosine diphosphate (ADP) and inorganic phosphate (Pi). The continued 

synthesis of ATP is therefore vital to maintain the energetic integrity, and thus survival, of the cell. 

While soluble enzyme systems (i.e. glycolysis) catalyse the production of some ATP via substrate-

level phosphorylation, by far the greatest percentage (± 90%) is generated by the mitochondrion 

(Marquez et al., 2016; Nicholls & Ferguson, 2002a:3). 

In this chapter, the reader will be provided with a theoretical framework of the fundamental 

aspects addressed in this dissertation. This will include a description of the mitochondrion, its 

structure and role in energy production, as well as a detailed examination of mitochondrial 

complex I (CI) and the purpose of its accessory subunits (like NDUFS4). The focus will then be 

shifted to mitochondrial dysfunction, paying special attention to CI deficiency and Leigh 

syndrome. A comprehensive overview will then be given of the biochemical consequences 

accompanying these disorders, as well as the adaptive responses employed by the cell (e.g. 

metallothionein expression). Finally, the chapter will be concluded by reviewing the experimental 

models used to investigate CI deficiency and metallothionein induction. 

 

2.2 MITOCHONDRION 

2.2.1 STRUCTURE & ORGANIZATION 
The typical mammalian cell contains 800 to 2 500 mitochondria, while high-energy tissues such 

as the brain, endocrine system, liver, kidneys, muscles, and heart exhibit an even greater 

abundance (Koopman et al., 2005; Vasava & Mashiyava, 2016). Mitochondria may be classified 

as multifunctional organelles consisting of a relatively porous outer membrane (OMM) and 

contrastingly impermeable inner membrane (IMM). The latter serves as the barrier between the 

intermembrane space (IMS) and matrix, and folds inwards to create an intricate series of internal 

compartments, termed cristae (Gropper & Smith, 2013:6-8; Mannella, 2006). 

Mitochondrial ATP is generated by the combined action of the respiratory chain (RC), an electron 

transfer system composed of four multiprotein enzyme complexes (CI to CIV) and two electron 

carriers (ubiquinone and cytochrome c), and the protein complex, ATP synthase (CV). Collectively 

these are called the oxidative phosphorylation (OXPHOS) system of which all the components 
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except for cytochrome c (cyt c) are embedded in the IMM. The organisation of the RC complexes, 

however, remains a highly debated matter. For years the prevailing opinion viewed these 

complexes as individual diffusants in the IMM with electron transport depending on their random 

collision with electron carriers. However, the random collision model has recently been challenged 

by both the solid state and plasticity models (Acin-Perez & Enriquez, 2014; Calvaruso et al., 2012; 

Hackenbrock et al., 1986; Hoefs et al., 2012; Schagger & Pfeiffer, 2000; Seelert et al., 2009). The 

former states that the RC complexes are instead arranged into supercomplexes, capable of 

containing CI and CIII2 or CI, CIII2 and CIV1-4, whereas the latter accepts that the complexes may 

exist as both supercomplexes and individual entities. 

 

2.2.2 FUNCTION & BIOLOGICAL SIGNIFICANCE  
ATP synthesis starts with the production of the reducing equivalents NADH (reduced nicotinamide 

adenine dinucleotide) and FADH2 (reduced flavin adenine dinucleotide) from carbohydrate-, 

amino acid- and fatty acid catabolism. The electrons acquired from their oxidation at CI and CII 

respectively, as well as those supplied by the electron transfer flavoprotein-ubiquinone 

oxidoreductase (ETF:QO), dihydroorotate dehydrogenase and s,n-glycerophosphate 

dehydrogenase (GPDH), are then collected by ubiquinone (Q) and passed to CIII. CIII 

subsequently transfers the electrons to cyt c (located in the IMS), which carries them to CIV. Here, 

they finally react with the terminal electron acceptor, O2, to yield H2O (see Figure 2.1) (Koopman 

et al., 2013; Sazanov, 2015). 

Figure 2.1: Mitochondrial OXPHOS system. Electrons are donated to complex I from NADH, 

to complex II from FADH2, and to Q by complex I and II, ETF:QO, dihydroorotate dehydrogenase 

and GPDH. Adapted by permission from Macmillan Publishers Ltd.: Nature Reviews Molecular 

Cell Biology, Sazanov (2015:376), copyright 2015. 

The energy liberated by this primary pump (i.e. the RC) is consequently utilised to translocate 

protons from the matrix to the IMS via CI, CIII and CIV. This produces an electrochemical gradient 
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across the IMM and thereby a matrix-directed proton motive force (pmf). In turn, the pmf enables 

the synthesis of ATP from ADP and Pi via the secondary pump, CV (Nicholls & Ferguson, 

2002a:4-5). This combined effect of proton translocation and ATP production defines Mitchell’s 

chemiosmotic theory (Mitchell, 1961). Besides proton re-entry via CV, mitochondria also display 

an endogenous proton leak, which generally completes the proton circuit in the absence of ATP 

synthesis. In this way, the mitochondrion prevents membrane dielectric breakdown, restricts the 

pmf, and limits singular electron leakage which may otherwise lead to the excessive production 

of reactive oxygen species (ROS) (Brand & Nicholls, 2011). 

Apart from acting as the cell’s central “powerhouse”, the mitochondrion also controls and 

regulates numerous other physiological processes. These include various forms of metabolism 

(e.g. amino acid-, lipid- and metal-metabolism), Ca2+ signalling, cellular reduction-oxidation 

(redox) status (NADH/NAD+ ratio), ROS generation and release, apoptosis and necrosis, as well 

as several other cell signalling pathways, and therefore preserves the delicate balance between 

life and death in the cell (Acin-Perez & Enriquez, 2014; Lindeque et al., 2010). 

 

2.2.3 MITOCHONDRIAL GENOME 
The functional complexity of the mitochondrion is supported by its dependence on an equally 

complex bigenomic system: Aside from the nuclear genome, it also receives genetic input from 

its own deoxyribonucleic acid (DNA) (Lagouge & Larsson, 2013). 

Mitochondrial DNA (mtDNA) is a strictly maternally inherited, double-stranded, closed circular 

molecule (Bibb et al., 1981; Chinnery & Hudson, 2013; Lagouge & Larsson, 2013). The typical 

somatic mammalian cell contains between 1 000 and 10 000 copies, which may vary in 

accordance with its energetic need. Similar to nuclear DNA (nDNA), mtDNA combines with 

various proteins to form mitochondrial matrix-associated structures called nucleoids. Moreover, 

mtDNA is species-specific. As an example, the mitochondrial genome of the group E inbred 

mouse strain (C57BL6/J) used in this study, is 16 299 base pairs (bp) in size compared to its 

16 569 bp human counterpart (Bayona-Bafaluy, 2003; NCBI, 2017a). Nonetheless, a likeness 

exists in overall sequence and gene organization, with both encoding 37 genes. These include 

two ribosomal ribonucleic acids (rRNAs), 22 transfer ribonucleic acids (tRNAs), and  

13 polypeptides which, when translated, form 13 of the core subunits of CI, CIII, CIV and CV of 

the OXPHOS system (Bibb et al., 1981; Park & Larsson, 2011; Sharpley et al., 2012). 

Although mitochondria possess some of the machinery required for basic cellular functions like 

replication, transcription and translation, these processes are only semi-autonomous, since the 

necessary enzymes and proteins are nuclear-encoded and require mitochondrial import  

(Asin-Cayuela & Gustafsson, 2007). Accordingly, the mouse mitochondrial proteome is encoded 
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by an estimated ~1 200 nuclear genes (as specified by MitoCarta2.0), which include the 92 genes 

encoding the remaining structural subunits of the OXPHOS system (Calvo et al., 2016; Chinnery 

& Hudson, 2013; Mootha et al., 2003). 

 

2.3 COMPLEX I 

2.3.1 STRUCTURE 
The first RC complex, complex I (CI; NADH:ubiquinone oxidoreductase; EC 1.6.5.3), is encoded 

by nearly half of the structural mtDNA genes, underscoring its undeniable importance in the 

mitochondrion. With 45 (44 unique) subunits and a combined molecular mass of ~980 kDa, CI is 

considered the largest and most complicated multiheteromeric assembly of the mitochondrial 

OXPHOS system (Balsa et al., 2012; Fiedorczuk et al., 2016; Hunte et al., 2010; Mimaki et al., 

2012). The L-shaped molecule possesses an evolutionarily conserved catalytic core made up of 

seven mitochondrial-encoded and seven nuclear-encoded polypeptides. The former are 

imbedded in the IMM and constitute the hydrophobic membrane arm, whereas the latter protrude 

into the mitochondrial matrix to produce a hydrophilic peripheral arm of equal size (Hoefs et al., 

2012). Thirty-one (30 unique) nuclear-encoded polypeptides, called supernumerary- or accessory 

subunits, conclude the structure by enveloping this central catalytic formation (Fiedorczuk et al., 

2016; Stroud et al., 2016). 

On a functional level, CI may further be divided into three modules or domains that cooperate to 

yield approximately 40% of the pmf responsible for CV-generated ATP (Hoefs et al., 2012; Hunte 

et al., 2010). The first two, known as the N (NADH binding) and Q (ubiquinone binding) modules, 

are located in the peripheral arm, whereas the third, termed the P (proton pumping) module, 

comprises the membrane arm (Sanchez-Caballero et al., 2016). 

 

2.3.2 FUNCTION 
Despite recent progress, CI is still considered the least characterised OXPHOS system enzyme. 

Existing structural studies on bacterial, yeast and mammalian models have however greatly aided 

the elucidation of its function (Fiedorczuk et al., 2016; Kahlhofer et al., 2017; Sanchez-Caballero 

et al., 2016; Stroud et al., 2016). Consequently, CI has become well-known as the primary entry 

point for electrons into the RC and is therefore considered as the pacemaker of mitochondrial 

OXPHOS. Since the IMM is impermeable to NADH, it seems only fitting that the majority of the 

reducing equivalents are produced within the mitochondrial matrix (Bakker et al., 2000; Papa et 

al., 2010; Sazanov, 2015). 

This, in turn, enables the first step of CI’s function, which involves the binding and oxidation of 

matrix-produced NADH at specific redox centres located in the N module. Each NADH molecule 
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donates two electrons to the primary electron acceptor flavin mononucleotide (FMN), effectively 

reducing it to FMNH2 (see Equation 2.1) (Hoefs et al., 2012): 

NADH + [FMN] + H+ → [FMNH2] + NAD+ 

 

Step two proceeds across both the N and Q modules and encompasses the sequential transfer 

of electrons from FMNH2 to a series of eight iron-sulphur (Fe-S) clusters. The final step occurs 

within the P module, during which the Fe-S clusters are oxidised to donate two electrons to the 

hydrophobic, mobile electron transporter Q, thereby producing ubiquinol (QH2) (see Equation 2.2) 

(Hoefs et al., 2012; Sazanov, 2015). 

Q + e− + H+ → QH+ e− + H+ → QH2 

 

QH2 may then freely diffuse through the IMM to donate its electrons to CIII (Nicholls & Ferguson, 

2002b:116; Sazanov, 2015). 

Part of the energy liberated by the successive redox reactions of CI’s functional components is 

ultimately used to transfer matrix-derived protons across the IMM (Hoefs et al., 2012). Available 

evidence suggests a stoichiometry of four protons to two electrons (4H+/2e-) and proton 

translocation presumably takes place via four antiporter-like domains located in the P module 

(Baradaran et al., 2013; Fiedorczuk et al., 2016). Over the years, different mechanisms have been 

proposed to describe the process, including the direct coupling mechanism, active proton 

pumping mechanism, a combination of the two and the conformation-driven, semiquinone (QH)-

gated mechanism (Brandt, 1997; Brandt et al., 2003; Friedrich, 2001; Ohnishi & Salerno, 2005).  

Efremov and Sazanov (2012) suggested a new model called the conformational coupling 

mechanism. In this model electron transport from NADH to Q is coupled to conformational 

changes in the hydrophilic arm, which lead to a change in the conformation of ionisable residue 

in three of the proton channels when propagated. This subsequently results in the translocation 

of three protons, followed by a fourth from the junction between the two arms. 

In this manner CI contributes to the pmf required for ATP synthesis, with the total reaction being 

(Equation 2.3) (Baradaran et al., 2013): 

NADH + H+ + Q + 4H+
matrix  →  NAD+ + QH2 + 4H+

IMS 

 

Although the RC primarily uses matrix-derived NADH, it may also utilise cytosolic NADH by 

means of meticulously developed shuttling systems that bypass the transmembrane transport of 

(2.1) 

(2.2) 

(2.3) 
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this reducing equivalent from the cytosol to the mitochondrial matrix. These systems include the 

irreversible glycerophosphate- and reversible malate-aspartate shuttles. In the first, cytosolic 

NADH may be converted to matrix FADH2, which circumvents CI and enters the RC by its direct 

reduction of Q. The second system utilises the cytosolic oxidation of oxaloacetate and the 

subsequent reduction of matrix malate to produce one molecule of NADH, which may enter CI 

and proceed as usual (Nicholls & Ferguson, 2002c:229-230). Both shuttling systems provide a 

means of replenishing cytosolic and matrix oxidised nicotinamide adenine dinucleotide (NAD+) 

and mainly occur when the cytosolic NADH/NAD+ ratio is higher than that of the mitochondrial 

matrix (Garrett & Grisham, 2013a:671-672). 

 

2.3.3 ASSEMBLY 
The effective functioning of CI is governed by its successful assembly. This process comprises a 

multifaceted, coordinated compilation of CI’s core and supernumerary subunits, together with 

cofactors, and is transiently assisted by at least 14 established assembly factors (Guerrero-

Castillo et al., 2017; Mimaki et al., 2012; Stroud et al., 2016).  

CI assembly may be explained by the modular assembly model. This states that CI’s assembly is 

a stepwise procedure, starting with the independent construction of small molecular mass 

submodules that correspond to the three functional domains of the enzyme. These may then 

associate with each other, as well as cofactors, to form larger intermediates which combine to 

produce the CI holoenzyme (Kahlhofer et al., 2017; Sanchez-Caballero et al., 2016). Stroud et al. 

(2016) state that the vast majority of mature CI then associates with RC CIII or CIII and CIV to 

produce supercomplexes, which may be used for ATP generation.  

Following its production, CI homeostasis is continuously maintained by exchanging pre-existing, 

incorporated nDNA subunits for newly synthesised, imported ones, thereby averting the 

accumulation of damaged proteins (Mimaki et al., 2012; Papa et al., 2010). Its assembly and 

upkeep is thus regarded as strictly interconnected and regulated (Sanchez-Caballero et al., 

2016). 

 

2.3.4 ACCESSORY SUBUNITS & THEIR FUNCTION 
Unlike the 14 core subunits, which coordinate the cofactors and execute the function of CI, the 

relevance of the accessory subunits is less clear (Sazanov, 2015). However, their association 

with assembly factors and consequent incorporation into the complex is energetically expensive, 

suggesting an importance of some sort. 

A study by Stroud et al. (2016), in which knockout (KO) cell lines were created for each of the  

31 accessory subunits, proved this to be true. Using blue-native polyacrylamide gel 
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electrophoresis (BN-PAGE) and immunoblot analysis against proteins located in different parts of 

the enzyme (NDUFA9, NDUFA13, and NDUFB11), they revealed that 25 of these subunits were 

required for CI’s assembly and that one was indispensable for cell viability. Using quantitative 

proteomic analysis, this group further showed that the loss of an individual subunit may influence 

the stability of those subunits sharing its module.  

Many other studies concur with these findings, proposing that the accessory subunits also provide 

structural stability for the entire complex, assist in its biogenesis and regulate its function via signal 

transduction pathways. More putative functions include anchoring CI to the IMM, the prevention 

of and protection against the effects of ROS, and the formation of supercomplexes (Friedrich & 

Bottcher, 2004; Hoefs et al., 2012; Sazanov, 2015; Stroud et al., 2016). 

Although the production of supercomplexes greatly improves the function of the RC (by reducing 

substrate diffusion times, limiting enzyme competition and lessening ROS production), research 

has also shown it to be required for the stabilisation of the enzyme complexes (Hoefs et al., 2012). 

For example, a study by Acin-Perez et al. (2008) on human cell lines demonstrated a decrease 

in the level of RC complexes when their containing supercomplex was not produced.  

 

2.3.5 THE NDUFS4 SUBUNIT 
Of particular importance to this study is the CI accessory subunit, NADH dehydrogenase 

(ubiquinone) iron-sulphur protein 4 (NDUFS4). This non-enzymatic 18 kDa protein is expressed 

in all cells and encoded by either the eight- or five-exon nuclear gene, located on human 

chromosome (chr) 5 [gene ID: 4724 (NDUFS4)] or mouse chr 13 [gene ID: 17993 (Ndufs4)] 

respectively1 (Kruse et al., 2008; NCBI, 2017b; NCBI, 2017c).  

An important feature explaining some of the function of NDUFS4 is the presence of the canonical 

RVSTK sequence located within its highly conserved carboxyl terminus (Papa et al., 2010). This 

sequence is recognised by either mitochondrial (and cytosolic) cyclic adenosine monophosphate 

(cAMP)-dependent protein kinase, or mitochondrial phosphatase, which correspondingly allow 

NDUFS4 to be phosphorylated or dephosphorylated. The former permits its import into and 

maturation within the mitochondrion, while the latter possibly plays a role in its degradation. In 

this manner, NDUFS4 is able to regulate CI’s activity (and consequently the activity of the 

OXPHOS system) by continuously exchanging (possibly oxidatively) damaged, pre-existing 

NDUFS4 for newly synthesised subunits (Papa et al., 2010; Scacco et al., 2003). 

                                                
1 Throughout this dissertation, distinction is made between genes and proteins by the use of italics  

[e.g. NDUFS4 (gene) and NDUFS4 (protein)], and between human and mouse genes by capitalisation  

[e.g. NDUFS4 (human) and Ndufs4 (mouse)]. 
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Although NDUFS4 does not directly participate in electron transport, studies have shown that the 

protein has other additional functions within CI (Quintana et al., 2010). According to BN-PAGE 

analysis and protein modelling, NDUFS4 forms part of the N module and, as such, the protein is 

added during the later stages of CI’s biogenesis (Calvaruso et al., 2012; Kahlhofer et al., 2017). 

Despite its late insertion, its location seems to be significant as its impairment results in the 

defective assembly of intact CI, compromised complex stability, and reduced CI activity (Lamont 

et al., 2017). 

To investigate this, Kahlhofer et al. (2017) utilised an NUYM [a human (and mouse) NDUFS4 

orthologue] KO strain of the aerobic yeast Yarrowia lipolytica. Their study showed that in the 

absence of NUYM, two CI Fe-S cluster binding sites were distorted, the N module was 

destabilised, and CI’s activity was suppressed. Interestingly, their results supported an increase 

in ROS release, suggesting that human NDUFS4 might provide physical protection in CI by 

shielding the core subunits. From these and many other papers it is evident that the NDUFS4 

subunit plays a vital role in producing and maintaining intact and functional CI (Alam et al., 2015; 

Andrews et al., 2013; Calvaruso et al., 2012; Kahlhofer et al., 2017; Lamont et al., 2017; Papa et 

al., 2010; Quintana et al., 2010; Scacco et al., 2003). It is therefore not surprising that its gene is 

considered a mutational hot spot. 

 

2.4 MITOCHONDRIAL DYSFUNCTION 

2.4.1 INTRODUCTION 
Given the mitochondrion’s significant involvement in some of the most vital cellular operations, its 

strict dependence on the nucleus, and the complicated nature of its OXPHOS system 

components, it stands to reason that its dysfunction can result in devastating disease (Chinnery 

& Hudson, 2013; Kruse et al., 2008). 

Mitochondrial disease may be defined as a heterogeneous group of conditions arising from, or 

introducing, chronic deficient cellular energy production which manifests in a clinical phenotype 

(Carroll et al., 2014; Chinnery & Hudson, 2013; Niyazov et al., 2016). These disorders may be 

brought about by germline mutations in genes that encode subunits of the OXPHOS proteins, as 

well as mutations that alter the machinery involved in their production. In both cases the resulting 

defect is referred to as a primary mitochondrial disease (PMD) (Niyazov et al., 2016). 

By contrast, secondary mitochondrial disease (SMD) can develop as a result of inherited 

mutations in non-OXPHOS genes, but may also be acquired as a consequence of pre-existing, 

hereditary non-mitochondrial pathologies or environmental factors (including viral and chemical) 

(Carroll et al., 2014; Niyazov et al., 2016). Examples of adult-onset SMDs include those that 

develop in conjunction with neurodegenerative disorders (e.g. Alzheimer’s and Parkinson’s 
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disease), cardiovascular and kidney disease, diabetes, cancer, inborn errors of metabolism (e.g. 

propionic aciduria), ageing, as well as acquired immune deficiency syndrome (AIDS) and its 

therapies (Kalman, 2006; Lindeque et al., 2010; Niyazov et al., 2016). 

 

2.4.2 GENETICS & CLINICAL PHENOTYPE OF MITOCHONDRIAL DYSFUNCTION 
The dual genetic control of the mitochondrion evidently means that deficiencies thereof may be 

caused by mutations in either the mtDNA or nDNA (Gorman et al., 2016). mtDNA mutations were 

first linked to mitochondrial myopathies in 1988 (Holt et al., 1988; Lestienne & Ponsot, 1988; 

Wallace et al., 1988). Today, pathogenic variants have been found in all the mtDNA genes 

(Porcelli et al., 2016; Wortmann et al., 2017). Generally, abnormalities of this nature are more 

often encountered in adults and, although mitochondrial-encoded OXPHOS genes are few in 

comparison to their nuclear counterparts, their mutations may be associated with wide-ranging 

phenotypes2 (Alston et al., 2017; Niyazov et al., 2016). 

Conversely, the role of nDNA in mitochondrial disease was not elucidated until 1995, when 

Bourgeron et al. (1995) identified a mutation in the nuclear-encoded CII as the underlying cause 

of a case of Leigh syndrome. Mutations have since been found in ≥250 nuclear gene loci (Alston 

et al., 2017). Altogether nDNA mutations result in three quarters of infantile- and a third of all adult 

mitochondrial disease, collectively making the nuclear genome the chief culprit of mitochondrial 

dysfunction. While some nuclear PMDs may occur de novo, the majority are transmitted via 

Mendelian inheritance3 (Niyazov et al., 2016). Furthermore, since the relationship between the 

mitochondrion and the nucleus stresses a need for interorganelle cooperation, nuclear mutations 

often include those resulting in intergenomic communication disorders and mtDNA depletion 

(Almeida et al., 2012:293-294; Park & Larsson, 2011). More frequently however, the affected 

genes comprise those encoding the five OXPHOS complexes (Niyazov et al., 2016). 

Nonetheless, mitochondrial dysfunction as a whole is considered among the most common adult 

inherited neurological disorders, with an incidence of 1 in ~4 300 (Gorman et al., 2015).  

 

                                                
2 Examples include LHON, MILS, NARP (mutated protein-coding genes), MELAS, MERRF (mutated tRNA-

coding genes), syndromic deafness (mutated rRNA-coding genes), CPEO, KSS, and Pearson’s syndrome 

(mtDNA deletions and duplications) (Kalman, 2006; Niyazov et al., 2016). 

3 Nuclear PMDs are predominantly inherited in an autosomal recessive manner, although autosomal 

dominant and X-linked patterns have also been reported (Niyazov et al., 2016). 
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2.4.3 COMPLEX I DEFICIENCY 
Due to CI’s enormous structure and sizeable involvement in ATP production, it follows that CI 

deficiency (OMIM 252010) is regarded as the most frequently encountered human mitochondrial 

disorder (responsible for 30% thereof, where 70% to 80% of cases include nDNA mutations) 

(Alston et al., 2017; OMIM, 2016b; Rodenburg, 2016). Accordingly, the condition affects as many 

as 1 in 10 000 new-borns, accounting for up to 23% of all paediatric RC disorder cases (Hoefs et 

al., 2012; Smeitink et al., 2001). 

Defects of this nature may present as neonatal, infantile, childhood, or adult-onset disorders and 

range from very mild to fatal (Chinnery & Hudson, 2013; Hoefs et al., 2012). A fatal phenotype, 

however, is considered to be more common, with approximately 75% of all affected individuals 

succumbing before the age of ten years, of which 50% die before the age of 24 months 

(Rodenburg, 2016).  

 

2.4.3.1 GENETICS 
As with mitochondrial dysfunction, the majority of CI deficiencies are caused by errors in the nDNA 

sequence. Disorders of this kind are consequently transmitted via Mendelian inheritance with the 

autosomal recessive pattern of heredity being the most common (Hoefs et al., 2012). Of all the 

mitochondrial disorders, CI deficiency possesses the most complicated aetiology, and while 

various causative genes have been identified, many challenges remain (Gorman et al., 2016; 

Haack et al., 2012; Wortmann et al., 2017). 

In 1998, Loeffen et al. (1998) described the first pathogenic mutation (resulting in Leigh syndrome) 

in a nuclear-encoded subunit of CI. Since then, disease-causing mutations4 have been found in 

the seven nDNA core subunits (NDUFS1 to NDUFS3, NDUFS7, NDUFS8, NDUFV1 and 

NDUFV2) and 13 of the 31 nuclear-encoded CI accessory subunits (NDUFS4, NDUFS6, 

NDUFA1, NDUFA2, NDUFA9 to NDUFA13, NDUFB3 and NDUFB9 to NDUFB11) as depicted in 

Figure 2.2. Since these proteins are directly involved in the complex’s function and structure, 

mutations of this nature can lead to catalytic defects. That being said, the majority of CI mutations 

usually rather affect the assembly and stability of the complex, thereby reducing the quantity of 

CI (Rodenburg, 2016; Wortmann et al., 2017). 

                                                
4 Mutations have also been identified in all seven of the mitochondrial-encoded subunits (ND1 to ND6 and 

ND4L) (Rodenburg, 2016). 
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Figure 2.2: Surface structure representation of CI [based on the bovine CI structure (PDB 
ID: 4UQ8)] indicating subunits associated with human CI deficiency. Subunits in which 

mutations are known are depicted in colour (core subunits in the N and Q modules, and P module 

are in shades of green and purple, respectively), while others are grey. Three known mutated 

subunits, NDUFA12, NDUFB3, and NDUFB10, are not shown. Adapted by permission from 

Elsevier: BBA Bioenergetics, Rodenburg (2016:940), copyright 2016. 

More specific to this dissertation, recent reports suggest that there is a total of 13 different human 

NDUFS4 mutations. These include missense-, nonsense-, splicing-, frameshift- and point 

mutations, as well as a multi-exon deletion. Of these, all but one are considered loss of function 

alleles (Kahlhofer et al., 2017; Lamont et al., 2017). 

 

2.4.3.2 CLINICAL PHENOTYPE 
The energetic importance of CI means that disorders thereof can either be specific or multi-

systemic (Jain et al., 2016). As may be expected, the typically affected tissues include those with 

a high-energy demand and/or the inability to adapt to the consequences of decreased energy 

capacity (Carroll et al., 2014; Koopman et al., 2005). In support hereof, the observed phenotype 

usually includes muscle weakness, cardiomyopathy, hepatopathy with renal tubulopathy, 

respiratory failure, macrocephaly with leukodystrophy, neurodegenerative- and/or neuromuscular 

disease (including Huntington’s, Alzheimer’s or Parkinson’s disease and LHON) (Alam et al., 

2015; Hoefs et al., 2012; Kahlhofer et al., 2017; Koopman et al., 2005; Valsecchi et al., 2012). CI 

deficiency has further been found to be implicated in less suspected diseases, like bipolar 

disorder, Down syndrome, schizophrenia, and even multiple sclerosis. Three of the most 

prevalent clinical presentations, however, include slowly/highly progressive encephalomyopathy 

(S/HPEM), fatal infantile lactic acidosis (FILA) and Leigh syndrome (LS) (the latter is discussed 

in Section 2.4.4) (Hoefs et al., 2012; Loeffen et al., 2000). 
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From the vast array of phenotypes, it may consequently be gathered that the clinical spectrum of 

CI deficiency is exceptionally diverse (Gorman et al., 2016). No single symptom, apart from 

hypotonia which affects 60% of patients, is present in more than 35% of CI deficiency cases. 

While this heterogeneity may once again be partially explained by the structural and functional 

complexity of the enzyme, it remains mostly unclear why different or even identical mutations in 

the same gene may lead to a completely different clinical presentation. Despite thorough 

investigation of the medical, biochemical and cellular aspects, there appears to simply be no 

definite genotype-phenotype correlation (Rodenburg, 2016; Wortmann et al., 2017). However, it 

is feasible that the environmental aspects (epigenetics) and genetic background of the individual 

could contribute to the expression and progression of the disease (Hudson et al., 2005; Johnson 

et al., 2001; Papa et al., 2010).  

 

2.4.4 LEIGH SYNDROME 
Notwithstanding the heterogeneity that accompanies the disease, more than 80% of CI-deficient 

patients will present with signs of LS or Leigh-like syndrome (LLS)5 (Hoefs et al., 2012; 

Rodenburg, 2016; Smeitink et al., 2004). 

LS, or subacute necrotising encephalopathy (OMIM 256000), is a severe neurodegenerative 

disorder. It is regarded as the most prevalent paediatric manifestation of mitochondrial- or CI 

disease, and affects 1 in 40 000 new-borns (Darin et al., 2001; Lake et al., 2015; OMIM, 2016a). 

Although infants appear relatively healthy at birth, clinical symptoms may develop as early as one 

month of age. The disease course that follows includes a progressive, irreversible, and episodic 

pattern of neurodegeneration which usually ends in death, due to central respiratory failure, before 

the age of three years (Lake et al., 2015; Lamont et al., 2017). While adult-onset LS is not unheard 

of, late presentation of the disease is very rare (Hoefs et al., 2012). LS has been associated with 

>35 gene mutations affecting the mitochondrial RC; three quarters of which are attributable to 

nuclear-encoded errors. Although this incorporates deficiencies in all of the RC complexes, in Q 

or pyruvate biosynthesis, as well as other secondary proteins, mutations have specifically been 

identified in 25 of the genes encoding CI (Lamont et al., 2017; Rodenburg, 2016). This includes 

numerous mutations in the NDUFS4 gene, a few of which, when expressed, may result in some 

of the more severe autosomal recessive forms of LS (Jain et al., 2016; Kalman, 2006). 

Whereas LS patients primarily exhibit central nervous system malfunction, deficient CI may reside 

in various other tissues and present with different degrees of severity, depending on the mutation 

and/or energy requirement (Quintana et al., 2010). Consequently, symptoms of the disorder are 

widespread and include feeding difficulties, hypotonia, dystonia, failure to thrive, developmental 

                                                
5 LLS is analogous to LS, apart from exhibiting pathological symptoms of the brain. 
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delay and -regression, psychomotor retardation, central respiratory compromise (bilateral, 

symmetrical lesions in the basal ganglia and brainstem, with gliosis and changes in the thalamus), 

seizures, lactic acidosis, respiratory problems, and ophthalmologic abnormalities (vision 

impairment or nystagmus) (Hoefs et al., 2012; Jain et al., 2016; Lake et al., 2015; Lamont et al., 

2017). Like CI deficiency, LS presents with significant genetic, clinical, and biochemical 

heterogeneity. This has not only complicated research into the underlying molecular mechanisms, 

but as with other mitochondrial disorders, set hurdles for the diagnosis and successful treatment 

of patients (Carroll et al., 2014; Lake et al., 2015; Lamont et al., 2017). 

 

2.4.5 DIAGNOSIS & TREATMENT OF MITOCHONDRIAL DYSFUNCTION 
Considering the severity and poor prognosis of mitochondrial- and specifically CI disease, early 

and effectual diagnosis is of the utmost importance (Quintana et al., 2010). As may be expected 

however, the process is greatly hindered by the disorders’ heterogeneous nature (Rodenburg, 

2016). Overall, diagnosing mitochondrial disease is very similar to establishing other conditions. 

The process generally involves family and patient history, clinical assessment (neurological and 

physical), tissue biopsies, and laboratory testing (histopathological and metabolic). Findings may 

then be confirmed by molecular genetic- or biochemical evaluation, the order of which depends 

on the nature of the suspected mutation (Almeida et al., 2012:308; Niyazov et al., 2016).  

While next-generation sequencing has become a very promising tool in pathogenic diagnosis and 

gene discovery, biochemical analysis is considered the cornerstone of diagnosis (van den Heuvel 

et al., 2004; Wortmann et al., 2017). Using this approach, the enzymatic defect may be 

established by assessing RC enzyme activity [by spectrophotometry or BN-PAGE and in-gel 

activity (IGA) analysis], structure and quantity (by immunochemical detection with dipsticks or  

BN-PAGE + western blot analysis), as well as by evaluating the OXPHOS system as a whole (by 

respirometry) (Hoefs et al., 2012; Rodenburg, 2016). Ideally, these analyses are performed in 

fresh, or otherwise frozen, patient muscle biopsies. However, due to the inconvenience of its 

collection and the fatal phenotype associated with OXPHOS disorders, muscle biopsy material is 

not always available for diagnosis; even more so when it is required for research purposes 

(Distelmaier et al., 2009; Hoefs et al., 2012; van den Heuvel et al., 2004). 

Since a simple skin biopsy provides a far less invasive method, a widely used alternative is to 

perform these analyses on fibroblasts. One advantage of using skin fibroblasts is that they are 

easily cultured to large quantities and little starting material is therefore required. Additionally, 

these cells are reported to provide a more reproducible experimental milieu and can be stored 

and re-cultured for future research purposes (e.g. when new technology or knowledge becomes 

available) (Breuer et al., 2013b; Hoefs et al., 2012; van den Heuvel et al., 2004; Voets et al., 

2012). It should however be kept in mind that different tissues are not always affected similarly 
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and, as a result, the possibility exists that the presumed disorder may not manifest in fibroblasts. 

Therefore, fibroblasts are usually analysed together with muscle biopsies for a more 

comprehensive diagnosis (Hoefs et al., 2012). 

Considering the rapid and progressive nature of most mitochondrial disorders, therapeutic 

development is critical. Regrettably, however, disease management is largely empirical and 

primarily symptomatic (Rodenburg, 2016). No cure currently exists and, although next-generation 

sequencing aids in patient identification, attempts at therapeutic development have been impeded 

by the lack of sufficiently sized homogeneous patient cohorts (Carroll et al., 2014). Although 

mostly unsatisfactory, treatment options are numerous and combination therapies have been 

developed. Of the available agents, vitamin- and cofactor treatments have become the mainstay 

of disease management (Distelmaier et al., 2009; Jain et al., 2016; Niyazov et al., 2016). Other 

options include dietary adjustments (regular caloric intake- and ketogenic diets) and exercise, the 

latter of which is considered a standard effective remedy. Since mitochondrial disease, and 

especially CI deficiency, is further frequently accompanied and exacerbated by the production of 

ROS, these molecules serve as potential therapeutic targets (Rodenburg, 2016). To this end, Q, 

many forms thereof (QH2, mitoquinone, and idebenone), as well as other antioxidants have 

become popular agents against mitochondrial disease. Several antioxidant therapeutic trials are 

currently being tested, as well as those that employ mitochondrial-targeted peptides, gene 

therapy, and the allotopic expression of wildtype (WT) mitochondrial genes (Niyazov et al., 2016; 

Rodenburg, 2016). An example includes the vitamin E analogue Trolox, as well as derivatives 

thereof (especially KH176), which has shown promising results in research trials (de Haas et al., 

2017). 

Much research has shown that different cases of mitochondrial disease require different treatment 

strategies (Almeida et al., 2012:306-308). Thus, in order to promote therapeutic development, a 

comprehensive understanding of CI, the OXPHOS system, as well as mitochondrial function 

under physiological and pathological conditions is required (Valsecchi et al., 2013).  

 

2.5 BIOCHEMICAL CONSEQUENCES OF MITOCHONDRIAL DYSFUNCTION 

2.5.1 INTRODUCTION 
Due to the versatile nature of the mitochondrion, it stands to reason that PMD will be associated 

with critical alterations in cellular function (Distelmaier et al., 2009). To further our understanding 

of mitochondrial disease, many researchers have therefore turned their attention to the cell 

biological consequences of OXPHOS deficiency (Breuer et al., 2013a).  

Apart from influencing the activity of the affected complex, PMDs may bring about a myriad of 

direct and secondary biochemical insults. Once again, these responses vary between patients 
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and tissues, but most often the biochemical phenotype includes elevated ROS, altered redox 

status (NADH/NAD+ ratio), decreased energy production (ATP/ADP ratio), changes in intracellular 

Ca2+ homeostasis, and/or the disruption of the mitochondrial membrane potential (Reinecke et 

al., 2009; Rodenburg, 2016; Smeitink et al., 2001; van der Westhuizen et al., 2003). 

 

2.5.2 REACTIVE OXYGEN SPECIES 
One of the primary initiators of the immediate and downstream effects of mitochondrial 

dysfunction is the formation of ROS (Reinecke et al., 2009). In vivo, ROS species are considered 

as the most important group of radicals6, with the mitochondrion being regarded as their main 

point of origin (Valko et al., 2007).  

Briefly stated, mitochondrial ROS production begins with the ineffective transfer of electrons 

through the RC components (CI to CIV) as well as the ineffective transfer of electron carriers (Q 

and cyt c) through the IMM, resulting in electron accumulation in the matrix. Since mitochondrial 

O2 delivery continues despite most OXPHOS defects, these electrons can subsequently leak and 

react with O2 (Jain et al., 2016; Koopman et al., 2010; Lindeque et al., 2010). In this manner, 

between 0.1% and 0.5% of mitochondrial consumed O2 may be converted to primary ROS in the 

form of the superoxide anion radical (O2-) (Koopman et al., 2010). 

Depending on the source and supply of reducing equivalents, mitochondrial ROS may be 

produced by CI (on the matrix side, at the bound flavin), CII, CIII (at the QH2 oxidation site), 

ETF:QO (of the fatty acid β-oxidation pathway), GPDH, α-ketoglutarate dehydrogenase [α-KGDH; 

of the tricarboxylic acid (TCA) cycle], isoform p66Shc of the SHC-transforming protein 1, and 

pyruvate dehydrogenase (PDH)7 (Koopman et al., 2013; Reinecke et al., 2009). Of particular 

importance to this dissertation, however, is the fact that CI is considered as the major site of 

cellular ROS formation and, contrariwise, that ROS is regarded to be the central regulator in CI 

deficiency (Distelmaier et al., 2009; Papa et al., 2010). 

Under physiological conditions, cells rely on the generation of small amounts of ROS to ensure 

their viability and natural death. This steady state of redox balance and its associated 

consequences may be referred to as oxidative stress (Cutler et al., 2005). In this case, ROS may 

play a considerable role in the signaling pathways involved in cell growth, -death and  

                                                
6 Radicals may be defined as molecules or fragments having one or more unpaired electrons in their 

molecular or atomic orbitals (Valko et al., 2007). 

7 It should be noted that, apart from the mitochondrion (mitochondrial ROS), the cell is capable of producing 

ROS from various other sources, including the peroxisomes, endoplasmic reticulum (ER), cytosol, plasma 

membrane (cellular ROS), and the extracellular space (extracellular ROS) (Koopman et al., 2013). 
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-transformation, mitochondrial biogenesis, -morphology and -removal (mitophagy), protein 

function regulation, and gene induction (e.g. the antioxidant response) (Koopman et al., 2005; 

Papa et al., 2010; Reinecke et al., 2009; Valsecchi et al., 2013). It is only when ROS production 

becomes uncontrolled, thereby exceeding the cells’ capacity to effectively remove it and regain 

homeostasis, that cells are said to enter a state of increased oxidative stress (Cutler et al., 2005).  

While ROS includes a variety of secondary species [for instance hydrogen peroxide (H2O2), the 

hydroxyl radical (OH), 1O2, HOO, L, LO, LOO, and peroxides], the most prominent members 

are O2-, H2O2 and OH (the latter of which is mainly produced by the Fenton reaction) (Koopman 

et al., 2010; Lindeque et al., 2010; Smeitink et al., 2001; Valko et al., 2007). As a whole, ROS are 

considered highly reactive and capable of readily extracting electrons from other indiscriminately 

targeted molecules. Consequently, those structures directly surrounding the site of ROS 

production are damaged or modified first (Koopman et al., 2013). This includes important 

biomolecules, especially mitochondrial components (like the RC, Fe-S clusters and mtDNA), 

proteins, lipids, trace elements, and even whole organelles. Of particular note is the genotoxic 

effect of ROS on mtDNA. Since seven of the 13 mitochondrial structural genes encode for CI, 

ROS-induced mutations may present an additional threat to the function of this complex (Lindeque 

et al., 2010; Smeitink et al., 2004). 

Altogether, the uncontrolled increase in ROS production, subsequent rise in mtDNA mutation rate, 

and the concomitant decrease in OXPHOS function result in a vicious cycle, which, through 

accumulation, may set into motion or worsen the pathology of mitochondrial- and especially CI 

deficiency (Hoefs et al., 2012; Indo et al., 2007). 

 

2.5.3 CELLULAR REDOX STATUS 
Another important parameter that affects various aspects of cellular functioning during CI 

deficiency, is the NADH/NAD+ ratio (Bilan & Belousov, 2016; Smeitink et al., 2004). In the cell, 

energy homeostasis is determined by the redox status of the NAD (nicotinamide adenine 

dinucleotide) pool, which in turn hinges on the balance between NAD’s biosynthesis and 

consumption. As stated in Section 2.2.2, NAD+ is reduced to NADH when glucose is collectively 

oxidised via the glycolytic pathway, PDH and the TCA cycle. Though the first half of this process 

takes place in the cytosol, the mitochondrial matrix ultimately houses a higher NADH 

concentration under physiological conditions. Here, NADH binds to the NDUFV1 subunit of CI to 

be re-oxidised to NAD+. While NAD+ may also be recycled via lactate dehydrogenase (LDH), as 

well as the glycerophosphate- and malate-aspartate shuttles, the RC is considered to be its main 

consumer (Bilan & Belousov, 2016; Smeitink et al., 2004). 
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In theory then, CI dysfunction will upset the total cellular NAD pool (the free and protein-bound 

forms), with its reduced activity leading to the accumulation of NADH and, consequently, to an 

augmented NADH/NAD+ redox status. Depending on the severity of the disorder, this may occur 

at the cellular, tissue, or organismal level (Barrow et al., 2016; Bilan & Belousov, 2016; Reinecke 

et al., 2009; Smeitink et al., 2004). In addition to its regulatory role in energy metabolism, the 

redox couple may partake in several other interconnected biological processes. For example, 

research exists that implicates NAD+ and NADH in the supervision of Ca2+ homeostasis; either 

directly or via the use of their metabolites. A disturbance in the NADH/NAD+ ratio may therefore 

lead to the disruption of intracellular Ca2+ signalling. The NADH/NAD+ ratio is further associated 

with two other essential redox parameters, namely the reduced/oxidised glutathione- 

(2GSH/GSSG) and reduced/oxidised nicotinamide adenine dinucleotide phosphate 

(NADPH/NADP+) ratios (Bilan & Belousov, 2016; Lindeque et al., 2010). Together, these three 

couples make up an intricate and strictly controlled redox network which defines the cell’s general 

redox status and maintains its oxidant production, antioxidant systems, and reductive 

biosynthesis. As an example, some studies have revealed a link between increased NADH/NAD+ 

and α-KGDH- or CI-stimulated O2- production (Koopman et al., 2010).  

Evidence also indicates that NAD+ and NADH may function as mediators of cell death by 

modulating the cellular energy status, the mitochondrial permeability transition, or the apoptosis-

inducing factor (Koopman et al., 2010). Finally, it is important to note that, throughout their 

production and use, NAD+ and NADH may act as rate-limiting factors in various metabolic 

reactions (Bilan & Belousov, 2016). Indeed these metabolites operate as cofactors for many 

different enzymes (Smeitink et al., 2004). As an example, increased mitochondrial NADH/NAD+ 

has been shown to inhibit α-KGDH, resulting in the accumulation of α-ketoglutarate (α-KG), which 

in turn inhibits the degradation of the transcription factor, hypoxia-inducible factor 1α. This leads 

to its build-up and to the activation of a cellular “glycolytic switch”, which directs the metabolism 

away from OXPHOS (Rossignol, 2015). It is thus clear that a significant disturbance in the 

NADH/NAD+ couple can have detrimental effects on the cell, with potential consequences on a 

genomic, proteomic, and/or metabolic scale (Bilan & Belousov, 2016). 

 

2.5.4 CELLULAR ENERGY STATUS 
Since CI deficiency is usually accompanied by decreased CI activity and a possible increase in 

the NADH/NAD+ ratio, the disorder may present with impaired mitochondrial ATP generation and, 

as a result, a disturbed ATP/ADP homeostasis (Reinecke et al., 2009; Rodenburg, 2016). As 

previously stated, ATP is considered the primary source of cellular chemical energy and is 

produced according to the demand imposed by the cell’s diverse collection of ATP-consuming 

reactions (Maldonado & Lemasters, 2014; Parker, 2001:115). Following its synthesis by the 
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OXPHOS system (as described in Section 2.2.2), a portion of the product may be used by the 

mitochondrion itself. The majority of ATP will however be transported from the mitochondrial 

matrix to the cytosol in exchange for ADP in a 1:1 molar ratio; a process driven by the 

mitochondrial membrane potential and enabled by the adenine nucleotide transporter located in 

the IMM (Maldonado & Lemasters, 2014; Rodenburg, 2011; Smeitink et al., 2001).  

It should be noted that ATP is not used to store energy, but rather to transiently capture and 

transfer it by means of its hydrolysis to ADP and Pi. Within the cell, ATP’s importance may be 

illustrated by its two main functions: Firstly, ATP may act as an allosteric effector by kinetically 

controlling the regulatory enzymes located at essential points within the metabolism, e.g. 

hexokinase, phosphofructokinase, and pyruvate kinase in glycolysis (Garrett & Grisham, 

2013c:923). Secondly, by coupling the free energy released upon its hydrolysis to reactions, ATP 

can enable thermodynamically unfavourable metabolic sequences, thereby playing a 

stoichiometric role. The latter is exemplified in various cellular processes. 

For instance, ATP can maintain ion gradients and partake in cellular biogenesis by assisting in 

targeting various charged and sterically cumbersome compounds to their correct locales 

(subcellular or extracellular) via the process of primary active transport (Alder & Theg, 2003). 

ATP’s hydrolysis may further be used to ensure the dynamic turnover of actin filaments and to 

enable the folding and mitochondrial import of hydrophobic precursor proteins by ATP-dependent 

chaperones (e.g. Hsc70, Hsp70 and Hsp90) (Alder & Theg, 2003; Ghiasi et al., 2012; Gourlay & 

Ayscough, 2005). Another illustration of ATP’s value, is its role in anabolism, where it provides 

the energy (or substrates) required to produce nucleotides, lipids, carbohydrates, and aminoacyl-

tRNAs (required for protein synthesis) (Garrett & Grisham, 2013b:892-893; Parker, 2001:116; 

Woese et al., 2000). Finally, it is also important to note ATP’s involvement in cell signalling via its 

reaction with protein kinases (Day et al., 2016). It is therefore understandable that the improper 

functioning of the ATP/ADP system will contribute to the disease phenotype of CI deficiency. 

 

2.5.5 Ca2+ HOMEOSTASIS & MITOCHONDRIAL MEMBRANE POTENTIAL 
Two additional parameters that are related to impaired ATP production and have been shown to 

be affected by CI malfunction are Ca2+ homeostasis and the mitochondrial membrane potential 

(Δψ) (Distelmaier et al., 2009; Rossignol, 2015). 

In cells, Ca2+ is regarded as the most common signalling molecule. It regulates numerous cellular 

activities like proliferation, secretion, and muscle contraction, but is also crucially involved in ATP 

homeostasis. When the work load and thus the energetic need of the cell increases (e.g. upon 

hormonal-, nutrient- or electrical stimulation), Ca2+ can operate as a secondary messenger to 

enhance ATP synthesis (Koopman et al., 2010; Willems et al., 2009). This is initiated by the 
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production and binding of inositol 1,4,5-triphosphate (IP3) to its endoplasmic reticulum (ER) 

membrane receptor, IP3R, and leads to Ca2+’s release from the ER (the primary Ca2+-storage 

organelle) to the cytosol. Ca2+ is then swiftly taken up by the mitochondrion and transferred to the 

mitochondrial matrix where it activates dehydrogenases and stimulates ATP synthesis by the 

OXPHOS system. Following this, ATP may be transported to the cytosol to fuel ATP-requiring 

reactions. When the ATP imbalance has been remedied, Ca2+ will be returned to its  

pre-stimulatory levels by ATP’s reaction with the ER membrane’s Ca2+-sequestering adenosine 

triphosphatase (Tarasov et al., 2012; Willems et al., 2009). 

As described in Section 2.2.2, this ATP production requires an inside-negative potential difference 

which is established and maintained by the RC. This potential difference is referred to as the Δψ 

and makes up the majority of the pmf, with its second component, ΔpH, contributing a mere ~15% 

(Koopman et al., 2010). Besides its rate-determining role in energy production, the Δψ further 

governs mitochondrial Ca2+ influx, ATP/ADP exchange, the assembly of mitochondrial transport 

systems, the import of nuclear-encoded proteins, and Na+ and K+ transfer across the IMM. The 

Δψ therefore serves as a measure of mitochondrial function, metabolism, and health (Alder & 

Theg, 2003; Koopman et al., 2010). 

Still, conflicting evidence exists regarding CI activity as a contributing factor of the Δψ. For 

example, in a paediatric study of 15 patients with isolated CI deficiency, Distelmaier et al. (2009) 

assert that nine patients (including three patients with NDUFS4 mutations) displayed significantly 

depolarised Δψ in comparison to healthy controls. By contrast, Koopman et al. (2010) state that 

the Δψ is not drastically affected by rotenone-induced CI dysfunction. Both groups however agree 

that even small changes in the Δψ may significantly decrease ATP production. They further 

explain that elevated ROS may hamper the Δψ due to its damaging effect on protein and 

membrane integrity (Distelmaier et al., 2009; Koopman et al., 2010). 

While impaired OXPHOS may affect the Δψ, the cell can maintain this parameter as long as it is 

able to provide ATP via alternative metabolic pathways (e.g. glycolysis) (Maldonado & Lemasters, 

2014). 

 

2.6 ADAPTIVE RESPONSES TO MITOCHONDRIAL DYSFUNCTION 

2.6.1 INTRODUCTION 
Although the biochemical consequences of OXPHOS deficiency can be a direct detriment to 

cellular function, it is important to note that the affected metabolites (i.e. ROS, NADH/NAD+, 

ATP/ADP and Ca2+) are considered key components of the cell’s adaptive response programme 

(Cagin & Enriquez, 2015; Jones et al., 2012). In effect, these molecules are continuously 

monitoring the cell’s metabolic status and mitochondrial performance, and relaying any changes 
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to the nucleus via a wealth of signal transduction pathways8. This mitochondrion-to-nucleus 

communication is referred to as retrograde signalling and results in the transcription of nuclear 

genes that can reprogram cellular metabolism or defend the cell against stress (Quiros et al., 

2016). 

Conversely, the nucleus may control the mitochondrion in a process called anterograde signalling 

(nucleus-to-mitochondrion communication) by varying the expression of the nuclear-encoded 

mitochondrial proteome (to alter mitochondrial activity) or by regulating the number and volume 

of mitochondria (i.e. influencing mitochondrial biogenesis) (Quiros et al., 2016). Therefore, the 

adaptive response programme employs both genomes in an attempt to re-establish cellular 

homeostasis and promote cell survival, the failure of which results in cell death (Reinecke et al., 

2009). 

Collectively, retrograde- and anterograde signalling are known as mito-nuclear communication. 

They may share various signalling pathways and generally function in a hormetic and bidirectional 

manner (Quiros et al., 2016). The process is therefore extremely complex, includes innumerous 

cell functions, and the mechanisms involved are, as of yet, poorly understood (Rub et al., 2017). 

Since the entire adaptive response programme falls outside the scope of this dissertation, only 

the most applicable areas will be discussed, including mitochondrial biogenesis, metabolism 

regulation, cell death, the antioxidant response, and, in particular, the induction of metallothionein.  

 

2.6.2 MITOCHONDRIAL BIOGENESIS 
To meet the varying energy demands imposed by its continual molecular turnover, the cell must 

maintain an adequate population of functional mitochondria (Jones et al., 2012). This is especially 

true in the face of OXPHOS dysfunction, where cells are subjected to both energy deficiency and 

mitochondrial damage (e.g. misfolded or impaired mitochondrial proteins and mtDNA damage). 

While procedures exist to clear away mitochondrial debris (e.g. protein degradation by 

mitochondrial proteases and mtDNA segregation via fission), an equally active system is required 

to replenish the mitochondrial network and return the cell to homeostasis (Jones et al., 2012). 

This system is referred to as mitochondrial biogenesis and entails the increased production of all 

the mitochondrial components, including the double phospholipid membrane, mitochondrial 

proteome, and mtDNA (Andreu et al., 2009; Cagin & Enriquez, 2015; Jones et al., 2012). As is 

evidenced in a review by Reinecke et al. (2009), the expression of genes involved in mitochondrial 

biogenesis is clearly influenced in various in vivo and in vitro models of OXPHOS disorders. These 

                                                
8 Although, these aspects are continuously being monitored under physiological conditions, the process is 

upregulated during pathogenesis, e.g. during CI deficiency. 
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reports display both increased and decreased mtDNA copy number9 and/or mitochondrial 

proteome transcription, and differ with respect to the type of tissue and OXPHOS defect 

(Reinecke et al., 2009; van der Westhuizen et al., 2003). 

Since the mitochondrion depends on two genomes (Section 2.2.3), the regulation of mitochondrial 

biogenesis requires their coordination and is therefore diverse, extremely complex, and tightly 

controlled (Cagin & Enriquez, 2015; Jones et al., 2012; Reinecke et al., 2009). In short, stimuli 

like energy deprivation or cellular stress can lead to the activation of co-activators via various 

signal transduction pathways. By acting as part of multiprotein complexes, these co-activators 

can then directly or indirectly promote or suppress the activity of a wealth of nuclear receptors 

(NRs) and transcription factors (TFs). NRs and TFs may then further influence the transcription 

potency of genes involved in mitochondrial biogenesis through their combined action or 

interaction on the DNA (Jones et al., 2012). 

The master regulator of mitochondrial biogenesis is the peroxisome proliferator-activated receptor 

γ co-activator 1 (PGC-1) family of co-activators, which includes PGC-1α among others. During 

energy deprivation, the decreased ratio of ATP/adenosine monophosphate (AMP) may lead to 

the activation of AMP activated protein kinase (AMPK), which in turn will stimulate PGC-1α and 

promote mitochondrial biogenesis (Jones et al., 2012). AMPK has also been shown to promote 

sirtuin activity by increasing NAD+ levels. NAD+ then activates sirtuins 1 and 3 which may 

respectively stimulate PGC-1α (via deacetylation) or AMPK to promote mitochondrial proliferation. 

Additionally, augmented cytosolic Ca2+ (the result of decreased ATP or the loss of Δψ) will activate 

both calcineurin and calcium/calmodulin-dependent protein kinase IV which may increase  

PGC-1α levels, mitochondrial mass, and mtDNA (Brenmoehl & Hoeflich, 2013). 

Finally, the close proximity of the mitochondrial components to ROS (as mentioned in Section 

2.5.2), as well as mtDNA’s lack of histones and less efficient DNA repair mechanisms, increase 

the mitochondrion’s sensitivity to ROS-mediated damage and may enhance mitochondrial 

proliferation (Butow & Avadhani, 2004; Hock & Kralli, 2009). A study by Lee et al. (2000) 

substantiated this claim by demonstrating that H2O2-treatment increased both mitochondrial mass 

and mtDNA in a cell cycle- and concentration-dependent manner. 

 

2.6.3 REGULATION OF METABOLISM 
To adapt to the sub-optimum energy-output associated with mitochondrial deficiency, a cell or 

organism may alter its energy-yielding metabolic pathways (Cagin & Enriquez, 2015). With the 

                                                
9 The mtDNA copy number may be defined as the number of mtDNA molecules present per cell, as 

expressed by the mtDNA/nDNA ratio. 
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advent of sequencing and systems biology tools, researchers have turned their attention to 

transcriptomics and metabolomics investigations in an attempt to better understand these 

metabolic adaptations. Accordingly, many studies have described the induction of the OXPHOS 

components, accompanied by the varied expression of the many metabolic pathways preceding, 

or interfacing with, the OXPHOS system (Reinecke et al., 2009; Reznik et al., 2015; van der Lee 

et al., 2015). In an extensive review on the metabolomics changes associated with mitochondrial 

disease, Esterhuizen et al. (2017) report alterations in the glycolytic pathway, TCA cycle, urea 

cycle, fatty acid-, nucleotide-, one carbon-, and amino acid (including branched chain amino 

acids) metabolism of various models. It may therefore be gathered that, despite some consistent 

changes, the metabolome is typically not influenced in a localised manner, due mainly to the 

complex nature and wide-ranging implications of mitochondrial dysfunction (Esterhuizen et al., 

2017). However, many other aspects can complicate studies of this nature, including the variation 

observed with regards to the genetic background, cell-, tissue- or mutation type, and experimental 

design (Reinecke et al., 2009). 

One of the more consistent changes accompanying decreased OXPHOS function is the 

proportionate increase in glycolytic flux to lactate (Cagin & Enriquez, 2015; Esterhuizen et al., 

2017; Rossignol et al., 2003). Under normal physiological conditions, the cell drives a high 

cytosolic ATP/ADP ratio, with the relative amounts of each component remaining constant. In this 

case, aerobic oxidative metabolism is favoured while glycolysis is less active. Conversely, when 

mitochondrial ATP production is compromised, the cytosolic ATP/ADP ratio is diminished. Cells 

may then upregulate glycolysis as an alternative energy-producing pathway, converting its 

product, pyruvate, to lactate, during which NAD+ is also replenished (Ghiasi et al., 2012; 

Maldonado & Lemasters, 2014). This shift is normally observed for cancer cells where it is referred 

to as the Crabtree- (temporary) or Warburg (more permanent) effect (Crabtree, 1929; Rossignol 

et al., 2003; Warburg et al., 1927). The same change is seen in patient cells with mitochondrial 

deficiencies. For example, fibroblasts with deficient OXPHOS can proliferate at a rate equal to 

that of control cells when cultured in glucose, while their growth is greatly restricted by galactose 

medium (which forces the use of mitochondrial OXPHOS for ATP production) (Hofhaus et al., 

1996). A limitation of the use of glycolysis, however, is its lower ATP yield in comparison to 

OXPHOS (i.e. glycolysis yields 2 mol ATP, whereas OXPHOS produces 36 to 38 mol ATP) 

(Maldonado & Lemasters, 2014; Tarasov et al., 2012).  

 

2.6.4 CELL DEATH 

2.6.4.1 BIOCHEMICAL THRESHOLD 
An important concept to take note of before examining the mechanisms of cell death, is the 

existence of the biochemical threshold (Rossignol et al., 2003). The biochemical threshold is 
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defined as the maximum extent to which a given OXPHOS complex needs to be inhibited in order 

to collapse the overall respiratory flux and result in cell damage (Obre & Rossignol, 2015). While 

CI to CV are often viewed as individual entities, mitochondrial OXPHOS is in essence a system. 

Furthermore, as seen in the previous sections, mitochondrial function is intricately connected to 

the nucleus and other metabolic pathways. As a result, mitochondrial respiration is controlled by 

the collective action of all these components (Rossignol et al., 2003).  

Therefore, a significant genetic defect of CI (kinetic or not) does not always assure the 

biochemical expression of, and detrimental effects associated with, mitochondrial dysfunction. On 

the contrary, cell fate is ultimately determined by the extent to which protective mechanisms can 

ameliorate cell injury and redirect the cell back to homeostasis. The efficiency of the adaptive 

responses employed therefore determines the biochemical threshold, which allows the cell 

greater stability against nDNA and mtDNA mutations (Rossignol et al., 2003). For each complex 

the biochemical threshold value is usually high (~70%) but, as before, it exhibits considerable 

variability regarding mutation and tissue type, as well as experimental conditions (Obre & 

Rossignol, 2015). 

 

2.6.4.2 MECHANISMS OF CELL DEATH 
When the cell’s injury surpasses its ability to restore balance, the biochemical threshold is 

exceeded and cell death may ensue (Galluzzi et al., 2012). This can proceed via one of two 

pathways, termed apoptosis or necrosis, although some papers suggest autophagy as a possible 

third (Baehrecke, 2003; Edinger & Thompson, 2004).  

Apoptosis can be described as an energy-dependent form of cell suicide involving the elimination 

of single or small groups of cells in a morphologically distinct and programmed manner. It is 

considered the principle mechanism of cell death and occurs physiologically during development 

and ageing to ensure normal cellular turnover and to defend against cell damage (Elmore, 2007; 

Kerr et al., 1972). During the process, cells are neatly carved up by the action of caspases, packed 

into apoptotic bodies, and released to the extracellular environment without invoking an 

inflammatory response (Edinger & Thompson, 2004). The intrinsic apoptotic pathway is governed 

by the mitochondrion and can be stimulated by altered ROS status, increased Ca2+ levels, 

collapsed Δψ, as well as the action of stress kinases and/or the pro-apoptotic Bcl-2 family 

(Barrientos & Moraes, 1999; Reinecke et al., 2009; Smeitink et al., 2004). These stimuli further 

support the involvement of apoptosis in CI deficiency. For example, a study by Danielson et al. 

(2005) showed that the combined effects of increased ROS and osmotic stress, exhibited by the 

cells of LHON patients, resulted in the reduced expression of pro-survival and proliferation factors, 

while pro-apoptotic genes were upregulated. 
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By contrast, necrosis is classified as an uncontrolled and energy-independent mode of cell death, 

affecting large clusters of cells (Elmore, 2007; Galluzzi et al., 2012). It is almost always regarded 

as detrimental, though some authors have suggested programmed methods that might serve a 

physiological purpose. Stimuli are much more severe and include direct damage to the cell’s 

membranes (e.g. via toxic insult) as well as bioenergetics catastrophe resulting from acutely 

decreased ATP (Chan et al., 2003; Holler et al., 2000). Additionally, the process may stem from 

ongoing apoptosis when caspase availability decreases and/or ATP is depleted. Ultimately, 

necrosis involves the loss of Δψ, followed by the sudden swelling and rupture of cell organelles, 

as well as plasma membrane breakdown. This leads to the uncontrolled release of cellular 

constituents to the extracellular environment and initiates inflammation (Edinger & Thompson, 

2004; Jones et al., 2012). Research by Quintana et al. (2010) of a neuronal Ndufs4 KO mouse 

model showed that apoptosis (brought on by increased oxidative stress) was redirected to 

necrosis due to insufficient ATP, and thus supports the role of necrosis in CI deficiency.  

Another relevant process is autophagy. Its function has been the topic of much debate with 

research describing it as a survival mechanism (by providing energy), death promoter (by 

mediating apoptosis) or distinct form of cell suicide (by digesting the cell to death). During 

autophagy, cell constituents, cytoplasm and/or organelles are enveloped by double-membrane 

vesicles and catabolised by lysosomes (Edinger & Thompson, 2004; Galluzzi et al., 2012; 

Yonekawa & Thorburn, 2013). In this manner, autophagy may play a degradative or recycling role 

by enabling the turnover of long-lived proteins and/or damaged organelles (e.g. defective 

mitochondria possibly containing mutated mtDNA; termed mitophagy). Similarly, it may offer a 

means of ATP production during times of energy deficiency (Clay Montier et al., 2009; Edinger & 

Thompson, 2004). Aptly, the process is stimulated by conditions of nutrient deprivation and 

bioenergetics stress and, as such, has been observed during CI deficiency (Galluzzi et al., 2012). 

In support hereof, Carilla-Latorre et al. (2013) reported that mutations in the NDUFAF5 and 

NDUFAF7 genes of CI led to increased autophagy in the amoeba, Dictyostelium discoideum. 

 

2.6.5 ANTIOXIDANT RESPONSE 
Due to its widespread involvement in cellular function (Section 2.5.2), as well as its contribution 

to cell damage and -death (Sections 2.5.2 and 2.6.4), ROS is considered key in determining the 

cell’s survival. It is therefore vitally important that its quantity be strictly regulated (Koopman et al., 

2013). However, as mentioned, this control is often lost during CI deficiency.  

To clear the excessive ROS and restore oxidative homeostasis, the cell may respond to CI 

dysfunction by upregulating the gene expression of a wide array of endogenous antioxidant 

systems (Reinecke et al., 2009; Weydert & Cullen, 2010). These systems may be initiated via the 

influence of Ca2+, the NADH/NAD+ redox status, or ROS itself on retrograde signalling, and 
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include both enzymatic and non-enzymatic (GSH, vitamin C and E, carotenoids, flavonoids, QH2 

and metallothioneins) components (Kelso et al., 2001; Koopman et al., 2010). Three of the main 

antioxidant enzymes that are increased in response to enhanced ROS, are superoxide dismutase 

(SOD), catalase (CAT), and glutathione peroxidase (GPx) (Weydert & Cullen, 2010). In the 

mitochondrial matrix, Mn-containing SOD (MnSOD) functions as a first line of defense by 

dismutating the O2- to the less reactive H2O2. Cu and Zn-containing SODs (Cu/ZnSODs) perform 

the same reaction in the cytosol and, to a lesser extent, in the lysosomes, peroxisomes, nucleus 

and mitochondrial IMS. The resultant H2O2 may then further be reduced to H2O and O2 by CAT, 

an enzyme situated primarily in the cytosol and peroxisomes, with small fractions occurring in the 

mitochondrion. However, a more effective and frequently employed method, that eliminates O2 

as a substrate for further O2- formation, is the reduction of H2O2 to only H2O by nuclear or 

mitochondrial GPx in conjunction with GSH (Weydert & Cullen, 2010). The involvement of GPx 

and GSH in CI deficiency is made clear by a study by Voets et al. (2012) which showed that the 

fibroblasts of CI-deficient patients with nDNA mutations responded to increased oxidative stress 

by upregulating genes of the GSH antioxidant system. 

GSH is considered the most important and best characterised antioxidant metabolite and, 

although it acts with GPx, it may also independently reduce ROS (Forman et al., 2009). Following 

its synthesis in the cytosol, it can be distributed to the nucleus or mitochondrion (Koopman et al., 

2010; Kulinsky & Kolesnichenko, 2007). However, despite its high cellular concentration, GSH 

may become limited during OXPHOS deficiency when it is oxidised to GSSG (Lindeque et al., 

2010). While the cell normally counters this by recycling GSSG to GSH via the combined action 

of glutathione reductase (GR), glucose-6-phosphate dehydrogenase, and the cofactors NADPH 

and glucose-6-phosphate (G-6-P), the method might not always be sufficient to restore 

homeostasis during increased oxidative stress (Weydert & Cullen, 2010). 

 

2.6.6 METALLOTHIONEINS 

2.6.6.1 GENERAL PROPERTIES 
Among the genes that are upregulated during CI- and other mitochondrial disorders are those 

encoding for a family of small (6 to 7 kDa), metal-binding proteins, termed metallothioneins (MTs) 

(Mehus et al., 2014). These proteins are highly conserved, non-enzymatic, and found in all 

eukaryotes, many prokaryotes and plants (Freisinger, 2008). At the level of their primary structure, 

mammalian MTs are typically 61 to 68 amino acids in length and characterised by a lack of 

histidine and aromatic amino acids, as well as a distinctly high cysteine (Cys) content10 (Banerjee 

                                                
10 MTs contain 20 invariant Cys residues occurring in Cys-X-Cys, Cys-X-X-Cys and Cys-Cys sequences, 

with X denoting any non-Cys amino acid (Kagi & Schaffer, 1988). 
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et al., 1982; Hunziker & Kagi, 1985; Kagi & Schaffer, 1988; Mehus et al., 2014). These Cys 

residues, in turn, are arranged into two globular domains separated by a Cys-free spacer region 

to yield a protein with a dumbbell-like tertiary structure (Figure 2.3) (Babula et al., 2012). 

 

Figure 2.3: Three-dimensional representation of the tertiary structure of rat MTII. Dumbbell-

like structure of MT with its α and β domains. Adapted from Babula et al. (2012:740) with 

permission of The Royal Society of Chemistry. 

It is the high sulphur content and external orientation of these Cys residues that allow the domains 

to bind metal ions (thereby forming metal-thiolate clusters) and scavenge oxygen radicals (Babula 

et al., 2012; Rigby & Stillman, 2004). Accordingly, the protein can occur in the unbound state 

(apoform) as “thionein”, metal-bound state (holoform) as “metallothionein”, or oxidised state as 

“thionin” (Krezel & Maret, 2007). Research has shown MTs to be capable of binding Group 11 

and 12 metals with stoichiometries of 7, 12, or 18 (Wong et al., 2017:243). It is further believed 

that the specific metal ion defines certain aspects of the protein’s tertiary structure, endowing it 

with a higher stability. As a result, the protein usually occurs with a complete or incomplete 

complement of metal ions, leaving the cell with only small amounts of thioneins under 

physiological conditions (Ma, 2005; Penkowa et al., 2006). 

Since their discovery in 1957 by Margoshes and Vallee (1957), four MT isoforms (encoded by MtI 

to MtIV, located on a 60 kb region on chr 8) have been described in mice, with humans housing 

14 (11 MTI isoforms and one MTIIA, MTIII, and MTIV isoform genes on chr 16q13) (Babula et al., 

2012; Penkowa et al., 2006). Of these, MTI and MTII are ubiquitously expressed in all vital organs 

(especially the brain, intestines, pancreas, kidneys and liver), while MTIII and MTIV are 

respectively confined to the neurons and squamous epithelial cells (Wong et al., 2017:244). 

Though slight differences have been reported, the isoforms are generally homologous and 

functionally similar (Haq et al., 2003; Quaife et al., 1994). MTI, which is the focus of this 

dissertation, has been found in the cytoplasm, nucleus, mitochondrion, lysosome and 

extracellular environment (Babula et al., 2012; Penkowa et al., 2006). As MTs lack organelle 

targeting sequences, it has been proposed that they enter the nucleus by means of free diffusion 

through the nuclear pore complex or via the action of cytosolic factors and guanosine 



29 

triphosphatases (GTPases), while their retention is ATP-dependent (Breeuwer & Goldfarb, 1990; 

Nagano et al., 2000; Woo et al., 2000). Furthermore, although MTs are not officially part of the 

mitochondrial proteome, studies have revealed their presence in the mitochondrial IMS. As 

before, the import mechanism is not certain, but is thought to occur via passive diffusion through 

the OMM (which has a 10 kDa exclusion limit), or according to the mechanism employed by the 

structurally similar cytochrome c oxidase copper chaperone (COX17) (Ye et al., 2001). 

 

2.6.6.2 INDUCTION & BIOLOGICAL FUNCTION 
Studies have shown that MT expression can be induced by several stimuli, ranging from physical 

(cold and irradiation) or chemical stress (toxins, drugs, radical generating agents, and metals) to 

endogenous factors (endogenous ROS, metals, and hormonal- and immune responses) (Babula 

et al., 2012; Penkowa et al., 2006). Of these, however, the most studied and pertinent to this 

dissertation are metals and ROS.  

Consequently, MTI’s dose dependent induction may be regulated via the TF-trans-activation of 

six cis-acting metal response elements (MREs; a to f) and one antioxidant response element 

(ARE), located in the genes’ proximal promoter. This results in a negative-feedback response, in 

which MTs bind the stressor (metals or ROS) with the intent of decreasing its concentration to 

pre-stimulatory levels (Haq et al., 2003; Penkowa et al., 2006). Accordingly, the majority of 

research (ranging from environmental to medical) describes MTs as having a primarily protective 

effect on cells in times of disease or stress (Babula et al., 2012; Hauser-Davis et al., 2014). This 

same protective effect has been shown to occur during mitochondrial- and CI dysfunction (Voets 

et al., 2012). For example, van der Westhuizen et al. (2003) observed an increased expression 

of various MT isoforms in the fibroblasts of patients with nDNA CI mutations when directing their 

metabolism towards mitochondrial ATP production via galactose culture conditions.  

Despite decades of research, MT’s main biological function is still unclear. Based on the wide 

range of stimuli affecting its production, most researchers instead agree that MT functions as a 

multipurpose protein, affecting a myriad of cellular processes in its wake (Andrews, 2000). 

According to Vasak (2005), this characteristic property is ascribable to the metal-thiolate clusters 

of the protein. To simplify this multifunctionality, the biological roles of MTs may be divided into 

three major categories, namely (i) detoxification of heavy metals (e.g. Hg, Cd and Ag), (ii) metal 

(Zn and Cu) homeostasis, and (iii) protection against oxidative damage via free radical 

scavenging (Lindeque et al., 2010). The latter two functions are particularly applicable in 

mitochondrial disorders. A summary of the cellular functions of MTs which are described in the 

following Sections (2.6.6.2.a and 2.6.6.2.b), as well as the processes discussed in Sections 2.5 

and 2.6, are illustrated in Figure 2.4. 
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2.6.6.2.a THE ROLE OF METALLOTHIONEIN IN METAL HOMEOSTASIS 
Research has shown that MTs can act as metal chaperones by primarily binding the biologically 

essential metal ions Zn2+, followed by Cu+, with a high thermodynamic stability under physiological 

conditions11 (Babula et al., 2012; Haq et al., 2003). Additionally, studies have described MTs’ role 

in Zn2+ and Cu+ removal, trafficking (intra- and intercellular), release, and storage (although to a 

lesser extent). Consequently, this keen association has designated MTs as major players in the 

regulation of metal homeostasis (Babula et al., 2012; Penkowa et al., 2006; Wong et al., 

2017:247). 

MTs’ participation in mitochondrial energy metabolism is of particular interest (Molto et al., 2007). 

Over 300 cellular enzymes depend on metal ion cofactors like Zn2+ and Cu+ for their structure and 

function (Coyle et al., 2002; Das et al., 2006; Rubio-Osornio et al., 2017). In spite of MT’s strong 

hold on metal ions, their sulphhydryl groups are highly reactive, thereby enabling the donation of 

Zn2+ or Cu+ to proteins. Since MTs can translocate to the mitochondrial IMS, a direct interaction 

between these proteins and members of the OXPHOS system (CI, CIII to CV and cyt c) seems 

possible (Lindeque et al., 2010). By contrast, MTs have also been shown to donate Zn2+ to the 

mitochondrial matrix despite not being able to cross the IMM, suggesting their possible interaction 

with GSH (discussed in Section 2.6.6.2.b) or transporters (Costello et al., 2004; Feng et al., 2005; 

Maret, 1994). 

While MTs may mediate the activation of mitochondrial proteins, it should be noted that they are 

also capable of regulating them via inhibition (Rubio-Osornio et al., 2017). As MTs are unable to 

remove metal ions from the catalytic sites of enzymes, the process likely proceeds via their 

donation of metals to specific inhibitory sites (Jacob et al., 1998; Maret et al., 1999). In this 

manner, it has been shown that MTs can partake in the inhibition of all four the RC complexes, 

two of the TCA cycle enzymes [mitochondrial aconitase (m-aconitase) and α-KGDH], and 

mitochondrial respiration as a whole (Brown et al., 2000; Feng et al., 2005; Ye et al., 2001). The 

fact that mitochondrial respiration can subsequently be restored with thionein suggests the 

potential cooperation of MT and thioneins to modulate mitochondrial energy production (Ye et al., 

2001). Furthermore, as stated previously, MT is found in the nucleus. One possible reason might 

be to enable its collaboration with metal-dependent TFs and Zn-finger proteins. By supplying or 

removing metal ions to or from these proteins, MTs can therefore partake in the transcriptional 

activation or -inhibition of nuclear-, and perhaps also mitochondrial-, encoded genes. The 

functional changes observed on the metabolic level may therefore be influenced or determined 

by MTs’ regulatory role in gene transcription (Babula et al., 2012; Hathout et al., 2001). 

                                                
11 If present, the protein may exhibit an even greater affinity towards toxic heavy metal ions, like Cd2+ and 

Hg2+ (in vivo) (Babula et al., 2012; Penkowa et al., 2006). 
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2.6.6.2.b THE ROLE OF METALLOTHIONEIN IN PROTECTION AGAINST OXIDATIVE 
DAMAGE 

Another main function of MT is to protect against ROS and associated oxidative damage (Babula 

et al., 2012). Over the years, various cell-free and in vitro experiments have substantiated this 

claim by demonstrating that MTs can act as scavengers to O2-, OH, H2O2, and nitric oxide (Choi, 

2003; Hussain et al., 1996; Kang, 1999; Quesada et al., 1996). Additionally, evidence supporting 

MT’s antioxidant role in vivo exists (Penkowa et al., 2006). 

Recall that the mitochondrion is regarded as the main producer of ROS (Section 2.5.2). Since 

highly reactive ROS have poor diffusion properties, MTs would have to be close to their site of 

production to successfully protect mitochondrial structures (Koopman et al., 2013). Though MTs 

do not have access to the mitochondrial matrix, they might offer remote protection by their 

interaction with antioxidants (e.g. GSH, as explained later) (Pretorius, 2011). Moreover, Merten 

et al. (2005) propose that MTs might prevent additional ROS formation by modulating the RC 

components. Apart from the mitochondrion, MTs can also protect other parts of the cell such as 

the nucleus and nDNA (Min et al., 2005). One suggestion is that MTs’ localisation (i.e. IMS, 

cytoplasmic, and nuclear MTs) essentially forms “barriers” which slow or eliminate the effects of 

both internal and external migrating ROS (Lindeque et al., 2010; Min et al., 2005). Owing to the 

inaccessibility of MT’s inwardly directed thiol groups, thioneins are more readily oxidised than 

their metal-bound counterparts (Haase & Maret, 2008). However, interestingly, thioneins are not 

targeted for destruction or inactivated like other proteins upon oxidation. Instead, they are easily 

restored to their original form and function by reducing agents (like metals or GSH) (Lindeque et 

al., 2010). While thionein’s quaternary structure may be influenced by oxidation or metal-binding 

in vitro, thereby producing higher-order thionin- or MT aggregates with intermolecular disulfide 

bonds, no evidence exists for this polymerisation occurring in vivo (Babula et al., 2012; Haase & 

Maret, 2008). Should this be possible, however, Haase and Maret (2008) have suggested various 

positive roles for MT-polymerisation12. Therefore, except for possibly increasing the cellular metal 

level (which could lead to enzyme inhibition), no known adverse side effects have been reported 

for the in vivo oxidation of MTs (Lindeque et al., 2010). 

As previously stated (in Section 2.6.5), the effectiveness of GSH becomes limited during 

increased oxidative stress. In such a case, MTs may take over as the primary cellular antioxidants, 

scavenging ROS ~300 times better than GSH (Cai et al., 2006; Ding et al., 2002; Wu & Kang, 

1998). In this manner, MTs may rescue the cell by preserving GSH levels and thus effectively 

saving GSH to function where they cannot (e.g. in the matrix). The oxidation of some GSH to 

GSSG is, however, unavoidable (Weydert & Cullen, 2010). As MT has been shown to bind to 

                                                
12 Putative MT-polymerisation could possibly aid in the protein’s function, help with its organellar retention, 

store it to avoid de novo synthesis and protect it against degradation.  
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GSH, it stands to reason that it might also bind GSSG and possibly aid GR in replenishing GSH 

via an MT-GSH cycle (Brouwer et al., 1993; Rofe et al., 1996). MTs’ role in ROS scavenging has 

further led researchers to investigate its involvement in apoptosis. Consequently, it has been 

reported that MTs exhibit a protective effect against this form of cell death. For example, in a 

rotenone-generated model of CI deficiency, MTIIA overexpression has been found to promote the 

maintenance of Δψ, as well as nucleosome enrichment and lower caspase 3/7 activation 

(Reinecke et al., 2006). Interestingly, it has also been reported that MTs can act against the 

extrinsic pathway of apoptosis, which is not stimulated by ROS, via their metal-donating ability 

(Aiuchi et al., 1998; Shimoda et al., 2003). Since MTs actively partake in mitochondrial function 

and are capable of protecting the cell against the consequences of its dysfunction, they offer an 

interesting therapeutic option against the effects of CI deficiency. Indeed, the potential therapeutic 

use of MTs in CI deficiency has been a particular interest of this institution since 2003 (van der 

Westhuizen et al., 2003). 

 

2.7 EXPERIMENTAL MODELS TO INVESTIGATE CI DEFICIENCY & MT INDUCTION  
One of the main factors determining the success of a study, is the reliability of the experimental 

model used. With respect to CI deficiency and MTs, both chemical and genetic models exist 

(Koene et al., 2011; Lindeque et al., 2010). 

Over the years, CI deficiency has been studied using various inhibitors of the enzyme, with 

rotenone, piericidin A, and acetogenins being the most popular (Fato et al., 2009; Murai et al., 

2015). Similarly, numerous chemicals, ranging from endotoxins and metals to plant-derivatives 

and medicines, have been used to induce the expression of MTs (Agarwal et al., 2010; Iszard et 

al., 1995; Miyahara et al., 1991; Yousuf et al., 2009). However, these types of models have many 

drawbacks. An example of this is that CI inhibitors are non-specific and influence many additional 

metabolic pathways that are usually unaffected in patients (e.g. cell proliferation and proteasome 

formation inhibition) (Irwin et al., 2013; Koene et al., 2011). Likewise, MT inducers have been 

shown to affect systems that protect cells against increased oxidative stress (e.g. antioxidant 

enzyme induction), thereby complicating the elucidation of their own protective roles (Iszard et 

al., 1995). The uptake and distribution of CI inhibitors and MT inducers can also be impaired by 

the mode of administration and endogenous detoxification systems (e.g. hepatic cytochrome 

P450) of the research animal (Alessandrini, 2003; Iszard et al., 1995). 

A more dependable alternative, then, is the use of cell or animal genetic models (Koene et al., 

2011). While the former can yield considerable information with minimal starting material, mouse 

models are especially valued because of their genetic, physiological, and phenotypic similarity to 

humans (Breuer et al., 2013; Koene et al., 2011; Torraco et al., 2009). As of yet, no stable 

genetically engineered mice exist that harbour mutations in the mitochondrial-encoded CI subunit 
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genes (Irwin et al., 2013). Nonetheless, there are models that indirectly mutate or delete mtDNA 

genes, including CI genes, due to their own mutated nDNA (Torraco et al., 2009; Vempati et al., 

2008). Examples include the mutator mouse, the Polg KO mouse (with a mutated DNA 

polymerase γ gene) and the transgenic Twinkle mouse (with a mutated Twinkle helicase gene). 

However, since these models affect the transcriptional machinery of mtDNA, the resulting 

mutations occur at random (Hance et al., 2005; Trifunovic et al., 2004; Tyynismaa et al., 2005). 

Additionally, the proportion of induced mtDNA mutations decline with each generation (owing to 

mitochondrial dynamics). For this reason, it is preferential to use genetic models that directly 

target nuclear subunits of CI, especially if these mutations are known to cause disease. To date, 

the only nuclear-encoded CI subunit gene that has been successfully mutated in mice is Ndufs4 

(Irwin et al., 2013). In 2009, an Ndufs4 point mutation mouse model was created that resulted in 

mice with a truncated form of NDUFS4. Unfortunately, homozygous mutants died in utero, and 

while the heterozygous mutants displayed features of CI deficiency, they did not present with the 

intended LS symptoms (Ingraham et al., 2009). 

The first and best characterised genetic KO model of CI deficiency was developed by the Palmiter 

group in 2008 (Irwin et al., 2013; Kruse et al., 2008). This model, called the Ndufs4 whole-body 

KO mouse (B6.129S4-Ndufs4tm1.1Rpa/J; hereafter referred to as the Ndufs4 mouse), was produced 

by flanking exon two of the Ndufs4 gene with loxP (locus of X(cross)-over in P1) sites, deleting it 

from the germline via Cre-lox recombination and interbreeding the resulting heterozygous mice 

to create a homozygous mutant. The mice were then backcrossed on a C57BL6/J genetic 

background. Since the second exon of Ndufs4 encodes the first 17 amino acids of the protein, as 

well as the final part of the mitochondrial targeting sequence, deletion thereof resulted in a 

frameshift mutation and lack of mature NDUFS4 (JAX, 2017b; Kruse et al., 2008). This led to 

significantly reduced levels of intact CI and decreased CI activity, as seen in patients with 

NDUFS4 mutations. Whereas heterozygous (Ndufs4+/-) mice were indistinguishable from WTs 

(Ndufs4+/+), homozygous mice (Ndufs4-/-) displayed a stable clinical phenotype with extensive 

similarities to CI-deficient LS patients (Koene et al., 2011). For example, the Ndufs4-/- mice 

exhibited a retarded growth rate, failure to thrive, elevated serum lactate, loss of motor skills, 

respiratory problems, encephalopathy, basal ganglia abnormalities, epilepsy, hypothermia, 

deafness, blindness, and death before adulthood [at a median age of postnatal day 50 (P50)] 

(Johnson et al., 2013; Kruse et al., 2008; Valsecchi et al., 2012). Contrary to LS patients, the 

Ndufs4-/- mice additionally displayed ataxia, normal muscle morphology and reversible hair loss 

(at P21) (Kruse et al., 2008). 

nDNA-targeted MT mutants are plentiful and include gene KO mice (MtI + MtII KO, and MtIII KO 

mice), overexpressing transgenic mice (MtI, heart-specific MtIIA and MtIII mice), gene knockdown 

cells [small interfering ribonucleic acid silenced MTIIA cells], and transformation-induced 

overexpressing (MTIB and MTIIA cells) or null cells (MTI + MTII immortalised cells) (Erickson et 
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al., 1997; Erickson et al., 1995; Kang et al., 1997; Kondo et al., 1999; Lim et al., 2009; Masters et 

al., 1994; Michalska & Choo, 1993; Palmiter et al., 1993; Reinecke et al., 2006). Previous studies 

at this institution have already focussed on Mt KO mice and transformation-induced MT 

overexpressing cells (Lindeque, 2011; Pretorius, 2011; Reinecke, 2004). Additionally, since MTIII 

and MTIV are not ubiquitously expressed, nor enhanced by the same stimuli as MTI and MTII, 

these isoforms are not applicable (Haq et al., 2003). A particularly interesting model, however, is 

the MTI overexpressing transgenic mouse [B6.Cg-Tg(Mt1)174Bri/J; hereafter referred to as the 

TgMTI mouse] (JAX, 2017a). 

As before, the model was developed by the Palmiter group. In short, the TgMTI mouse was 

produced by inserting a 4 kb minimally marked MtI gene (MtI*)13 in-between two DNA regions (a 

10 kb and 7 kb sequence, located upstream of the MtII gene and downstream of the MtI gene, 

respectively) and excising the complete ~21 kb transgene for microinjection into fertilised ova 

obtained from mating C57BL/6 x SJL males and females (Palmiter et al., 1993). Of the resulting 

transgenic founder mice, a heterozygote [Tg(Mt1)174Bri] containing 56 randomly inserted copies 

of the transgene in addition to its two endogenous MtI genes, was then backcrossed on a 

C57BL6/J genetic background for commercial use (JAX, 2017a; Penkowa et al., 2003). The DNA 

sequences used to flank MtI* behave similarly to locus control regions that flank other genetic loci 

(Palmiter et al., 1993). These regions are thought to enhance the successful expression of the 

enclosed gene by establishing a chromosomal domain which protects it from neighbouring 

chromosomal interference and facilitates the recognition of promotor or enhancer sequences by 

TFs (Felsenfeld, 1992; Palmiter et al., 1993). Accordingly, TgMTI mice displayed copy number-

dependent and position-independent expression of fully functional and inducible MTI. Ultimately 

each transgene yielded half the amount of MtI messenger ribonucleic acid (mRNA) normally 

expressed by the endogenous gene, and no ill effects were observed. 

In conclusion, the Ndufs4 and TgMTI mouse models appear to be very promising and theoretically 

meet the requirements set by the proposed project (described in Chapter 3). It has therefore been 

decided to use both models to evaluate the role of MTI in CI deficiency. 

  

                                                
13 The MtI* gene was marked by two additional nucleotides located nine nucleotides upstream of the 

translation initiation codon. 
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CHAPTER 3: 
EXPERIMENTAL RATIONALE, AIMS, OBJECTIVES & STRATEGY 
 

3.1 INTRODUCTION 
In this chapter, the rationale (problem statement) behind this dissertation, along with the 

envisioned aims of the study, will be presented (Sections 3.2 and 3.3.1). This will be followed by 

the objectives and the experimental strategy proposed to achieve the aims (Sections 3.3.2 and 

3.4). For detailed methods describing each objective, the reader is referred to Chapter 4. 

 

3.2 PROBLEM STATEMENT 
Given the mitochondrion’s role in energy production, as well as its substantial contribution to 

cellular function, its dysfunction is frequently accompanied by devastating disease. Of these 

disorders, those concerning CI of the mitochondrial RC are considered the most common. Due 

to the enzyme’s size and energetic importance, CI’s deficiency can have profound and detrimental 

effects on normal cellular operation (Chinnery & Hudson, 2013). Furthermore, the disorder has 

been shown to be accompanied by a variety of biochemical abnormalities (e.g. increased ROS, 

an altered redox status, intracellular Ca2+ imbalance, reduced energy production, and disrupted 

Δψ). While many studies agree that the increased production of ROS and ensuing oxidative 

damage are among the most destructive of these, not all cases of CI deficiency will present with 

elevated ROS. This heterogeneity is further mimicked on the phenotypic level where a clear 

genotype-phenotype correlation is absent (Hoefs et al., 2012). Additionally, the disorder has an 

early onset, an extremely rapid and progressive course, and ultimately proves fatal at a very 

young age. This not only complicates research into the pathophysiological mechanisms of CI 

deficiency, but impedes the development of successful treatment. As such, existing therapies are 

largely symptomatic and not completely curative as of yet (Rodenburg, 2016). While not always 

detectable, the production of ROS is regarded as one of the primary initiators of the disease 

phenotype, and studies researching the development of antioxidant therapies have shown great 

promise (de Haas et al., 2017). An example includes KH176 (a chemical entity derivative of the 

vitamin E analogue Trolox), which is currently undergoing phase II clinical trials and is used in the 

treatment of LS (www.Khondrion.com). The fact that this product’s pre-clinical development 

employed fibroblasts from patients with LS is of particular relevance to this study (Koopman et 

al., 2016). 

To restore homeostasis and promote their overall survival in times of stress or disease, cells are 

further equipped with a series of adaptive response programs (e.g. mitochondrial biogenesis, 

metabolic adaptations, autophagy, controlled cell death and antioxidant systems) (Reinecke et 
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al., 2009). As shown at this institution by van der Westhuizen et al. (2003), one of these responses 

involves the upregulation of genes encoding for MTs. While the main function of these molecules 

remains elusive, numerous studies have linked their action to the mitochondrion. Accordingly, 

MTs have been shown to modulate mitochondrial energy production via their role as metal 

chaperones. Additionally, many studies have elaborated on their ROS scavenging capabilities, 

suggesting that MTs can protect the cell against oxidative damage and apoptosis. It should 

however be noted that contradicting evidence exists (Lindeque et al., 2010). Regardless, it seems 

that MTs might offer an interesting therapeutic option against the effects of CI deficiency. A 

problem that is of more relevance to this study, however, is the lack of literature regarding MTs’ 

role in CI deficiency. 

Elucidating the position of MTs in CI deficiency has been a focus area of this institution since 

2003 (van der Westhuizen et al., 2003). To this end, numerous experimental models have been 

used, including transformation-induced MTIB and MTIIA overexpressing HeLa cells, as well as 

MtI, MtII and MtIII KO mice (Lindeque, 2011; Lindeque et al., 2010; Pretorius, 2011; Reinecke, 

2004; Reinecke et al., 2006). Because of the lack of a suitable genetic model at that time, CI 

deficiency was generated by rotenone treatment in each case. Although effective, chemical 

inhibition did not mimic the full spectrum of the disorder as envisioned (Lindeque, 2011; Pretorius, 

2011). The first genetic model of CI deficiency, namely the Ndufs4 mouse [developed by Kruse 

et al. (2008)] became commercially available in 2015. Additionally, the same group had previously 

developed an MTI overexpressing mouse model in 1993, called the TgMTI mouse (Palmiter et 

al., 1993). Since genetic models are more commensurable with the physiological setting in human 

patients, a more facile investigation of the effect of MTI on CI deficiency might thus be obtained 

from models generated by crossbreeding the Ndufs4 and TgMTI mice. An undertaking of this 

nature will, of course, necessitate a thorough characterisation of the model on a genetic, protein, 

and bioenergetics level.  

 

3.3 AIMS & OBJECTIVES 

3.3.1 AIMS 
It should be noted that the research presented here forms part of a much larger study of which 

the overall aim is to investigate the biochemical (in vitro and in vivo), metabolic (in vivo), and 

phenotypic (in vivo) effects of MTI on CI deficiency, with the intention of demonstrating a 

protective effect14. 

For the purpose of this study however, the following two aims have been formulated: 

                                                
14 The other aspects of this study were conducted by various post-graduate colleagues. 
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• The first aim is to develop mouse models with which the effects of MTI overexpression 

on CI deficiency can be studied, by crossbreeding the Ndufs4 and TgMTI mouse strains. 

The models are then to be characterised on a genetic and protein level by using primary 

fibroblast cells lines, cultured from these mice (Objectives 1.1 to 1.8). 

• The second aim is to investigate the effect of MTI overexpression on the bioenergetics 

consequences of CI deficiency by using the aforementioned established primary fibroblast 

cell lines (Objectives 2.1 to 2.7). 

 

3.3.2 OBJECTIVES 
To achieve the proposed aims, this in vitro study has been divided into two parts (referred to 

below as one and two). The first will entail setting up a successful crossbreeding strategy to obtain 

mice of four specific genotypes. From these mice, primary mouse fibroblast cell lines will then be 

established and characterised. The second part of this study will involve evaluating the 

biochemical profile of each fibroblast cell line, thereby investigating the effect of MTI 

overexpression on the bioenergetics consequences of CI deficiency. 

Therefore, the objectives of part one of this study are to: 

1.1. Verify the C57BL6/J genetic background of the individual mouse strains. 

1.2. Develop a successful crossbreeding strategy and obtain mice corresponding to the 

following confirmed genotypes: 

i. WT mice (Ndufs4+/+:TgMTI-/-) 

ii. Ndufs4 KO mice (Ndufs4-/-:TgMTI-/-) 

iii. MTI overexpressing mice (Ndufs4+/+:TgMTI+/+) 

iv. Ndufs4 KO mice overexpressing MTI (Ndufs4-/-:TgMTI+/+) 

1.3. Culture primary fibroblasts from skin samples obtained from each of the four mouse 

genotypes mentioned in Objective 1.2.  

In order to characterise each primary fibroblast cell line, it will then be necessary to:  

1.4. Genotype the Ndufs4 gene by evaluating the absence or presence of exon two. 

1.5. Genotype the MtI* transgene by determining the relative copy number of MtI. 

1.6. Measure the relative quantity of MtI mRNA. 

1.7. Relatively quantify the level of NDUFS4 protein. 

1.8. Determine the relative activity and quantity of intact CI. 

Furthermore, to evaluate the effect of MTI overexpression on the bioenergetics consequences of 

CI deficiency (part two of the study), the objectives are to: 

2.1 Assess the cell viability. 
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2.2 Determine the RMCN (relative mitochondrial DNA copy number). 

2.3 Analyse the cellular redox status (NADH/NAD+ ratio). 

2.4 Evaluate the energy status (ATP/ADP ratio) of the cell. 

2.5 Quantify the cellular ROS levels. 

2.6 Determine the mitochondrial bioenergetics profile. 

2.7 Perform the necessary statistical analyses on the obtained results. 

 

3.4 EXPERIMENTAL STRATEGY  
Figure 3.1 depicts the experimental strategy employed in this study. To achieve the first aim, a 

single nucleotide polymorphism (SNP) panel was used to compare the genetic background of the 

individual mouse strains (Ndufs4+/- and TgMTI+/- or TgMTI+/+) to the C57BL6/J background, with 

the purpose of confirming that these mice differed only with respect to their individual genetic 

modifications (Objective 1.1). Hereafter, the animals were crossbred according to a specific 

breeding strategy to obtain mice with the following genotypes: Ndufs4+/+:TgMTI-/-,  

Ndufs4-/-:TgMTI-/-, Ndufs4+/+:TgMTI+/+, and Ndufs4-/-:TgMTI+/+ (Objective 1.2)15. 

At this point, it is important to note that although the mice of a specific genotype group are 

essentially identical, slight genetic variations and the process of cell culture could nevertheless 

produce a degree of variability, even between putative identical samples. To get an estimation of 

the effect of these factors on the reproducibility of the results, it was decided to use two – and not 

one as is common practice – cell lines from each genotype in this study. Eight mice were thus 

obtained and euthanised between P49 and P51, after which skin biopsies were collected. From 

these samples, primary fibroblast cell lines were then established in glucose-containing medium 

and cryopreserved for the upcoming experiments (Objective 1.3). 

To genetically characterise each fibroblast cell line (cultured to passage four), samples were then 

genotyped by conventional polymerase chain reaction (PCR; for the Ndufs4 gene; Objective 1.4) 

and real-time PCR [qPCR; for the MtI (both MtI and MtI*) genes; Objective 1.5] analyses. 

Hereafter, the relative quantity of the MtI mRNA was measured via a multiplex reverse 

transcription-qPCR (RT-qPCR) reaction to corroborate the transcription of the MtI* transgenes 

(Objective 1.6). For protein characterisation, one fibroblast cell line of each genotype was cultured 

to passage six. Using cell lysates, the relative quantity of the NDUFS4 protein was measured via 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) + western blot analysis 

(Objective 1.7). The role of NDUFS4 in CI’s stability and function was then evaluated by 

examining the relative quantity and activity of fully assembled CI, from enriched mitochondrial 

                                                
15 Throughout Objectives 1.1 and 1.2, mice were selected based on genotyping results acquired from  

tail-snip samples, according to the methods mentioned below. 
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fractions of the fibroblast cell lines, via BN-PAGE + western blot and IGA analyses (Objective 

1.8). 

In fulfilment of the second aim, the eight fibroblast cell lines were cultured to passage four. To 

overcome any secondary effects stemming from the fibroblasts’ glycolytic nature, the culture 

medium was replaced by a galactose-containing medium one to two days prior to each analysis. 

Cells were then analysed to determine whether cell viability was influenced by the genotype 

(Objective 2.1). To evaluate if and how mitochondrial biogenesis was affected, the RMCN was 

measured by qPCR analysis (Objective 2.2). Hereafter, the effect of the genotype on the redox- 

(NADH/NAD+ ratio; Objective 2.3) and energy status (ATP/ADP ratio; Objective 2.4) was 

determined by using two bioluminescent assays. To quantitatively determine the cellular ROS 

level of each primary fibroblast culture, flow cytometry was employed (Objective 2.5), while the 

mitochondrial bioenergetics profile was evaluated using the Seahorse XFe96 Analyser (Objective 

2.6). Finally, statistical analyses were performed where necessary (Objective 2.7) and the 

biochemical profiles were compared to determine the effect of MTI overexpression on the 

bioenergetics consequences of CI deficiency. 
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Figure 3.1: Experimental strategy depicting the aims and objectives of the study. This study 

was divided into two parts. Part one (the first aim) consisted of Objectives 1.1 to 1.8 and involved 

the development and characterisation of genetic mouse fibroblast models, with which the effect 

of MTI overexpression on the bioenergetics consequences of CI deficiency could be evaluated. 

In part two (the second aim) this effect was subsequently investigated using the methods depicted 

in Objectives 2.1 to 2.7. 
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CHAPTER 4: 
MATERIALS & METHODS 
 

4.1 INTRODUCTION 
In this study, the effect of MTI overexpression on CI deficiency was investigated by means of 

defined crossbred mouse models. Prior to producing the models, the genetic background of each 

contributing strain (Ndufs4 and TgMTI) was compared. A breeding strategy was then set up to 

obtain two mice with a WT- (Ndufs4+/+:TgMTI-/-; unmodified control), CI-deficient-  

(Ndufs4-/-:TgMTI-/-; CI deficiency control), MTI overexpressing- (Ndufs4+/+:TgMTI+/+; MTI 

overexpressing control), and CI-deficient MTI overexpressing (Ndufs4-/-:TgMTI+/+; experimental 

model) genotype. By using primary fibroblast cell lines generated from these mice, the models 

were then characterised on the genetic and protein level. The study was concluded by evaluating 

the biochemical profile of each fibroblast culture to determine the effect of MTI overexpression on 

the bioenergetics consequences of CI deficiency. 

In the following chapter the methods employed to achieve the objectives listed in Section 3.3.2 

are given. Unless otherwise stated, methods have been described in detail and adhere to the 

specifications as recommended by the supplier or relevant publications. All materials have been 

recorded as used, while the Punnett squares, initial optimisation procedures, gel preparations, 

and microtiter plate layouts may be found in Appendices A to E. 

 

4.2 ETHICS, HOUSING & IDENTIFICATION OF MICE 
The necessary ethical approval for this study was obtained from the AnimCare Ethics Committee 

of the North-West University (NWU) in 2014 (approval number: NWU-00001-15-S1). As 

mentioned in Section 2.7, the mouse strains required to produce the Ndufs4-/-:TgMTI+/+ model 

included B6.129S4-Ndufs4tm1.1Rpa/J (Ndufs4) and B6.Cg-Tg(Mt1)174Bri/J (TgMTI). While the DNA 

of two Ndufs4+/-
 mice were kindly provided by Prof Albert Quintana [previously from the University 

of Washington (UW), Seattle, WA, USA], the purpose of which is explained in Section 4.3.1, mice 

used in the breeding program were acquired from the Jackson Laboratory (ME, USA) in 2015. 

This included three male and six female Ndufs4+/- mice, as well as seven male and five female 

TgMTI+/- or TgMTI+/+ mice. To import these animals, permits were acquired from the South African 

Department of Agriculture and the mice were subsequently housed, bred and crossbred at the 

specific pathogen-free unit of the Preclinical Drug Development Platform (PCDDP) at the NWU, 

Potchefstroom Campus. 
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Here, mice received ad libitum access to standard laboratory chow (Laboratory animal food: 

Rodent Breeder, #RM1845, purchased from LabChef, Nutritionhub, Western Cape)16 and tap 

water, while being kept under the following conditions: A 12 h light/dark cycle, temperature of 

22°C ± 2°C, relative humidity of 55% ± 10%, positive air pressure in the animal rooms maintained 

by airtight doors between departments, air quality maintained by high-efficiency particulate air 

(HEPA) filters, and a minimum air exchange of 18 to 20 times the volume fresh uncirculated air 

per hour. Furthermore, mice were weaned and identified at P21 to P23. Identification entailed 

assigning each mouse a unique identification number (ID) by punching holes into different 

positions of one or both ears (Figure 4.1). In turn, each position signified a specific digit and 

combinations thereof allowed mice to be numbered from 1 to 99. Mice were further sorted 

according to their date of birth (DOB) and litter number (1a to z, 2a to z, etc.), and strict records 

were kept on their parental lineage.  

 

Figure 4.1: Illustration depicting the ear punch numbering system employed to identify 
mice used in this study. When the animal is viewed from the front, the first digit (tens position) 

of its ID is obtained by summing the numbers designated by the holes on its right ear, while the 

second digit (ones position) is acquired by doing so for the left. For example, mouse 62 is 

indicated by a 20 and 40 hole in the right ear, and a 2 hole in the left. Adapted by permission from 

John Wiley & Sons, Inc.: In book: Mouse Models of Human Cancer, Chapter 1, Boggess et al. 

(2004:1-14), copyright 2004. 

 

4.3 PART 1: ESTABLISHING & CHARACTERISING Ndufs4:TgMTI MICE 

4.3.1 GENOTYPING THE WHOLE GENOME OF THE Ndufs4 & TgMTI STRAINS  
– Objective 1.1 

In the context of experimental mouse models, the background genome (also called the genetic 

background) may be defined as the genetic makeup of the organism, excluding the modified 

gene(s) of interest (JAX, 2006). Differences in this background have been reported to affect the 

phenotype of research animals by altering the expression or consequences of the genetic 

modification (Schauwecker, 2011). Therefore, one of the first steps of this study was to confirm 

                                                
16 In this chapter, numbers following a # symbol in brackets indicate the catalogue numbers of reagents. 
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that each individual strain (Ndufs4 and TgMTI) possessed a genetic background comparable to 

the C57BL6/J genome. To accomplish this, DNA of mice from each strain was sent to the Jackson 

Laboratory in 2015 for analysis against a set of C57BL6/J-specific SNPs. 

 

4.3.1.1 METHODS 

4.3.1.1.a SAMPLE PREPARATION 

In preparation for the assay, DNA was isolated from the tail-snip samples of nine TgMTI mice 

(collected as described in Section 4.3.4.1.a), according to the method discussed in Section 

4.3.4.1.b. To avoid potential downstream interference from the DNA Elution Buffer, the purified 

DNA was instead eluted in 25 μL of nuclease-free H2O (#129114, purchased from Qiagen, 

Whitehead Scientific, Cape Town). The quantity and purity of each sample were subsequently 

determined, as described in Section 4.3.4.1.b, by using the NanoDrop® 1000 Spectrophotometer 

(purchased from NanoDrop Technologies, Thermo Fisher Scientific™, MA, USA) and Operating 

Software (v3.8.1). If necessary, samples were then concentrated by using the Savant™ ISS110 

Speedvac™ Concentrator (Thermo Electron Corporation, NC, USA), after which concentrations 

were adjusted to ~100 ng/μL with nuclease-free H2O. Since the TgMTI mice analysed were those 

originally purchased from the Jackson Laboratory, there was no need genotype them. 

For the Ndufs4 strain, DNA of two Ndufs4+/- mice were kindly provided by Prof Albert Quintana, 

as the Ndufs4 colony had not yet been established at this facility at the time of the assay. In total, 

then, the DNA of 11 mice were sent (at -4°C) to the Jackson Laboratory for analysis on the 1 500 

SNP Panel (item number: GES0028). Table 4.1 lists the details of each sample analysed. 

Table 4.1:  Mice used for whole genome genotyping 

Animal ID Genotype Gender DOB Institution 
supplying sample 

7964 TgMTI+/- or +/+ Male 2014-03-12 PCDDP (NWU) 
2282 TgMTI+/- or +/+ Male 2014-03-12 PCDDP (NWU) 
2273 TgMTI+/- or +/+ Male 2014-03-12 PCDDP (NWU) 
7691 TgMTI+/- or +/+ Male 2014-03-12 PCDDP (NWU) 
2278 TgMTI+/- or +/+ Female 2014-03-12 PCDDP (NWU) 
2277 TgMTI+/- or +/+ Female 2014-03-12 PCDDP (NWU) 
2269 TgMTI+/- or +/+ Female 2014-03-12 PCDDP (NWU) 
2271 TgMTI+/- or +/+ Female 2014-03-12 PCDDP (NWU) 
2279 TgMTI+/- or +/+ Female 2014-03-12 PCDDP (NWU) 

Q4036 Ndufs4+/- Female Unknown UW 
Q4037 Ndufs4+/- Female Unknown UW 

The table displays the identification number (ID), genotype, gender, and date of birth (DOB) of the mice, as well as the 

institution supplying the DNA samples. 
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4.3.1.1.b GENOTYPING THE WHOLE GENOME USING AN SNP PANEL 
Single nucleotide polymorphisms (SNPs) – defined as single base pair variations occurring at 

specific loci within the DNA in >1% of a population – are considered one of the most abundant 

groups of genetic markers (Petkov et al., 2004). Since SNPs are generally conserved, found 

across all chromosomes, and enable the distinction of closely related strains, they provide a 

successful means to monitor the genetic quality of laboratory animals. Consequently, the Jackson 

Laboratory offers SNP genotyping services to aid researchers in comparing the background 

genomes of various strains. Accordingly, the samples listed in Table 4.1 were analysed using the 

1 500 SNP Panel service provided by the Jackson Laboratory. This entailed comparing the SNPs 

of each sample against 1 453 validated and polymorphic (i.e. highly informative) SNP markers, 

spaced evenly across all 19 autosomes, as well as the X chromosome of the C57BL6/J genetic 

background (JAX, 2014). Since the Y chromosome is considered to be fixed via backcrossing, 

the panel excluded SNP markers thereof.  

To analyse each sample, competitive allele-specific PCR (KASP™ genotyping technology, LGC 

Ltd.) was performed in 1 536-well microtiter plates, according to the manufacturer’s instructions 

(LGC Ltd.: KASP™ genotyping technology, 4227/CB/0415). Each 1 μL reaction consisted of 

sample template DNA, KASP™ Assay mix (containing two allele-specific forward primers17 and 

one common reverse primer) and KASP™ Master mix [containing two FRET (fluorescence 

resonance energy transfer) reporter cassettes18, Hot Start KASP™ Taq deoxyribonucleic acid 

polymerase (DNA Pol), deoxyribonucleotide triphosphates (dNTPs), ROX passive dye and MgCl2 

in an optimised buffer]. In addition, a no template control (NTC) was prepared to monitor reagent 

contamination (i.e. a KASP™ reaction lacking template DNA). Following reaction preparation, the 

plates were securely sealed and each reaction was amplified according to a KASP™ 

thermocycling protocol. 

During the first stage, an increased temperature allowed for the denaturation of double stranded 

template DNA, as well as the activation of KASP™ Taq DNA Pol. This was followed by various 

cycles consisting of a DNA denaturation step (step one) and a combined annealing/extension 

                                                
17 Each allele-specific forward primer consisted of a 5’-tail sequence, complimentary to one of the reporter 

cassettes, and a 3’-target sequence, complimentary to the template DNA. 

18 Each FRET reporter cassette consisted of two complimentary oligonucleotides. While the first 

oligonucleotide contained a 5’-fluorophore, the second contained a 3’-quencher. Thus, the cassette was 

non-fluorescent in its bound form. Each cassette was further complimentary to only one of the 5’-tail 

sequences of the forward primer, and possessed a different fluorophore (FAM or HEX). 
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step (step two)19. To simplify the explanation of the cycles, the events occurring at only one of the 

two strands of the original template DNA are discussed: in the second step of the first cycle, the 

target sequence of one of the forward primers was allowed to anneal to one strand of the template 

DNA. Since the forward primers were each specific to the same DNA sequence, but differed in 

terms of their 3’-nucleotides (the nucleotide complimentary to the SNP), the SNP in the template 

DNA determined which forward primer would bind. Hereafter, the strand was extended by 

KASP™ Taq DNA Pol. In the second step of the second cycle, the common reverse primer was 

allowed to anneal to the complimentary strand now containing the incorporated forward primer 

(the new template strand). Once again, the strand was extended via KASP™ Taq DNA Pol. 

However, this time, the 5’-tail sequence of the forward primer contained in the new template 

strand, was also amplified. Consequently, only the fluorophore-labelled oligonucleotide (from the 

FRET reporter cassette) complimentary to the amplified tail sequence, was allowed to bind to the 

new strand in the second step of the third cycle. The subsequent extension of the fluorophore-

labelled oligonucleotide by KASP™ Taq DNA Pol, therefore led to its incorporation into a new 

complimentary DNA strand, thus causing it to permanently dissociate from its original cassette 

compliment containing the 3’-quencher. As a result, this new strand of DNA produced 

fluorescence indicative of the SNP incorporated in one of the alleles of the original template DNA. 

Following various cycles, the fluorescence increased according to the proportion of incorporated 

fluorophore-labelled oligonucleotides. 

Once the PCR reaction was completed, it was cooled to below 40°C in order to quench any 

unincorporated fluorophore-labelled oligonucleotides. The fluorescence of the incorporated 

fluorophore-labelled oligonucleotides was then measured. Depending on the SNPs present in 

both alleles of the original DNA template, either FAM- or HEX-fluorescence, or both FAM- and 

HEX-fluorescence was present. Cluster analysis was then performed using the Karken software 

and a genotype was assigned to each SNP of all 11 samples. Using this approach, the KASP™ 

chemistry was able to yield a >99.8% genotyping accuracy, based on independent 

measurements. 

 

4.3.2 CROSSBREEDING THE Ndufs4 & TgMTI MOUSE LINES – Objective 1.2 
After confirming the lack of significant genetic variance between the C57BL6/J backgrounds of 

the Ndufs4 and TgMTI mouse strains (Section 4.3.1), a breeding strategy was developed as a 

specific objective, with which the genotypes required for this study could be obtained. Since other 

aspects of the larger project (not discussed in this dissertation) would also investigate these 

                                                
19 Each step occurred at a specific temperature and for a specific period, as optimised by the manufacturer. 

Since the analysis was not performed at this institution, these details are unknown. 
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genotypes, the breeding strategy was designed to produce the required mice at the highest 

possible probability and efficiency.  

 

4.3.2.1 METHODS 
In order to crossbreed the Ndufs4 and TgMTI strains, the breeding strategy depicted in Figure 4.2 

was followed, while Punnett squares (Appendix A) were used to determine the genetic probability 

of the offspring. The first step entailed obtaining mice of a specific genotype from each individual 

strain. As Ndufs4-/- mice developed a fatal phenotype before reaching sexual maturity (six to eight 

weeks), they were considered unsuited for breeding (Kruse et al., 2008). Therefore, Ndufs4+/- 

males were selected from the Ndufs4 colony. From the TgMTI strain, it was decided to use 

TgMTI+/+ females. Although, theoretically, both TgMTI+/- and TgMTI+/+ mice were healthy, and 

while the possibility existed that there would be no difference in their MTI* protein expression level 

(not determined in this study), TgMTI+/+ was the most effective starting genotype. To obtain 

Ndufs4+/- males and TgMTI+/+ females, heterozygous males and females were mated within each 

strain (intra-strain mating) in a ratio of 1:2 per breeding cage (Figure 4.2, Steps 1 and 2). The 

same ratio was maintained throughout the breeding program. 

Once enough founder mice had become available, they were paired up with the purpose of 

producing dihybrid (Ndufs4+/-:TgMTI+/-) pups (Figure 4.2, Step 3). Upon reaching maturity, the 

dihybrid males and females were mated (Figure 4.2, Step 4). While this allowed a 6.25% chance 

of obtaining mice with one of the four intended genotypes, this percentage was regarded too low 

to yield the sizeable gender-specific group of mice required for the studies of the overall project 

(not discussed in this dissertation). It was therefore decided to include two additional steps in the 

breeding program. To this end, Ndufs4+/-:TgMTI+/+ males and females, and Ndufs4+/-:TgMTI-/- 

males and females (each obtained from Step 3 with a 12.5% genetic probability) were mated. As 

this alternative resulted in a 25% chance of obtaining mice with the required genotype, i.e. 

Ndufs4+/+:TgMTI+/+ and Ndufs4-/-:TgMTI+/+ mice (Figure 4.2, Step 5), and Ndufs4+/+:TgMTI-/- and  

Ndufs4-/-:TgMTI-/- mice (Figure 4.2, Step 6), it was regarded as more acceptable. 
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Considering the severely inbred nature of the mice used in the breeding program, as well as the 

similarity of their C57BL6/J genetic backgrounds, it was further acceptable to use mice as soon 

as they became available, i.e. the mice used came from different steps of the breeding strategy. 

Additionally, since these mice would be utilised to establish fibroblast cultures and the genetic 

modifications were not X-linked, gender was not of importance in the present study. 

Table 4.2:  Details of the mice used in this study 

Animal ID Sample 
name Set Genotype Gender Litter 

number 
Parental 
lineage 

Age 
(days) 

11 WT 1 1 Ndufs4+/+:TgMTI-/- Male 1v Step 2 50 
62 OVER 1 1 Ndufs4+/+:TgMTI+/+ Male 1m Step 3 50 
85 KO 1 1 Ndufs4-/-:TgMTI-/- Female 2h Step 5 50 
72 KO OVER 1 1 Ndufs4-/-:TgMTI+/+ Male 2f Step 4 49 
12 WT 2 2 Ndufs4+/+:TgMTI-/- Male 1v Step 2 50 
65 OVER 2 2 Ndufs4+/+:TgMTI+/+ Female 1m Step 3 51 
86 KO 2 2 Ndufs4-/-:TgMTI-/- Female 2h Step 5 50 
84 KO OVER 2 2 Ndufs4-/-:TgMTI+/+ Female 2g Step 4 50 

The table displays the ear punch identification number (ID), sample name, genotype, gender, litter number, parental 

lineage, and age of the mice. The set to which each sample belonged, is also shown. While parental lineage refers to 

the step of the breeding program (Figure 4.2) to which the parents of the mouse in question belonged, age denotes the 

age of the mouse upon euthanasia. 

 

4.3.3 ESTABLISHING & CULTURING PRIMARY MOUSE FIBROBLAST CELL LINES  
– Objective 1.3 

Section 2.4.5 underscored some of the advantages of using fibroblast cultures as an alternative 

to muscle biopsies during patient diagnosis. Similarly, primary fibroblast cultures have been 

widely applied as models to study biochemical and/or functional abnormalities in both KO and 

transgenic animals (Takashima, 1998:2.1.1). Since cultures of this nature are often reported to 

closely mimic the physiological state of cells in vivo, it was decided, for the purpose of this study, 

to evaluate the effect of MTI overexpression in CI deficiency by using primary fibroblast models, 

established from skin biopsies of the mice of interest (ATCC®: Primary cell culture guide, P/N PC-

0813-02).  

 

4.3.3.1 METHODS 

4.3.3.1.a EUTHANISING MICE & COLLECTING SAMPLES 
Mice corresponding to the four genotypes of interest were euthanised between P49 and P51 via 

cervical dislocation. Hereafter, the hide of the dorsal trunk was sterilised with 70% (v/v) ethanol, 

wiped clean and shaved using a sterile surgical blade (Takashima, 1998:2.1.11). From this area, 

a 1.2 cm2 region of skin was aseptically removed and temporarily stored at 0°C in a 15 mL 
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polypropylene tube containing 10 mL complete growth medium [Dulbecco’s Modified Eagle 

Medium (DMEM, #41966029) with 20% (v/v) fetal bovine serum (FBS, #10270106) and  

100 units/mL penicillin and 100 μg/mL streptomycin (Penicillin:Streptomycin; P/S, #15140122), 

purchased from Gibco®, Thermo Fisher Scientific™].  

 

4.3.3.1.b ESTABLISHING PRIMARY CULTURES 
Primary skin fibroblast cultures were subsequently set up via a skin explant culture system. This 

type of method was selected as it is technically simpler, requires minimal reagents and is much 

more rapid (30 min to 60 min) than the alternative dissociated fibroblast culture system (2 h to  

4 h) (Takashima, 1998:2.1.1). Since the technique had to be developed, it will be described in full.  

Working in a laminar flow hood under sterile conditions, the skin biopsy was washed twice in 

complete growth medium and placed in a petri dish containing 500 μL of the same liquid. The 

sample was then cut into 32x 2 mm2 pieces using forceps and a surgical blade. Hereafter, eight 

biopsies were placed near each other in the centre of four T25 cell culture flasks with the 

subcutaneous layer facing down, and allowed to adhere in the laminar flow hood for 1 h (Keira et 

al., 2004). The biopsies were then carefully overlaid with 500 μL FBS/flask and incubated at 37°C 

in a humidified atmosphere of 5% CO2. These standard culture incubation conditions were used 

throughout the study, unless otherwise stated. Over a period of two days, the volume in each 

flask was steadily adjusted by first adding 500 μL DMEM containing  

100 units/mL penicillin and 100 μg/mL streptomycin at 24 h, followed by 2 mL complete growth 

medium at 48 h. The biopsies were incubated until fibroblasts, identified by their fusiform 

morphology, finally emerged from and completely surrounded the skin samples (± five days 

following initial sample processing). Despite the skin’s complexity, it was possible to obtain 

relatively pure primary fibroblast cell lines, since fibroblasts are known to overgrow and 

outcompete other skin cell types (e.g. keratinocytes) at very early passages (first and second) 

when using conventional culture medium, such as DMEM (Takashima, 1998:2.1.11). For this 

reason, characterisation of the cell type was not deemed necessary (Takashima, 1998:2.1.10). 

In addition to the antibacterial P/S present in the complete growth medium, any potential 

mycoplasma was removed from these cultures by prophylactic treatment with a BM Cyclin regime 

(#10799050001, purchased from Roche, Sigma-Aldrich, MO, USA). Accordingly, the spent 

culture medium was replaced with 3 mL complete growth medium containing 5 μg/mL of  

BM Cyclin’s pleuromutilin derivative. Cells were incubated under standard conditions for three 

days, after which the medium was once again replaced with 3 mL complete growth medium 

containing 2.5 μg/mL of BM Cyclin’s tetracycline derivative. Following four days of incubation, the 

tissue fragments were carefully removed with forceps and the entire antibiotics course was 

repeated with 4 mL volumes. If necessary, the cells could be sub-cultured during this time 
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(according to the method explained in Section 4.3.3.1.c), provided that BM Cyclin-containing 

medium was used instead of complete growth medium. Alternatively, cells were sub-cultured 

following the BM Cyclin regime. 

 

4.3.3.1.c STANDARD CULTURING TECHNIQUES 
To maintain cultures in the exponential growth phase, it is necessary to sub-culture, or passage, 

cells upon reaching a density of ± 80% to 90% of confluence (ATCC®: Primary cell culture guide, 

P/N PC-0813-02). To achieve this, cells are lifted from the culture vessel by breaking the inter- 

and intracellular cell-to-surface bonds via a proteolytic enzymatic reaction (trypsinisation). The 

procedure is then concluded by splitting the culture into smaller proportions (Jin et al., 2017).  

Throughout this study each primary culture was passaged upon reaching a ± 90% confluency 

(every three days). This was accomplished via trypsinisation according to an established standard 

operating procedure (SOP), by using 1x phosphate buffered saline (PBS; 0.01 M phosphate 

buffer, 0.0027 M KCl and 0.137 M NaCl, pH 7.4; #P4417, Sigma-Aldrich) prepared in Milli-Q® 

H2O20 and 1x trypsin-EDTA [0.05% (w/v) trypsin-EDTA; #15400054, Gibco®, Thermo Fisher 

Scientific™] prepared in 1x PBS. Following this, complete growth medium was added to inhibit 

the enzymatic reaction, and cells were split and incubated in a total of 5 mL complete growth 

medium (Seluanov et al., 2010). 

Since primary cell lines have been shown to exhibit a predetermined number of cell divisions, as 

described by the Hayflick limit, it is suggested that initial aliquots be frozen at low (second or third) 

passage numbers to ensure higher cell viability and to optimise their use in research (ATCC®: 

Primary cell culture guide, P/N PC-0813-02) (Hayflick, 1965; Takashima, 1998:2.1.4). Therefore, 

primary cultures were cryopreserved at the second passage, upon reaching ± 90% confluency. 

To achieve this, cells were trypsinised and frozen at -80°C in complete growth medium containing 

5% (v/v) dimethyl sulfoxide (DMSO, #D2650, Sigma-Aldrich) as cryoprotectant.  

In preparation for each experiment and to limit time-related differences, all eight cell lines were 

restarted for culture at the same time in complete growth medium from frozen aliquots, according 

to an established SOP. To allow cells a sufficient recovery period from the effects of 

cryopreservation with DMSO, and to exclude the variability observed when using cells with 

different passage numbers, each cell line was sub-cultured to passage four (unless otherwise 

stated) before experimental evaluation (ATCC®: Primary cell culture guide, P/N PC-0813-02). This 

early passage number was chosen to limit the accumulation of cell damage, as well as the 

                                                
20 Milli-Q® H2O refers to water that has been purified by the Milli-Q® system (purchased from Millipore™, 

Merck, MA, USA). 
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senescence-associated changes observed in the cell morphology and proliferation rate of primary 

cultures (Jin et al., 2017; Keira et al., 2004; Rubin, 1997). Throughout the study, the cell lines 

were cultured under identical conditions (to limit obvious culture-related differences) in T25 flasks 

containing 5 mL complete growth medium. 

 

4.3.4 GENOTYPING Ndufs4:TgMTI MICE – Objectives 1.4 & 1.5 
Since each of the six steps of the crossbreeding strategy had the potential to yield pups with at 

least two possible Ndufs4 and/or TgMTI genotypes, all mice had to be genotyped before inclusion 

into the breeding strategy21 and project. 

 

4.3.4.1 METHODS 

4.3.4.1.a SAMPLE COLLECTION 
The eight mice used in this study (see Table 4.2) were genotyped on two occasions: Firstly, as a 

means of initial identification by using tail-snip tissue samples and, secondly, to verify the genetic 

make-up of the established primary fibroblast cultures prior to their experimental use. For the 

former, tail-snip samples of each mouse and those mice serving as genotyping controls (see 

Table 4.3) were collected upon weaning via sterile techniques, by cutting the tip (5 mm) of the 

mouse tail and storing it in a 1.5 mL microcentrifuge tube at 4°C for immediate use. For the latter, 

each cell line was cultured to passage four as described in Section 4.3.3. Upon reaching ± 90% 

confluency, each culture was trypsinised. Following this, complete growth medium was added 

and the cell pellets were collected by centrifugation at 600 x g and 20°C for 5 min. Hereafter, the 

supernatant was discarded and the cell pellets were frozen at -20°C until use.  

Table 4.3:  Mice used as controls for genotyping 

Animal ID Genotype Gender DOB 
65 Ndufs4+/+:TgMTI-/- Male 2016-06-30 
43 Ndufs4+/-:TgMTI-/- Female 2016-06-02 
41 Ndufs4-/-:TgMTI-/- Female 2016-08-15 
67 Ndufs4+/+:TgMTI-/- Male 2016-06-28 
10 Ndufs4+/+:TgMTI+/- Male 2016-08-01 
13 Ndufs4+/+:TgMTI+/+ Female 2016-08-01 

The table displays the ear punch identification number (ID), genotype, gender, and date of birth (DOB) of the mice.  

 

                                                
21 While it exceeds the scope of this dissertation, it should be noted that mice used in the breeding program 

were also genotyped from tail-snip samples, by using the same methods described in Section 4.3.4. 
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4.3.4.1.b ISOLATING & QUANTIFYING DNA FROM TAIL-SNIPS & CELLS 
DNA was isolated from the abovementioned samples and controls via the ZR Genomic  

DNA™-Tissue MiniPrep Kit (#D3051, purchased from Zymo Research, Inqaba Biotec, Pretoria), 

in accordance with the manufacturer’s instructions for solid tissue and cell monolayers. While the 

tissue and cell digestion methods differed, the remainder of the procedure was similar for both 

sample types. Briefly, tail-snip digestion included incubating each sample in a sterile 1.5 mL 

microcentrifuge tube containing a mixture of 95 µL nuclease-free H2O, 95 µL 2x Digestion Buffer 

and 10 µL Proteinase K, at 55°C22 for 2.5 h. Conversely, thawed cell pellets were first 

resuspended in 1 mL 1x PBS, transferred to a sterile 1.5 mL microcentrifuge tube and 

centrifuged23 at 500 x g for 5 min. Cells were then digested by replacing the supernatant with a 

mixture of 95 µL nuclease-free H2O, 95 µL 2x Digestion Buffer and 5 µL Proteinase K, and 

resuspending and incubating each sample at 55°C for 20 min. 

Following incubation, the binding conditions were adjusted with 700 µL Genomic Lysis Buffer 

(containing chaotropic salts which disrupt nucleic acid-H2O interaction) to later allow the DNA’s 

binding to the silica column. Samples were then mixed by vortexing and centrifuged at  

10 000 x g for 1 min to pellet the insoluble cell debris. Hereafter, the supernatant was transferred 

to a Zymo-Spin™ IIC Column in a Collection Tube and centrifuged at 10 000 x g for 1 min. The 

flow-through, containing the bulk of the impurities, was then discarded24 and any remaining 

contaminants were removed from the silica column in two wash steps [both with solutions 

containing 70% (v/v) ethanol to remove chaotropic salts and improve sample yield and purity]. 

For the first, 200 µL DNA Pre-Wash Buffer was added and the column was centrifuged at  

10 000 x g for 1 min. The second included the addition of 400 µL of g-DNA Wash Buffer, followed 

by another 1 min centrifugation step at 10 000 x g. The Zymo-Spin™ IIC Column was then 

transferred to a sterile 1.5 mL microcentrifuge tube and 25 µL of a pre-warmed (to 65°C) DNA 

Elution Buffer was carefully added to the silica matrix. To allow the DNA to detach from the silica 

matrix and dissolve in the added buffer, the tube was incubated at room temperature (RT) for  

5 min, after which the purified DNA was eluted from the column by centrifugation at 16 000 x g 

for 1 min. To increase the DNA yield, the elution step was repeated with another 25 µL volume of 

pre-warmed DNA Elution Buffer. 

Purified DNA samples were subsequently quantified by measuring their absorbance at  

260 nm (the wavelength at which DNA most strongly absorbs light) using the NanoDrop® 1000 

                                                
22 All >room temperature (RT; 21°C ± 1°C) incubations were performed in a heating block, unless otherwise 

stated. 

23 Centrifugation was performed at RT, unless otherwise stated. 

24 The capacity of the Collection Tubes was 1 mL. 
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Spectrophotometer and Operating Software (v3.8.1). In order to further assess the purity of each 

sample, the ratio of sample absorbance at 260 nm and 280 nm (A260/A280) was determined. 

Generally, DNA with a ratio of ~1.8 was accepted as pure. Conversely, the presence of impurities 

that strongly absorb at or near 280 nm (e.g. protein) was indicated by considerably lower A260/A280 

ratios, while a ratio ≥2.0 signified ribonucleic acid (RNA) contamination.  

 

4.3.4.1.c CHARACTERISING THE Ndufs4 GENOTYPE – Objective 1.4 

i AMPLIFYING DNA BY PCR ANALYSIS 
Since the Ndufs4 mouse was created by deleting the second exon of the Ndufs4 gene (as 

described in Section 2.7), amplicons spanning this area differ in size between homozygous WTs 

(Ndufs4+/+), homozygous KOs (Ndufs4-/-) and mice heterozygous for the Ndufs4 gene  

(Ndufs4+/-). As such, it was possible to use conventional PCR, as first described by Mullis et al. 

(1986), to differentiate between the three potential genotypes. To achieve this, primers, 

corresponding to the introns flanking exon two, were purchased from Inqaba Biotec, as presented 

in Table 4.4. 

Table 4.4:  Sequences of the primers used to genotype the Ndufs4 gene 

Primer Cat. no. Primer sequence (5’ to 3’) Tm (°C) Size (bp) 

NDUFS4 1060 
(Forward) S32E6 AGC CTG TTC TCA TAC CTC GG 62.45 20 

NDUFS4 Rev 
(Reverse) S3424 TTG TGC TTA CAG GTT CAA AGT GA 59.2 23 

The table displays the name, catalogue number (cat. no.), sequence, melting temperature (Tm), and size of the forward 

and reverse primers used to genotype the Ndufs4 gene. The primers used corresponded to those designed by 

Valsecchi et al. (2012). 

 

PCR amplification was performed using the Phire™ Tissue Direct PCR Master Mix (#F170L, 

Thermo Fisher Scientific™), which employs the Phire Hot Start II DNA Pol. It was decided to use 

a Hot Start DNA Pol since the high degree of specificity it provided decreased most of the non-

specific amplification and allowed for better distinction between the genotypes. For each sample, 

a 10 µL volume, consisting of 1x Phire Tissue Direct PCR Master Mix (2x), 0.5 µM forward primer, 

0.5 µM reverse primer, nuclease-free H2O, and a total of 25 ng DNA (previously diluted with 

nuclease-free H2O25), was set up at 0°C26 in a PCR tube. In addition, three control samples 

                                                
25 All DNA and RNA dilutions where prepared with nuclease-free H2O, unless otherwise stated. 

26 Although Hot Start DNA Pol is inactive at RT, reactions were still prepared at 0°C as a precaution to 

maintain DNA and primer integrity. 
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corresponding to an Ndufs4+/+, Ndufs4-/- and Ndufs4+/- genotype were prepared (mice 65, 41 and 

43 in Table 4.3). Following this, samples were amplified in a T100™ Thermal cycler (#1861096, 

Bio-Rad, Pretoria) according to the following cycling conditions: An initial denaturation step (at 

98°C for 5 min) was performed to guarantee complete denaturation of the double stranded 

template DNA and to activate the Phire Hot Start II DNA Pol. This step was followed by 35 cycles 

of DNA denaturation (at 98°C for 5 s), primer annealing (at 57.3°C for 5 s), and DNA extension 

(at 72°C for 20 s). The annealing temperature was optimised using a temperature gradient (not 

shown), while the DNA extension period was selected as advised by the manufacturer, according 

to the maximum size of the obtained amplicons (20 s/kb). PCR amplification was concluded with 

a final DNA extension step (at 72°C for 1 min), ensuring the completion of all amplicons, and the 

samples were cooled and stored at 4°C until use.  

 

ii CHARACTERISING DNA WITH AGAROSE GEL ELECTROPHORESIS 
Hereafter, 10 µL of the amplified products (i.e. the three controls and eight samples), diluted 3:10 

in nuclease-free H2O, were loaded into the wells of a 1% (w/v) agarose gel  

(#8100-CONDA, purchased from Conda Laboratories, Thermo Fisher Scientific™) prepared in  

1x Bionic™ Buffer (10x; #B6185, Sigma-Aldrich), with 5 µg/mL ethidium bromide (#46065, 

purchased from Fluka® Analytical, Sigma-Aldrich) acting as nucleic acid stain. Since the Phire™ 

Tissue Direct PCR Master Mix contained a pre-mixed gel loading dye, no additional loading dye 

was required. Furthermore, 10 µL of the GeneRuler™ 100 bp DNA Ladder27 (#SM0241, Thermo 

Fisher Scientific™), diluted 3:10 in nuclease-free H2O, was loaded on both sides of the gel as a 

DNA size marker. The gel was then run at 80 V in a Sub-Cell® GT Cell Horizontal Electrophoresis 

System (#1704401, Bio-Rad) until the electrophoretic front had travelled half the gel length. Due 

to the absence of the second Ndufs4 exon, amplification of the KO allele yielded an amplicon of 

~429 bp, whereas that of the WT allele was ~1 229 bp. As a result, the cathode-to-anode migration 

of the WT band occurred at a much slower rate than that of the KO.  

Finally, the gel was photographed under ultraviolet (UV) light, using the ChemiDoc™ MP system 

(#17001402, Bio-Rad) and the Image Lab software (v5.2.1). While the Ndufs4+/+ and Ndufs4-/- 

genotypes respectively corresponded to the ~1 229 bp and ~429 bp band, both bands were 

present in the Ndufs4+/- genotype. 

 

                                                
27 The GeneRuler™ 100 bp DNA Ladder contained a 2:1:3 ratio of DNA ladder:6x DNA loading dye 

(#SM0242, Thermo Fisher Scientific™):nuclease-free H2O. 



59 

4.3.4.1.d CHARACTERISING THE TgMTI GENOTYPE – Objective 1.5 
Heterozygotes of the TgMTI mouse model used in this study contained 56 randomly inserted 

copies of the MtI* transgene, as explained in Section 2.7. While there are conventional  

end-point PCR methods which allow distinction between homozygous WT mice (TgMTI-/-) and 

mice containing the MtI* transgene [homozygous MTI overexpressing mice (TgMTI+/+) and 

heterozygous MTI overexpressing mice (TgMTI+/-)], no published method existed at the start of 

this study with which all three genotypes could be distinguished (JAX, 2017a). Although the 

position of the MtI* transgene insertion-sites have not been determined, it may be theorised that 

all 56 copies are transferred to the offspring together as one allele. This is supported by the 

knowledge that, despite various crosses (outbreeding and backcrossing), TgMTI+/- mice still carry 

the 56 copies of MtI* (JAX, 2017a). By this reasoning, then, the TgMTI+/+ genome, which 

theoretically contains two MtI*-containing alleles, should exhibit 112 copies of MtI*. 

 

i QUANTIFYING THE RELATIVE MtI COPY NUMBER BY qPCR ANALYSIS 
To distinguish between the three possible TgMTI genotypes, a novel method was developed with 

which the collective copy number of the MtI* and MtI genes (hereafter collectively referred to as 

MtI) could be determined. To achieve this, the nuclear MtI (target) gene was relatively quantified 

to the nuclear β-actin (Actb; reference) gene via qPCR analysis. The relative MtI copy number 

was subsequently resolved by processing the obtained data according to a simplification of the  

2-ΔΔCT method (Applied Biosystems: User Bulletin No. 2, P/N 4303859), called 2-ΔCT (Schmittgen 

& Livak, 2008). In short, the ΔCT-value was calculated by subtracting the mean CT (threshold 

cycle) of the reference gene from that of the target gene. This value was then substituted into the 

2-ΔCT formula to obtain the MtI copy number relatively quantified to that of a single copy of the 

reference gene. However, since somatic mouse nDNA contains two copies of the Actb gene, the 

final MtI copy number was calculated by multiplying the answer by two (Elder et al., 1988). 

The qPCR method employed in this study was similar to that previously described by Meissner-

Roloff (2009) for RMCN determination, while samples were prepared in line with the TaqMan® 

Gene Expressions Assay Protocol (P/N 4333458). Accordingly, reactions of 20 μL were set up in 

a MicroAmp® Optical 96-well Reaction Plate (#N8010560, purchased from Life Technologies™, 

Thermo Fisher Scientific™), in separate and triplicate wells, for both the target gene and reference 

gene. All reactions were prepared in a DNA-free PCR workstation at 0°C, and each 20 μL volume 

contained the following: 1x TaqMan® Gene Expression Master Mix (2x; #4369016, purchased 

from Applied Biosystems, Thermo Fisher Scientific™), either 1x TaqMan® Copy Number Assay 

(20x) for mouse MtI (#4400291, Mm00256362_cn, Applied Biosystems, Thermo Fisher 
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Scientific™) or 1x TaqMan® Gene Expression Assay (20x)28 for mouse Actb (#4331182, 

Mm02619580_g1, Applied Biosystems, Thermo Fisher Scientific™), nuclease-free H2O and a 

total of 10 ng sample- or 10 ng control DNA (including TgMTI+/+, TgMTI-/- and TgMTI+/-; mice 13, 

67 and 10 in Table 4.3). Reagent contamination was monitored by the use of an NTC, prepared 

as described above, but containing nuclease-free H2O instead of DNA. Finally, the plate was 

sealed with a MicroAmp® Optical Adhesive Cover (#4360954, Life Technologies™, Thermo 

Fisher Scientific™) after which amplification was performed using the QuantStudio™ 5 Real-Time 

PCR system (#A28139, Applied Biosystems, Thermo Fisher Scientific™) and QuantStudio™ 

Design and Analysis Desktop Software (v1.4). 

The cycling conditions included an initial hold stage (at 95°C for 10 min) during which the double 

stranded template DNA was denatured and Taq DNA Pol was activated. This was followed by  

40 cycles consisting of a DNA denaturation step (at 95°C for 15 s) and combined 

annealing/extension step (at 60°C for 1 min). During the latter, the primer pair and TaqMan® probe 

were allowed to anneal to the template DNA. While Taq DNA Pol then extended the primers to 

produce new copies of DNA, its 5’ to 3’ exonuclease activity would cleave the  

5’-fluorescent reporter from the TaqMan® probe. As a result, the reporter would be spatially 

separated from the probe’s 3’-non fluorescent quencher (NFQ), allowing an increase in the 

fluorescent emission spectra that is proportional to the quantity of amplified DNA (Bio-Rad: 

Bulletin No. 5279) (Heid et al., 1996). Following amplification, mice with a TgMTI-/-, TgMTI+/-, or 

TgMTI+/+ genotype exhibited copy numbers of approximately 2 (two inherent MtI genes), 58 (two 

inherent MtI genes and 56 MtI* genes), or 114 (two inherent MtI genes and 2x 56 MtI* genes) 

respectively. 

It should be noted that prior to utilising the 2-ΔCT method, the optimal concentration of input 

template DNA, the PCR amplification efficiency percentage of each gene, and the relative 

efficiency of the target and reference qPCR amplification reactions had to be determined. The 

results, which agree with the advised values, as well as a short description thereof, may be found 

in Appendix B.  

 

4.3.5 QUANTIFYING THE RELATIVE MtI mRNA – Objective 1.6 

4.3.5.1 METHODS 
Prior to evaluating the biochemical profile of the eight primary fibroblast cell lines (Section 4.4), it 

was necessary to characterise the level of MTI in order to verify its overexpression in those cells 

                                                
28 The TaqMan® Gene Expression Assay (20x) and TaqMan® Copy Number Assay (20x) used, contains 

two primers (18 μM each), a 6-FAM™ dye-labelled TaqMan® MGB (minor groove binder) probe (5 μM), 

and a non-fluorescent quencher (NFQ) in an optimised reaction mix. 
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homozygous for the transgene. Ideally, MTI expression is studied by quantifying the amount of 

MTI protein (Dabrio et al., 2002). While enzyme-linked immunosorbent assays (ELISAs) and 

SDS-PAGE + western blot analyses were evaluated by the author as a first and second option, 

no method was successful in detecting MTI (results not shown). This was not surprising, since 

the protein is notorious for having a low detection sensitivity and selectivity (Dabrio et al., 2002; 

Lindeque, 2007; Lindeque, 2011; Mehus et al., 2014). Moreover, the outcome agreed with past 

experiments at this institution, using a different ELISA and antibodies (van der Westhuizen, 

2017a, personal communication). 

As an alternative, then, it was decided to measure the mRNA transcription of the MtI and MtI* 

(hereafter collectively referred to as MtI) genes by using multiplex RT-qPCR. While this technique 

has a high sensitivity and selectivity, it should be noted that MtI’s mRNA transcripts do not 

necessarily translate quantitatively into protein since the process may be affected by many factors 

(Vasconcelos, 2002). Therefore, at best, this method provides only a semi-quantitative measure 

of MTI protein expression. As the goal of this experiment was to simply confirm overexpression, 

this technique was considered sufficient. 

 

4.3.5.1.a SAMPLE COLLECTION 
Primary fibroblasts from each of the eight mice used in this study (see Table 4.2), as well as from 

two control mice (see Table 4.5), were collected as described in Section 4.3.4.1.a. The latter 

included Ndufs4+/+:TgMTI-/- and Ndufs4+/+:TgMTI+/+ cells that were either untreated or treated with 

12.5 μM CdCl2 (a known MtI inducer) for 24 h prior to trypsinisation (Palmiter et al., 1993). 

Table 4.5:  Mice used as controls for MtI mRNA quantification 

Animal ID Genotype Gender DOB 
79 Ndufs4+/+:TgMTI-/- Male 2016-05-08 
40 Ndufs4+/+:TgMTI+/+ Female 2016-03-22 

The table displays the ear punch identification number (ID), genotype, gender, and date of birth (DOB) of the mice.  

 

4.3.5.1.b ISOLATING & QUANTIFYING RNA FROM CELLS 
From each cell pellet, the total RNA was isolated using TRIsure™ (#38032, purchased from 

Bioline, Inqaba Biotec). To achieve this, the reagent was added to each thawed sample at a 

concentration of 1 mL per 10 cm2 cell culture vessel growth area and mixed by pipetting29. Each 

suspension was subsequently transferred to two sterile 1.5 mL microcentrifuge tubes and 

                                                
29 Since each cell pellet contained cells that covered a ~25 cm2 growth area (a T25 flask), 2.5 mL TRIsure™ 

was added per sample. 
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homogenised with 60 strokes of a Teflon® Potter Elvehjem homogeniser. Hereafter, the 

manufacturer’s instructions were followed (Bioline: PI-50260 V4): The cell suspensions were first 

incubated at RT for 5 min, after which chloroform was added in a ratio of 2:1 chloroform:initial 

TRIsure™ volume, per tube. Samples were then mixed, incubated at RT for 3 min and centrifuged 

at 12 000 x g and 4°C for 15 min. This allowed the solution to separate into a pale green, lower 

organic phase, a turbid interphase, and a colourless, upper aqueous phase containing the RNA. 

Per sample, the latter was carefully transferred from the two microcentrifuge tubes, to a single, 

clean 1.5 mL microcentrifuge tube. Hereafter, RNA was precipitated with isopropyl alcohol, added 

in a ratio of 0.5:1 isopropyl alcohol:initial TRIsure™ volume. Samples were then incubated at RT 

for 10 min, followed by a 10 min centrifugation step at 12 000 x g and 4°C. The resulting 

supernatant was discarded and the RNA pellet was washed with 75% (v/v) ethanol [obtained by 

diluting absolute ethanol (#E7023, Sigma-Aldrich) in nuclease-free H2O] added in a ratio of 1:1 

ethanol:initial TRIsure™ volume. Samples were then vortexed and centrifuged at 7 500 x g and 

4°C for 5 min. Lastly, the RNA pellet was air-dried and redissolved in 30 μL nuclease-free H2O by 

careful pipetting. 

The quantity and purity of each total RNA sample was then determined as described in Section 

4.3.4.1.b, using the NanoDrop® 1000 Spectrophotometer and Operating Software (v3.8.1). 

 

4.3.5.1.c QUANTIFYING THE RELATIVE MtI mRNA BY MULTIPLEX RT-qPCR 
Following this, mRNA transcription of the nuclear MtI (target) gene was quantified relative to that 

of the nuclear β-2 microglobulin (B2m; reference) gene via a multiplex RT-qPCR assay. As before, 

the 2-ΔCT method was employed to resolve the expression levels (Schmittgen & Livak, 2008). 

However, since mRNA quantity was being evaluated, the answer of 2-ΔCT was not multiplied by 

two. 

To set up the multiplex RT-qPCR assay, the TaqMan® RNA-to-CT™ 1-Step Kit protocol (P/N 

4393463) was followed. This involved preparing 20 μL reactions in a MicroAmp® Optical  

96-well Reaction Plate, in separate and triplicate wells, for both the target (MtI) and reference 

(B2m) mRNA sequences. All reactions were set up in a DNA-free PCR workstation at 0°C, and 

each 20 μL volume contained the following: 1x TaqMan® RT Enzyme Mix (40x) and  

1x TaqMan® RT-PCR Mix (2x; #4392938, Applied Biosystems, Thermo Fisher Scientific™), either 

1x TaqMan® Gene Expression Assay (20x) for mouse MtI mRNA (#4331182, Mm00496660_g1, 

Applied Biosystems, Thermo Fisher Scientific™) or 1x TaqMan® Gene Expression Assay (20x) 

for mouse B2m mRNA (#4331182, Mm00437762_m1, Applied Biosystems, Thermo Fisher 
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Scientific™)30, nuclease-free H2O and a total of 100 ng31 sample- or control RNA. Reagent 

contamination was evaluated and the plate was sealed as before (see Section 4.3.4.1.d.i), after 

which amplification was performed with the QuantStudio™ 5 Real-Time PCR system and 

QuantStudio™ Design and Analysis Desktop Software (v1.4). 

The cycling protocol included a hold stage (at 48°C for 15 min), during which the target and 

reference mRNA sequences were converted to complementary DNA (cDNA) by reverse 

transcriptase. The cDNA templates were then amplified by following the cycling conditions 

described in Section 4.3.4.1.d.i. The optimal concentration of input template RNA, the PCR 

amplification efficiency percentage of each gene, and the relative efficiency of the target and 

reference qPCR amplification reactions may be found in Appendix B. While the results did not 

agree well with the recommended values, it was still regarded as sufficient for the purpose of this 

method. 

 

4.3.6 EXTRACTING & QUANTIFYING PROTEIN FROM CELLS FOR NDUFS4 & CI 
PROTEIN ANALYSES 

Exon two of the Ndufs4 gene is responsible for encoding the first 17 amino acids of the protein’s 

structure, as well as the last part of its mitochondrial targeting sequence. As shown by Kruse et 

al. (2008), its excision results in a lack of mature NDUFS4 protein and consequently reduces the 

quantity and activity of intact CI. While the Ndufs4 mouse is a whole-body KO model, it was still 

considered good practice to verify these results in the fibroblasts of mice carrying the KO mutation 

(Ndufs4-/-). Therefore, the relative quantity of the NDUFS4 protein, as well as the effect of its 

absence on the structure and activity of intact CI, was evaluated. 

 

4.3.6.1 METHODS 

4.3.6.1.a SAMPLE COLLECTION 
To assess each genotype, four representative cell lines (WT 1, OVER 1, KO 1, and  

KO OVER 1 from set one; see Table 4.2) were cultured to passage six and harvested as described 

in Section 4.3.4.1.a. Each cell pellet was then washed in 1x PBS to remove any residual protein 

(from left-over medium), transferred to two sterile 1.5 mL microcentrifuge tubes and centrifuged 

                                                
30 Each TaqMan® Gene Expression Assay (20x) contains two primers (18 μM each), a 6-FAM™  

dye-labeled TaqMan® MGB probe (5 μM), and an NFQ in an optimised reaction mix. 

31 As recommended by the TaqMan® RNA-to-CT™ 1-Step Kit, the concentration of input template total RNA, 

is up to 1 μg. 



64 

at 600 x g and 4°C for 5 min. After carefully removing the supernatant, the cell pellets were frozen 

at -20°C until use. 

 

4.3.6.1.b PROTEIN EXTRACTION FROM CELLS 
Each cell pellet was subsequently processed by using one of two different protein extraction 

methods, each specific to the protein or protein complex of interest. 

Since NDUFS4 is an organellar, membrane-bound protein (contained within CI, located within the 

IMM), its extraction required the use of a detergent (Seddon et al., 2004). During trial experiments 

(not presented in this dissertation), the best results were obtained when using the mild non-ionic 

detergent, Nonidet P40 (NP-40). Protein isolation for SDS-PAGE + western blot analyses 

therefore entailed resuspending the thawed pellets in 60 μL cell lysis buffer, consisting of 50 mM 

Tris (pH 7.5), 100 mM NaCl, 5 mM MgCl2, 0.5% (v/v) NP-40, 1x cOmplete™, Mini, EDTA-free 

Protease inhibitor Cocktail (#11836170001, Roche, Sigma-Aldrich) and 0.1 mM 

phenylmethylsulphonyl fluoride (PMSF) prepared in Milli-Q® H2O. Following 20 min incubation at 

0°C, cell debris was collected by centrifugation at 13 000 x g and 4°C for another 20 min. The 

supernatant, containing the cytosolic extract, was then transferred to a clean 1.5 mL 

microcentrifuge tube and kept at 4°C for immediate use (Abcam, 2016). 

While a similar argument regarding the use of detergents could be given for the isolation of CI-

containing samples, the protein complex was instead isolated by a method used at this institution. 

This included the preparation of enriched mitochondrial fractions by resuspending thawed pellets 

in 100 μL buffer consisting of only 1x PBS and 1x cOmplete™, Mini, EDTA-free Protease inhibitor 

Cocktail. The solution was then homogenised at 0°C with 60 strokes of a Teflon® Potter Elvehjem 

homogeniser. Hereafter, cell debris was collected by centrifugation at 600 x g and 4°C for 10 min. 

The supernatant was centrifuged at 20 000 x g and 4°C for 20 min to produce an enriched 

mitochondrial pellet. Lastly, each pellet was resuspended in 30 μL of the 1x PBS with  

1x cOmplete™, Mini, EDTA-free Protease inhibitor Cocktail and kept at 4°C for immediate use. 

 

4.3.6.1.c QUANTIFYING TOTAL PROTEIN CONTENT BY THE BICINCHONINIC ACID 
METHOD 

To ultimately compare the results of the samples analysed by the SDS-PAGE (or BN-PAGE) + 

western blot analysis, an equal quantity of protein had to be loaded in every lane of the same gel. 

Therefore, it was necessary to determine the total protein concentration of each sample, prior to 

further analysis. To accomplish this, it was decided to use the popular bicinchoninic acid (BCA) 

method, as first described by Smith et al. (1985). This method combines the traditional biuret 

reaction with the high sensitivity and selectivity of the colorimetric detection of Cu+ by the BCA 
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reagent (Thermo Scientific™: Thermo Scientific Pierce Protein Assay Technical Handbook V.2, 

P/N 1602063). In the first reaction, Cu2+ (from CuSO4) is reduced to Cu+ under alkaline conditions, 

due to its reaction with four to six nearby peptide bonds residing between the amino acids of 

proteins or peptides (containing at least three amino acids). The reaction is optimal at 37°C and 

the Cu+-formation is directly proportional to the quantity of protein present. During the second 

reaction, each Cu+ reacts with two molecules of BCA, to produce a purple, water-soluble 

chromogen, which exhibits a strong absorbance at 562 nm (Thermo Scientific™: Thermo 

Scientific Pierce Protein Assay Technical Handbook V.2, P/N 1602063) (Smith et al., 1985). 

The method was performed according to the manufacturer’s instructions by preparing duplicate 

reactions of the following: A bovine serum albumin (BSA, #P0914, Sigma-Aldrich) protein 

standard series ranging from 0 μg to 20 μg protein, in 4 μg increments, was set up in a 96-well 

UV microtiter plate. To the same plate, 2 μL of each sample was added per well. Each well used 

was then topped up to a final volume of 20 μL with Milli-Q® H2O. Hereafter, 200 μL of a 50:1 

dilution of BCA (#B9643, Sigma-Aldrich):CuSO45H2O (#C2284, Sigma-Aldrich) was added to 

each well and the plate was incubated at 37°C for 30 min in a Synergy™ HT Multi-detection 

microtiter plate reader (BioTek® Instruments, VT, USA). Using the Gen5™ Data Analysis software 

(v1.11.5), the absorbance was measured at 562 nm and the protein concentration (in μg) was 

determined via linear regression analysis. The value of each sample or control was then 

converted to μg/μL by dividing the concentration (as determined by the instrument) by the initial 

volume of sample added, as shown in Equation 4.1:  

µg protein
µL volume added

= µg/µL protein 

 

4.3.7 QUANTIFYING THE STEADY STATE LEVEL OF NDUFS4 WITH SDS-PAGE + 
WESTERN BLOT ANALYSIS – Objective 1.7 

4.3.7.1 METHODS  

4.3.7.1.a SDS-PAGE ANALYSIS OF NDUFS4  
The cytosolic lysate protein preparations isolated for NDUFS4 detection, were separated by SDS-

PAGE analysis, as first described by Laemmli (1970). To this end, samples containing 30 μg of 

protein, 1x Laemmli sample buffer (4x; #1610747, Bio-Rad)32 and Milli-Q® H2O were prepared 

and boiled for 5 min at 100°C. The β-mercaptoethanol (added at a final concentration of 355 mM; 

#M-3148, Sigma-Aldrich) and lithium dodecyl sulphate (LDS; an anionic detergent that can be 

used in the place of SDS) contained in the 1x Laemmli sample buffer allowed the subsequent 

                                                
32 4x Laemmli sample buffer contains 62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 1% LDS, 0.005% 

bromophenol blue and requires the addition of β-mercaptoethanol. 

(4.1) 
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reduction of protein disulfide bridges and the denaturation of the protein’s structure, respectively. 

To separate the protein, a 1 mm SDS-PAGE gel (consisting of a 4% stacking- and 10% resolving 

gel; see Appendix C for preparation) and 1x Tris/Glycine/SDS buffer (10x; #1610732, Bio-Rad), 

were used together with the Mini-PROTEAN® Tetra Cell (#1658004; Bio-Rad). Samples were 

then added to the relevant wells of the SDS-PAGE gel, at 20 μL volumes. Additionally, 20 μL of 

a molecular weight marker [containing 9.6% (v/v) Precision Plus Protein™ WesternC™ Blotting 

Standard (#1610385, Bio-Rad), 1x Laemmli sample buffer and Milli-Q® H2O] was loaded on both 

sides of the samples and the gel was run at 150 V. As the LDS in the 1x Laemmli sample buffer 

conferred each protein with a negative charge, proteins were allowed to migrate to the anode, 

while separating purely by virtue of their molecular mass. The gel was run until the electrophoretic 

dye front (indicated by bromophenol blue) had reached 1 cm from the bottom of the glass plates. 

 

4.3.7.1.b WESTERN BLOT ANALYSIS OF NDUFS4 
Following SDS-PAGE, the separated proteins were electroblotted for 30 min by using the Trans-

Blot® Turbo™ Blotting System (#1704155, Bio-Rad). During this semi-dry transfer, a current of up 

to 1.0 A (and 25 V) was passed at right angles to the gel, causing the separated proteins to 

electrophorese towards the anode and onto a 0.2 μm polyvinylidene difluoride (PVDF; Trans-

Blot® Turbo™ Mini PVDF Transfer Pack, #1704156, Bio-Rad) membrane. The remaining 

hydrophobic binding sites on the blot were then blocked by incubation in blocking buffer [1x Tris 

buffered saline (TBS) with 1% (w/v) Casein; #1610782, Bio-Rad] for 1.5 h. During this time, and 

in all the subsequent steps, the blot was gently agitated on a waving platform shaker at 26 rpm. 

Additionally, this, and every succeeding, step was followed by washing the blot three times, for  

5 min each, in washing buffer [1x TBS (#1706435, Bio-Rad) with 0.001% (v/v) Tween®20 (10%; 

#1610781, Bio-Rad) in Milli-Q® H2O]. To detect the target protein (NDUFS4) and loading control 

[voltage dependent anion channel subunit 1 (VDAC1)], the blot was incubated overnight at 4°C, 

in immunodetection solvent [1x TBS with 1% (w/v) Casein] containing the following primary 

antibodies in a 1:1 000 dilution: A mouse monoclonal antibody, reactive against mouse NDUFS4 

(#ab87399, Abcam, Cambridge, UK), and a rabbit polyclonal antibody, reactive to mouse VDAC1 

(#ab15895, Abcam). 

On the following day, the blot was incubated for 1.5 h in immunodetection solvent containing 

secondary antibodies (at a 1:10 000 dilution) directed against the primary antibodies and the 

molecular weight marker (the molecular weight marker contained an integral Strep-tag® 

sequence, which enabled its detection with a Strep-tactin® secondary antibody). To avoid possible 

interaction between the different secondary antibodies, two incubations were performed. The first 

included a goat polyclonal horse radish peroxidase (HRP)-conjugated antibody, reactive against 

mouse (#ab97023, Abcam), as well as Precision Protein™ StrepTactin®-HRP Conjugate 
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(#1610782, Bio-Rad), reactive against the molecular weight marker. The second incubation 

included the goat polyclonal HRP-conjugated antibody, reactive against rabbit (#ab97051, 

Abcam). Following a final wash, the gel was incubated in 1x TBS for 5 min to remove the 

Tween®20, after which it was covered by Clarity™ Western Enhanced Chemiluminescence (ECL) 

Substrate (#1705060, Bio-Rad). The latter consisted of a 1:1 solution of H2O2 and 

luminol/enhancer. During this reaction the HRP enzyme oxidises luminol in the presence of its 

substrate, H2O2, to produce light, while the enhancer serves to increase the longevity and intensity 

of the emission. 

Following 1 min of incubation, the blot was photographed using the ChemiDoc™ MP system and 

Image Lab software (v5.2.1). A Chemi Hi Resolution protocol was set up, and the image was 

obtained using signal accumulation mode (SAM). 

 

4.3.8 QUANTIFYING THE STEADY STATE LEVEL & ACTIVITY OF FULLY ASSEMBLED 
CI WITH BN-PAGE + WESTERN BLOT & IGA ANALYSES – Objective 1.8 

4.3.8.1 METHODS 
To analyse the stability and activity of fully assembled (i.e. not denatured) CI, enriched 

mitochondrial fractions were first separated via BN-PAGE. This method, originally described by 

Schagger and von Jagow (1991), employs non-denaturing conditions to allow the separation of 

protein complexes while maintaining their native conformations (Wittig et al., 2006). Following 

protein separation, the gel was cut into three parts (see Figure 4.3) to enable western blot 

assessment, IGA analysis, and staining with Coomassie brilliant blue (CBB) R-250.  

 

4.3.8.1.a BN-PAGE ANALYSIS OF CI  
Duplicate samples consisting of 20 μg of protein, 1x NativePAGE™ Sample Buffer (4x; #BN2003, 

Life Technologies™, Thermo Fisher Scientific™)33, 1% (v/v) of the non-ionic detergent n-dodecyl-

β-D-maltoside (DDM, 10%; #BN2005, Life Technologies™, Thermo Fisher Scientific™) and Milli-

Q® H2O were prepared and incubated at 0°C for 10 min, to allow the preferential solubilisation of 

membrane proteins. Any remaining cell debris was then collected by centrifugation at 20 000 x g 

and 4°C for 20 min, after which the supernatant was transferred to a clean PCR tube and 

combined with 0.22% (v/v) of the NativePAGE™ G-250 Sample Additive (5%; #BN2004, Life 

Technologies™, Thermo Fisher Scientific™). The BN-PAGE system was set up according to the 

manufacturer’s instructions (Life Technologies™: NativePAGE™ Novex® Bis-Tris Gel System, 

                                                
33 The 4x NativePAGE™ Sample Buffer contains 50 mM Bis-Tris, 6 N HCl, 50 mM NaCl, 10% (w/v) Glycerol, 

and 0.001% Ponceau S adjusted to pH 7.2. 
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P/N 25-0894), using a 1 mm 4% to 16% gradient gel (NativePAGE™ 4-16% Bis-Tris Protein Gel, 

1.0 mm, 10-well; #BN1002BOX, Life Technologies™, Thermo Fisher Scientific™), cathode buffer  

[1x NativePAGE™ Running Buffer (20x; #BN2001, Life Technologies™, Thermo Fisher 

Scientific™) and 1x NativePAGE™ Cathode Additive (20x; #BN2002, Life Technologies™, 

Thermo Fisher Scientific™) in Milli-Q® H2O] and anode buffer [1x NativePAGE™ Running Buffer 

in Milli-Q® H2O]. The latter two buffers were respectively added to the upper and lower buffer 

chambers of the XCell SureLock™ Mini-Cell system (#EI0001, Life Technologies™, Thermo 

Fisher Scientific™). 

Hereafter, 20 μL volumes of the samples, as well as a molecular weight marker [prepared like the 

samples, but with 22.4% (v/v) NativeMark™ Unstained Protein Standard (#LC0725, Life 

Technologies™, Thermo Fisher Scientific™) instead of protein] were added to their respective 

wells (see Figure 4.3). To promote the even running of the stacking front, the remaining unfilled 

well was loaded with 20 μL of a blank sample (prepared like the samples, but with Milli-Q® H2O 

instead of protein). The gel was then run at 100 V for 10 min to allow samples a smooth exit from 

the wells. The Coomassie blue G-250 anionic dye, present in the sample additive and cathode 

buffer, endowed the protein complexes with a net negative charge without denaturing them. This 

allowed their migration to the anode as they separated according to size. The voltage was then 

adjusted to 150 V until the electrophoretic dye front had travelled one third of the gel length. To 

limit the quantity of Coomassie blue G-250 in the gel, the cathode buffer was then replaced with 

anode buffer, and the gel was allowed to run to completion at 150 V. Since a 4% to 16% gradient 

gel was used, protein complexes ranging from 15 kDa to 10 000 kDa could be separated and 

retained as soon as they reached their size-dependent specific pore-size limit (Life 

Technologies™: NativePAGE™ Novex® Bis-Tris Gel System, P/N 25-0894) (Wittig et al., 2006). 

Following BN-PAGE the gel was cut into three parts as depicted in Figure 4.3: 

 

Figure 4.3: Illustration of the BN-PAGE well layout. Samples corresponding to WT 1, OVER 

1, KO 1, and KO OVER 1 were respectively loaded in lanes 1, 2, 3 and 4, as well as in lanes 7, 

8, 9 and 10. The molecular weight marker was added to lane 6, while the blank sample was 

loaded in lane 5. Dashed lines indicate where the gel was cut. 
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4.3.8.1.b WESTERN BLOT ANALYSIS OF CI 
By adhering to the methods described in Section 4.3.7.1.b, the gel was electroblotted, and the 

resulting blot was blocked. As before, the blot was washed following this (and every succeeding) 

step and then incubated overnight at 4°C in immunodetection solvent containing a 1:250 dilution 

of Total OXPHOS Blue Native Western Blot Antibody Cocktail (#ab110412, Abcam). The mouse 

monoclonal primary antibodies contained in this cocktail were directed against mouse NDUFA9 

(a CI subunit), SDHA (a CII subunit), UQCRC2 (a CIII subunit), COXIV (a CIV subunit), and 

ATP5A (a CV subunit). For the 1.5 h secondary antibody incubation, immunodetection solvent 

containing a 1:10 000 dilution of goat polyclonal HRP-conjugated antibody, reactive against 

mouse, was used. The blot was then washed as before, overlaid with Clarity™ Western ECL 

Substrate for 1 min, and imaged using the ChemiDoc™ MP system and Image Lab software 

(v5.2.1). To achieve this, a Chemi Hi Resolution protocol was used, employing SAM to obtain the 

blot photograph. 

 

4.3.8.1.c IGA ANALYSIS OF CI ACTIVITY 
Since OXPHOS complexes separated by BN-PAGE retain their enzymatic activity, it was further 

possible to use IGA analysis to determine the activity of CI (Schagger & von Jagow, 1991). It 

should however be noted that IGA measurements are imprecise and therefore only allow a 

qualitative estimation of the activity (Wittig et al., 2006). While more quantitative results may have 

been obtained via a spectrophotometric enzymatic assay, IGA analysis was sufficient for the 

purpose of this study (Pretorius, 2011).  

To detect the activity of CI, the method of Nijtmans et al. (2002) was followed. Accordingly, the 

gel was histochemically stained in a CI substrate mixture consisting of 2 mM Tris-HCl  

(pH 7.4), 0.1 mg/mL NADH (#10107735001, Roche, Sigma-Aldrich), and 2.5 mg/mL nitro-blue 

tetrazolium (NBT; #24823, Merck, MA, USA) prepared in Milli-Q® H2O. Provided the N module of 

CI was active and connected to the rest of CI, NADH would then be oxidised to NAD+
 and H+ 

(Sabar et al., 2005). This, in turn, would allow the reduction of NBT by the liberated H+ to produce 

blue-purple crystals at the position in the gel where CI had migrated. Incubation with the substrate 

mixture lasted 30 min, after which the gel was photographed using the ChemiDoc™ MP system 

and Image Lab software (v5.2.1). 

 

4.3.8.1.d COOMASSIE STAINING OF THE PROTEIN LADDER 
To visualise the molecular weight marker, the lane containing the ladder was first fixed with 

fixative solution [25% (v/v) isopropanol and 10% (v/v) acetic acid in Milli-Q® H2O] by gentle 

agitation at 26 rpm on a waving platform shaker for 20 min at RT. The solution was then replaced 
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with CBB stain [10% (v/v) acetic acid and 0.006% (w/v) CBB R-250 (#12553, Merck) in Milli-Q® 

H2O] and incubated as before, for 1 h. Hereafter, the stain was discarded and the gel was 

destained for 2 h with 10% (v/v) acetic acid in Milli-Q® H2O (replacing the destaining solution every 

hour). Finally, the ladder was photographed using the ChemiDoc™ MP system and Image Lab 

software (v5.2.1). 

 

4.4 PART 2: INVESTIGATING THE EFFECT OF MTI OVEREXPRESSION ON THE 
BIOENERGETICS CONSEQUENCES OF CI DEFICIENCY 

Fibroblasts are known to exhibit an inherently glycolytic metabolism (van den Heuvel et al., 2004). 

In addition, most cells cultured in vitro tend to favour glycolysis over OXPHOS to realise their ATP 

requirements (i.e. the Crabtree effect) (Mot et al., 2016; Rodriguez-Enriquez et al., 2001). This 

contradicts the general behaviour in vivo and has been observed even when culture medium with 

a low glucose concentration (~5 mM) is employed. To overcome this limitation and allow the more 

pronounced expression of OXPHOS defects in vitro, cells may instead be cultured in galactose-

containing medium (Valsecchi et al., 2012; van den Heuvel et al., 2004). However, since these 

conditions are usually too harsh for standard culturing, van den Heuvel et al. (2004) suggest using 

glucose-containing medium for routine culturing, and switching to galactose-containing medium 

one to two days prior to experimental evaluation. 

Thus, the eight primary fibroblast cell lines (see Table 4.2) were restarted and cultured to passage 

four, using glucose-containing medium, as described in Section 4.3.3.1.c. Depending on the 

assay, the complete growth medium was then replaced with galactose-containing medium one or 

two days before analysis. Galactose-containing medium consisted of 1 mM sodium pyruvate 

(100x; #11360039, Gibco®, Thermo Fisher Scientific™), 1% (v/v) P/S, 20% (v/v) FBS, 10 mM 

galactose (pH 7.4; #G0750, Sigma-Aldrich) and 44 mM sodium bicarbonate (pH 7.4) prepared in 

the same low buffered medium stock used for the Seahorse XF analyses34. To avoid microtiter 

plate-related differences, all eight cell lines were seeded and analysed on a single microtiter plate 

for each of the following analyses. 

 

4.4.1 DETERMINING CELL VIABILITY WITH THE MTT ASSAY – Objective 2.1 

4.4.1.1 METHODS 
To determine how cell survival was influenced by the genotype, the viability of each cell culture 

was measured and compared to that of the WT cell line. This was accomplished by performing 

the quantitative, colorimetric 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) 

                                                
34 The content of the low buffered medium stock may be found in Section 4.4.6.3.a. 
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assay, originally described by Mosmann (1983), which distinguishes between living and dead 

cells by utilising the degree of MTT reduction. 

 

4.4.1.1.a SEEDING CELLS 
In preparation for the assay, each cell culture was harvested by trypsinisation, as explained in 

Section 4.3.3.1.c, and resuspended in galactose-containing medium. Hereafter, 100 μL of the cell 

suspension was added to 900 μL of 1x PBS, and the cells were counted using the Scepter 2.0 

Handheld Automated Cell Counter (with 60 μm sensors; #PHCC20060, purchased from 

Millipore™, Merck). The amount of cells/μL was then calculated and the appropriate volumes of 

cell suspension and galactose-containing medium were added together to obtain a final seeding 

density of 12 500 cells/100 μL/well (the cell density was chosen to be similar to that employed in 

Section 4.4.6). Each cell line was then seeded in eight wells of a 96-well microtiter plate, as 

indicated in Appendix D. Additionally, eight wells of a negative control (prepared using cells from 

WT 1), as well as eight wells containing only galactose-containing medium (blank, no cells, used 

for background correction), were seeded. To promote even cell distribution and reduce edge 

effects, the cells were left to adhere to the microtiter plate in the laminar flow hood for 1 h, after 

which the plate was incubated under standard conditions for 24 h. 

 

4.4.1.1.b MTT ASSAY 
On the following day, 30 min before the end of the initial incubation period, the medium in the 

negative control wells was replaced by 100 μL of galactose-containing medium containing  

6% (v/v) acetic acid. The plate was then incubated for 30 min, ensuring cell death in these wells. 

To limit cell loss by pipetting, the microtiter plate was subsequently centrifuged at  

1 000 x g for 5 min. Hereafter, each well was washed by carefully replacing the medium with  

200 μL 1x PBS/well and the plate was centrifuged again. The PBS was then replaced by  

100 μL of a 1:10 dilution of 5 mg/mL MTT (prepared in 1x PBS):galactose-containing medium, 

after which the microtiter plate was incubated for 5 h, under standard conditions. 

During this time, the yellow tetrazolium salt, MTT, is taken up via endocytosis (Liu et al., 1997). 

Inside the cells, its tetrazolium ring is cleaved to yield an amount of reduced, blue-purple formazan 

product, directly proportional to the number of living cells (Mosmann, 1983). While this reaction is 

thought to be primarily mediated by extramitochondrial NAD(P)H-dependent oxidoreductases, 

rotenone-independent mitochondrial RC involvement has also been demonstrated (Berridge & 

Tan, 1993). Upon production, the insoluble formazan crystals then accumulate as intracellular 

granules in perinuclear (either endosomal or lysosomal) compartments (formazan crystals may 
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also be transferred to the cell’s surface by exocytosis following prolonged periods) (Liu et al., 

1997). 

After incubation, the plate was centrifuged and the solution was removed. To each well,  

100 μL of DMSO was added to lyse the cells and solubilise the formazan crystals. The plate was 

then mixed by tapping for 1 min and the absorbance was measured at a wavelength of 560 nm 

(and a reference wavelength of 630 nm) using the Synergy™ HT Multi-detection microtiter plate 

reader and Gen5™ Data Analysis software (v1.11.5). 

 

4.4.2 DETERMINING THE RMCN BY qPCR ANALYSIS – Objective 2.2 

4.4.2.1 METHODS 
To determine the effect of the genetic modifications on mtDNA replication (as indicator of 

mitochondrial biogenesis), the RMCN was assessed. In preparation hereof, cell pellets from each 

primary fibroblast culture (switched to galactose-containing medium three to eight days prior) 

were collected, stored and used for DNA isolation, via the methods in Sections 4.3.4.1.a and 

4.3.4.1.b. The pure DNA of each sample, as well as that of an mtDNA-depleted control [rho0 (ρ0) 

cells generated from a human osteosarcoma cell line (143B)], were then quantified as before. 

Hereafter, the mitochondrial Nd2 (mt-Nd2; target) gene was relatively quantified to the nuclear 

Actb (reference) gene, using a qPCR method similar to that in Section 4.3.4.1.d. Finally, the 2-ΔCT 

method was used to determine the RMCN. As somatic mouse nDNA contains two copies of the 

Actb gene in comparison to the single copy of mt-Nd2, the answer was multiplied by two to obtain 

the final RMCN. 

For each cell line, for the ρ0 control and for an NTC, triplicate and separate reactions of 20 μL 

were set up exactly as described in Section 4.3.4.1.d. The 1x TaqMan® Gene Expression Assays 

(20x) used for the target and reference genes, respectively included those directed against mouse 

mt-Nd2 (#4331182, Mm04225288_s1, Applied Biosystems, Thermo Fisher Scientific™) and 

mouse nuclear Actb35. As before, amplification was performed using the QuantStudio™ 5 Real-

Time PCR system and QuantStudio™ Design and Analysis Desktop Software (v1.4). The cycling 

conditions included those mentioned in Section 4.3.4.1.d. 

To determine whether the 2-ΔCT method could be used, the optimal concentration of input template 

DNA, the PCR amplification efficiency percentage of each gene, and the relative efficiency of the 

target and reference qPCR amplification reactions were determined (see Appendix B for results). 

                                                
35 Each TaqMan® Gene Expression Assay (20x) contains two primers (18 μM each), a 6-FAM™  

dye-labelled TaqMan® MGB probe (5 μM), and an NFQ in an optimised reaction mix. 
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While the results obtained for the PCR efficiency and relative efficiency differed slightly from those 

advised, they were still regarded as applicable for the purpose of this method. 

 

4.4.3 QUANTIFYING THE RELATIVE NADH/NAD+ RATIO – Objective 2.3 

4.4.3.1 METHODS 
To determine the cellular redox status of each cell line, the total NADH/NAD+ ratio was measured 

using the bioluminescent NAD/NADH-Glo™ Assay (#G9061, Promega, WI, USA). In accordance 

with the assay’s specifications, the optimal seeding density and final incubation time were 

determined as 17 500 cells/well and 45 min (not shown)36. 

 

4.4.3.1.a SEEDING CELLS 
Prior to analysis, cells were harvested, counted, and seeded in triplicate wells (at  

17 500 cells/100 μL/well) according to the method described in Section 4.4.1.1.a (see Appendix 

D for the plate layout). In addition, three wells comprising only galactose-containing medium 

(blank, no cells, used for background correction) were set up. To maximize the light output signal 

and reduce the inter-well crosstalk, a white-walled, clear-bottom 96-well microtiter plate was used 

for seeding. 

 

4.4.3.1.b NAD/NADH-GLO™ ASSAY 
The experimental protocol followed was in accordance with the instructions provided by the 

supplier (Promega: NAD/NADH-Glo™ Assay, TM399). After an initial incubation period of  

26 h, 50 μL of a positive control, containing 400 nM NAD+ (#N7004, Sigma-Aldrich) in 1x PBS, 

was set up in triplicate on the microtiter plate (triplicate values were chosen due to reagent 

restrictions). The galactose-containing medium of the sample- and blank wells was then replaced 

by 50 μL of 1x PBS. To ensure cell lysis while preserving the stability of the dinucleotides, 50 μL 

of a base solution [0.2 N NaOH with 1% (w/v) dodecyltrimethylammonium bromide (DTAB; 

#D8638, Sigma-Aldrich)] was added to each well (samples, blanks and positive controls) and 

gently mixed by tapping for 1 min. Since NAD+ and NADH have differential stabilities in heated 

solutions of acidic and basic pH, this offered a means to separately measure the NAD+ and NADH 

                                                
36 Optimisation included cell seeding densities ranging of 7 500 cells/well to 22 500 cells/well, and 

incubation periods ranging from 30 min to 70 min. Due to limited reagents, one replicate per well was 

analysed per cell seeding density. The optimal incubation time was chosen based on the linearity of the 

relative light unit (RLU) against cell seeding density curve generated (i.e. the most linear curve), while 

optimal seeding density was taken as the most linear position on the aforementioned curve. 
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levels of every well. To achieve this, 50 μL of each well volume was transferred to an empty well 

on the same plate (see Appendix D). These volumes were then treated with 25 μL of an acid 

solution (0.4 N HCl). Hereafter, the plate was covered, sealed with parafilm and carefully heated 

for 15 min at 60°C in a water bath. This permitted the selective destruction of NAD+ in the original 

basic wells, and NADH in the new acidic wells. Following equilibration to RT for 10 min, the base 

and acid solutions were respectively neutralised by the addition of either 50 μL of HCl/Tris 

(consisting of 0.4 N HCl and 0.5 M Tris in a 1:1 ratio), or 25 μL of 0.5 M Tris. Ultimately, each 

neutralised well contained NAD+ or NADH in the same final buffer formulation, thereby allowing 

the direct comparison of these molecules. 

Hereafter, the NAD/NADH-Glo™ Detection Reagent was added to each well in a 1:1 ratio. The 

solution was then mixed by tapping for 1 min and the plate was incubated at RT for a final period 

of 45 min. During this time, NAD+ is converted to NADH by the NAD Cycling Enzyme. In the 

presence of NADH, the Reductase Enzyme is then able to reduce its proluciferin Reductase 

Substrate to form luciferin. The latter was consequently quantified by its light-producing reaction 

with the Ultra-Glo™ Recombinant Luciferase component of the Luciferin Detection Reagent (the 

luciferase reaction is described in Section 4.4.4). Following incubation, luminescence was 

measured using the Synergy™ HT Multi-detection microtiter plate reader (with an integration time 

of 1 s) and Gen5™ Data Analysis software (v1.11.5). The relative light units (RLUs) obtained from 

the base-treated and acid-treated wells were thus respectively proportional to the amount of total 

cellular NADH or NAD+, while the NADH/NAD+ ratio could be determined by dividing the former 

by the latter. Since a ratio was calculated, there was no need for further normalisation. 

 

4.4.4 QUANTIFYING THE RELATIVE ATP/ADP RATIO – Objective 2.4 

4.4.4.1 METHODS 
The cellular energy status of each genotype was evaluated by measuring the ATP/ADP ratio 

using the ADP/ATP Assay Kit (#MAK135, Sigma-Aldrich). While the recommended seeding 

density was 103 to 104 cells per well, it was decided to use the same seeding density as in Section 

4.4.3 (i.e. 17 500 cells/100 μL/well), since the latter fell within the linear range of the assay. 

 

4.4.4.1.a SEEDING CELLS 
On the day before the analysis, each cell line was harvested (from the same flasks used for the 

NAD/NADH-Glo™ assay), counted, and seeded in triplicate wells, as described in Section 

4.4.1.1.a (see Appendix D for the plate layout). In addition, three wells containing only galactose-

containing medium (blank, no cells, used for background correction) were prepared. For the 
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reasons mentioned in Section 4.4.3.1.a, cells were seeded in a white-walled, clear-bottom 96-

well microtiter plate.  

 

4.4.4.1.b ADP/ATP RATIO ASSAY 
The experiment was performed according to the manufacturer’s instructions. After 25 h37 of 

incubation under standard conditions, 10 μL of a positive control, consisting of 500 nM ATP 

(#A2383, Sigma-Aldrich) in 1x PBS, was added to three wells of the microtiter plate. This was 

followed by removing the galactose-containing medium from the samples and blank wells and 

adding 90 μL of ATP reagent to each well (samples, blanks and positive controls). The solution 

was then mixed by tapping and the plate was incubated at RT for 1 min (Table 4.6 shows the 

composition of the two reagents used).  

Table 4.6:  Composition of the ATP- and ADP reagents required for one reaction 

ATP Reagent 
Constituents Volume per reaction (μL) 

Assay Buffer 95 
Substrate 1 
Co-substrate 1 
ATP Enzyme 1 

ADP Reagent 
Constituents Volume per reaction (μL) 

H2O 5 
ADP Enzyme 1 

The table displays the volumes of each component of the ATP- and ADP reagents for one reaction. 

 

During this time, the cells are lysed and the total cellular ATP is liberated. In the presence of ATP, 

O2 and Mg2+, luciferase converts its substrate luciferin to the energetically excited oxyluciferin 

(additional products included AMP, inorganic pyrophosphate, and CO2) (DeLuca & McElroy, 

1978). The light signal produced from oxyluciferin’s subsequent decay was then measured using 

the Synergy™ HT Multi-detection microtiter plate reader and Gen5™ Data Analysis software 

(v1.11.5). This signal (RLUA) was therefore directly proportional to the quantity of cellular ATP. 

Following a 10 min incubation at RT, the luminescence of the residual ATP signal (RLUB) was 

determined as background for the final ADP measurement. 5 μL of the ADP reagent was then 

added to each well, mixed as before and incubated at RT for 1 min. During this step, ADP was 

converted to ATP to react with luciferase as mentioned above. To determine the total ADP 

                                                
37 The difference in incubation time between Section 4.4.3 (26 h) and Section 4.4.4 (25 h) was due to the 

fact that the two experiments were performed on cells seeded at the same time. 
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concentration of each well, the luminescence produced as a result of the converted ADP, was 

measured one last time (RLUC). Finally, Equation 4.2 was used to obtain the ATP/ADP ratio. 

Since a ratio was calculated, no normalisation was required.  

ATP/ADP ratio = RLUA /(RLUC − RLUB) 

 

4.4.5 DETERMINING ROS LEVELS USING THE BD FACSVerse™ FLOW CYTOMETER  
– Objective 2.5 

In order to quantitatively evaluate the intracellular oxidative status of each cell line, the ROS levels 

were assessed by flow cytometry, following sample treatment with the fluorescent probe,  

6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate di(acetoxymethyl ester) (hereafter referred 

to as C-DCFH-DA-AM; #C2938, purchased from Molecular Probes®, Thermo Fisher Scientific™). 

A brief description of the techniques used is given, followed by the specific methodology 

pertaining to each.  

 

4.4.5.1 FLUORESCENCE-BASED QUANTIFICATION OF ROS USING FLOW 
CYTOMETRY 

Due to its extremely short half-life, the measurement of ROS has always been considered 

problematic (du Plessis et al., 2010). A method that has gained increasing popularity since its 

development in 1983, is the use of the cell permeable probe, 2’,7’-dichlorodihydrofluorescein 

diacetate (DCFH-DA) (Bass et al., 1983). Upon entering the cell, the non-fluorescent probe is 

quickly deacetylated by esterases to yield the relatively polar, cell impermeable product,  

2’,7’-dichlorodihydrofluoroscein (DCFH). This non-fluorescent molecule, which accumulates 

intracellularly and can remain stable for a few hours, is then subsequently oxidised by ROS to 

produce the highly fluorescent 2’,7’-dichlorofluorescein (DCF). Although DCFH-DA is commonly 

used to measure intracellular H2O2, it may perhaps be more accurately described as a generalised 

oxidative stress assay, since (i) DCFH can only react with peroxides following their decomposition 

to radicals, and (ii) DCFH can also be oxidised by nitric oxide and O2- (Eruslanov & Kusmartsev, 

2010). Therefore, following excitation at 488 nm, DCF’s emission of green fluorescence is 

proportional to the degree of intracellular ROS, instead of intracellular H2O2. Moreover, since the 

DCF product is membrane permeable, analogues have been developed to increase its cellular 

retention (Eruslanov & Kusmartsev, 2010). An example is the probe used in this analysis,  

C-DCFH-DA-AM. Following its cleavage and oxidation, the final fluorescent product 

(carboxydichlorofluorescein) will have two additional negative charges at physiological pH, 

thereby preventing its leakage. 

(4.2) 
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The DCFH-DA assay may further be combined with flow cytometry to determine quantitative data 

on the number of cells producing intracellular ROS (du Plessis et al., 2010). Briefly stated, flow 

cytometry is an analytical technique that utilises light to identify, count, and characterise single 

cells (or other particles, e.g. nuclei, etc.) in a heterogeneous population. This technique is capable 

of yielding information on the physical properties of cells (or other particles), including their size 

and complexity (Ibrahim & van den Engh, 2007). Additionally, by using different lasers and filters, 

the instrument can provide the user with chemical or physiological information concerning the 

analysed sample, based on the fluorescence emission spectra exhibited by the population. The 

technique has been successfully used to quantify cellular ROS in diverse cell types of different 

disease states and offers many advantages, including superior accuracy and speed (du Plessis 

et al., 2010). Of importance is the fact that flow cytometry can quantitatively determine the 

characteristics of a specific subpopulation of cells, as opposed to merely assessing the mean of 

the total population. Since primary cell cultures often exhibit slight morphological differences, this 

was beneficial to the study. While the process used to obtain single cells in suspension (e.g. 

trypsinisation) may theoretically contribute to oxidative stress and potentially interfere with the 

analysis, it should be mentioned that these effects are limited by optimising the system via the 

use of controls (Eruslanov & Kusmartsev, 2010).  

 

4.4.5.2 METHODS 

4.4.5.2.a SAMPLE PREPARATION 
Two days prior to the analysis (at times corresponding to the assay of each sample), the complete 

growth medium was removed from each culture, and cells were rinsed with 8 mL  

1x PBS. To each T25 flask, a volume of 5 mL galactose-containing medium was then added and 

cells were incubated under standard conditions. To ensure the complete elimination of residual 

medium glucose (contained in the routine culture medium), a 48 h incubation period was chosen. 

Since the fibroblasts of WT 1 (see Table 4.2) would be used as controls, two flasks of this cell line 

were cultured. 

On the day of the analysis, each culture (at ± 90% confluency) was trypsinised, followed by the 

addition of galactose-containing medium, and the cell pellets were collected by centrifugation at 

600 x g and 20°C for 5 min. The supernatant was then discarded and each cell line was 

resuspended in 5 mL 1x PBS. At this point, the fibroblasts of WT 1 were pooled and each cell line 

was pelleted again. Hereafter, samples were resuspended in 1x PBS.  

A cell control and positive control, as well as triplicate samples of each cell line were then prepared 

in a final volume of 500 μL 1x PBS in FACS (fluorescence-activated cell sorting) tubes (#352052, 

Becton Dickinson, CA, USA). Whereas the cell control consisted of only cells, the positive control 

was additionally pre-incubated with 4 mM H2O2 (#H-1009, Sigma-Aldrich) for 1 h at RT. The 
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positive control and samples were then treated with 10 μM C-DCFH-DA-AM (reconstituted in 

DMSO) for 30 min at RT, protected from light. It should be noted that the triplicate stained samples 

of WT 1 were used as negative controls. 

 

4.4.5.2.b ANALYSING THE ROS LEVELS USING THE BD FACSVERSE™ FLOW 
CYTOMETER 

Hereafter, the cells were analysed by Prof Lissinda du Plessis from the Pharmaceutics 

Department of the NWU (Potchefstroom Campus), by using a bench top flow cytometer (BD 

FACSVerse™, Becton Dickinson) equipped with blue (488 nm) and red (640 nm) lasers. The 

method followed was essentially as described by Wentzel et al. (2017), with some assay-specific 

differences. To identify rare events, cells were assessed using the high sensitivity mode (with a 

flow rate of 0 μL/min to 55 μL/min) of the BD FACSuite™ Software (v1). Prior to sample analysis, 

the instrument was calibrated with BD FACSuite™ CS&T research beads (#650622, Becton 

Dickinson) as advised by the manufacturer. Detection was then optimised by using the cell-, 

positive- and negative controls, after which each sample was analysed in triplicate. 

A total of 100 000 events were counted per control or sample, during which signal amplification 

data was collected at a logarithmic scale for forward scatter (FSC), side scatter (SSC) and green 

fluorescence (FITC) events. The data was subsequently analysed by using the FCS Express™ 

Flow Research software (2017 edition; De Novo Software, CA, USA) to produce dot blots (SSC 

against FSC, FSC against FITC and SSC against FITC) and histograms (cell count against FITC). 

As shown in Figure 4.4.a, the cell control was used to set a specific user-defined threshold (called 

a gate) in order to exclude debris and identify the cell population of interest. This gated region 

was applied to all samples and used for the analysis of all subsequent dot plots and histograms. 

To analyse the fluorescent properties of the cells, dot blots of FSC against FITC (Figure 4.4.b) 

were employed, whereas cell count against FITC histograms (Figure 4.4.c) were used to calculate 

the geometric mean (defined as the nth root of the product of n numbers) fluorescence intensity 

(gMFI) of each analysed sample or control, according to Equation 4.3:  
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Figure 4.4: Flow cytometric dot plots and histogram depicting the gating method employed 
for this study. Data was collected for 100 000 events and plotted as described above. As an 

example, the graphs obtained for the cell control are shown. (a) Dot plot of SSC against FSC 

depicting the set gate (in green) used to identify the cell population of interest and exclude cell 

debris. (b) Dot plot of FSC against FITC illustrating only the events gated in a. (c) Histogram of 

cell count against FITC depicting the data used to calculate the gMFI. 

 

4.4.6 DETERMINING THE BIOENERGETICS PROFILE USING THE SEAHORSE XFe96 
ANALYSER – Objective 2.6 

To assess the bioenergetics profile of each cell line, the Seahorse XFe96 Analyser (Seahorse 

Bioscience, MA, USA) was used. In this Section, the general operation of the XF Analyser is 

given. This is followed by a description of the parameters calculated in this study, as well as the 

experimental methods employed to evaluate the mitochondrial respiration (Mito Stress Test). 

 

4.4.6.1 OPERATION OF THE EXTRACELLULAR FLUX ANALYSER 
The XF Analyser (or Seahorse XF Analyser) is a bioenergetics platform, allowing the 

simultaneous evaluation of mitochondrial respiration and glycolysis (the two primary energy-

yielding pathways of the cell) of cells or organelles in real-time (Brand & Nicholls, 2011; Zhang et 

al., 2012). Under aerobic conditions, the cell consumes energy-substrates, as well as O2, to 

a b 

c 
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produce ATP via mitochondrial OXPHOS (Section 2.2.2). By contrast, ATP is produced by 

substrate-level phosphorylation during glycolysis, when glucose is converted to pyruvate. If the 

downstream processing of the latter is however obstructed, or O2 is absent, pyruvate will be 

shunted to lactate with the concomitant release of NAD+ and H+. The XF Analyser can determine 

mitochondrial respiration and glycolysis, by respectively measuring the rate at which O2 is taken 

up from- (the oxygen consumption rate; OCR), and H+ is expelled to (the extracellular acidification 

rate; ECAR), the surrounding medium. Together, the OCR and ECAR are known as the 

extracellular flux (XF) (Agilent, 2017). 

Each analysis is performed by using a 24- or 96-well cell culture plate (depending on the 

instrument) and a sensor cartridge, the latter of which is composed of one probe surrounded by 

four injection ports for each well (Agilent, 2017). Embedded in polymer, at the base of each probe, 

are two fluorophores. While the first is quenched by O2 to determine the OCR, the second is 

responsive to H+, enabling it to measure the ECAR. During each measurement, fibre optic bundles 

of the instrument are simultaneously lowered into each probe to emit light. This excites the 

fluorophores, which in turn read back their own light emission signals relative to the change in 

medium-O2 and -H+ content. To achieve these measurements, the sensor cartridge is lowered 

200 μm above the sample in each well to create a transient micro chamber (2 μL in the 96-well 

format) with limited diffusion (Agilent, 2017; Brand & Nicholls, 2011). For this reason, accurate 

data can only be obtained by seeding samples in uniform monolayers (Zhang et al., 2012). While 

monolayer formation is spontaneous for adherent cells, isolated mitochondria (or other 

organelles) and cells grown in suspension require centrifugation or treatment with specialised 

chemicals (e.g. Cell-Tak™) (Agilent, 2017; Zhang et al., 2012). 

The XF Analyser allows different aspects of cellular bioenergetics to be assessed by loading up 

to four compounds in the drug injection ports surrounding the probe (Agilent, 2017). Here, they 

are held by capillary action until their pneumatic injection, at time points specified by the user 

during the analysis. These components are then mixed into the medium of each well by raising 

and lowering the sensor cartridge, and kinetic measurements are made as described above. 

Following each measurement, the sensor cartridge is raised again to allow the  

re-equilibration of the medium (to prevent the medium from becoming anoxic or too acidic) and 

the process is repeated (Agilent, 2017). To perform a Mito Stress Test, specific modulators of the 

relevant metabolic pathway are loaded into the drug injection ports. The serial injection of these 

compounds subsequently permits the user to observe specific parameters of OXPHOS under 

stressed conditions as shown in Figure 4.5. 
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Figure 4.5: Mito Stress Test profile. The change in OCR following the injection of oligomycin, 

FCCP, and rotenone and antimycin A is depicted. Measured parameters (basal respiration, ATP 

production, proton leak, maximal respiration, spare respiratory capacity, and non-mitochondrial 

respiration) are also shown. The annotations, 1 to 12, represent default measurement intervals 

during the analysis. Based on a figure by Agilent (2017). 

In a typical Mito Stress Test, the Analyser begins by measuring the basal respiration (Brand & 

Nicholls, 2011). Oligomycin is then injected. As this compound binds to and blocks the proton 

channel of the F0 portion of CV, CV-mediated proton re-entry and -ATP synthesis are precluded. 

This decreases the OCR, with residual values attributable to the inherent proton leak and non-

mitochondrial respiration. Next, carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) 

is injected. This protonophore consequently uncouples mitochondrial respiration by transporting 

H+ across the IMM, as opposed to through CV (Brand & Nicholls, 2011). The result is a collapsed 

Δψ and a consequent increase in OCR and energy consumption. Additionally, ECAR increases 

as metabolism shifts to glycolysis in an attempt to uphold the cell’s energy balance. Finally, all 

remaining mitochondrial respiration is eradicated by the simultaneous injection of rotenone and 

antimycin A. While the first functions as a CI inhibitor38 by obstructing electron transfer from CI’s 

Fe-S clusters to Q, the second inhibits CIII and thus the formation of a proton gradient. Any 

residual OCR is therefore solely due to non-mitochondrial respiration, whereas ECAR increases 

for the aforementioned reason. 

                                                
38 Rotenone binds to the NDUFS2 subunit, located in the Q module, and should therefore not be influenced 

by a lack of NDUFS4 (Mimaki et al., 2012; Pineau et al., 2005; Prieur et al., 2001). 
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4.4.6.2 DESCRIPTION OF THE PARAMETERS EVALUATED 
While much information is obtainable from a Mito Stress Test (as indicated in Figure 4.5), only 

the basal respiration, ATP production, and maximal respiration were evaluated. The reason for 

this was that previous studies at this institution had demonstrated that those parameters obtained 

from very small values (falling below the level of sensitivity of the instrument; i.e. proton leak and 

non-mitochondrial respiration), as well as those parameters calculated from more than one other 

parameter or the ratios of parameters [i.e. spare respiratory capacity, % spare respiratory 

capacity, % coupling efficiency, and bioenergetics health index], displayed poor repeatability (van 

Dyk, 2016). As previously determined by van Dyk (2016), the three parameters reported in this 

dissertation (as discussed in Chapter 6) were considered to be consistent with regards to the 

instrument. 

The first, basal respiration, may be regarded as the cell’s baseline oxygen consumption prior to 

the injection of OXPHOS-altering compounds. It is primarily controlled by the cell’s ATP demand, 

and partially by the endogenous proton leak and substrate supply (Brand & Nicholls, 2011). 

Additionally, basal respiration is sensitive to the substrates and hormones contained in the 

incubation medium. 

Following the addition of oligomycin, CV is inhibited and electron flux through the RC decreases 

due to an increase in Δψ. The rate of ATP production via CV may be determined from this 

decrease (Brand & Nicholls, 2011). While increased ATP production implies a higher energy 

demand, decreased ATP production may result from a reduced energy demand, insufficient 

substrate, or a severely damaged OXPHOS system. Therefore, the parameter will also be 

negatively influenced by increased oxidative stress (van Dyk, 2016). 

Maximal respiration is obtained after the injection of the uncoupler, FCCP. Since CV is already 

inhibited at this point, and saturating levels of ADP are unachievable in experiments involving 

intact cells (due to the inability of ADP and Pi to cross the plasma membrane), the maximal 

respiration described here refers to RC (and not OXPHOS) capacity (Brand & Nicholls, 2011; van 

Dyk, 2016). Apart from the rate of substrate absorption and catabolism, this parameter is limited 

by the activity of the RC. Consequently, a decrease in maximal respiration can indicate an 

inadequate substrate supply, or OXPHOS impairment. 

Most cells further exhibit a low percentage (~10%) of non-mitochondrial oxidative respiration 

brought about by the activity of certain detoxification-, desaturase-, and pro-inflammatory 

enzymes (Brand & Nicholls, 2011; van Dyk, 2016). While this rate has been shown to differ in the 

presence of stressors (e.g. increasing due to ROS), it is primarily used in the calculation of other 

parameters. 
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4.4.6.3 METHODS 

4.4.6.3.a DETERMINING THE BIOENERGETICS PROFILE USING A MITO STRESS TEST 
Prior to its utilisation, the XF Analyser necessitates the optimisation of each new cell type (Zhang 

et al., 2012). Critical considerations include cell seeding density and the FCCP concentration 

used. The optimisation of these parameters may be found in Appendix E. 

The final XF analysis required three days to execute. To perform the Mito Stress Test, the protocol 

described below was followed. The methods and reagents used were as advised by the supplier.  

DAY 1 

Each cell line was harvested, counted, and seeded in 11 or 12 wells (depending on the 

background wells) of a Seahorse XF96 Cell Culture Microtiter plate (#101085-004, Agilent 

Technologies, CA, USA), as explained in Section 4.4.1.1.a (see Appendix D for the plate layout). 

To the four corner wells (A1, A12, H1, and H12) the same volume, containing only galactose-

containing medium, was added (blank, no cells, used for background- and temperature 

correction). The optimal seeding density employed (see Appendix E) was taken as  

12 500 cells/80 μL/well (the recommended volume). The cells were then left to adhere to the 

microtiter plate in the laminar flow hood for 1 h to promote even cell distribution and reduce edge 

effects, after which the plate was incubated under standard conditions for 47 h. This period was 

chosen to guarantee the complete elimination of residual medium glucose (contained in the 

routine culture medium) from the cells.  

DAY 2 

For the proper function of the sensor cartridge fluorophores, hydration is required prior to use. 

This was achieved by adding 200 μL of XF Calibrant (pH 7.4; #100840-000, Agilent Technologies) 

to each well of the utility plate supplied with the Seahorse XFe96 FluxPak (#102416-100, Agilent 

Technologies). The sensor cartridge was then lowered onto the utility plate, covered with the lid, 

and incubated at 37°C in a humidified atmosphere containing 0% CO2 (in the XF Prep Station)  

24 h prior to the assay. The XF Analyser was also switched on at this time to allow the temperature 

to equilibrate to 37°C, and the protocol was designed using the Wave Controller software (v2.4). 

To ensure that cells had sufficient nutriment, an additional 50 μL of galactose-containing medium 

was added to each well of the cell culture plate and incubation was resumed. 

DAY 3 

In order to accurately measure ECAR, the pH of the medium must be equilibrated. This 

necessitates the use of a 0% CO2 incubator (to remove CO2 from the cells, medium, and cell 

culture plate) and low buffered medium. Consequently, a stock solution of low buffered medium, 

consisting of a bottle of DMEM powder (#D5030, Sigma-Aldrich), 1.85 g/L filter-sterilised NaCl,  

2 mM GlutaMAX (#35050038, Gibco®, Thermo Fisher Scientific™), 0.85 mM NaOH, and 3 mg/L 
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phenol red (#P0290, Sigma-Aldrich), was prepared in 1 L of autoclaved Milli-Q® H2O, and stored 

at 4°C (for up to 3 months). On the third day of the analysis, 150 mL of assay medium was 

prepared for the Mito Stress Test. This was done by supplementing the low buffered medium 

stock with 10 mM filter-sterilised galactose (pH 7.4) and 1 mM sodium pyruvate. The medium was 

then warmed to 37°C in a water bath and the pH was adjusted to 7.4 using 0.5 M NaOH.  

Following 47 h of incubation, the XF Prep Station (Seahorse Bioscience) was used to remove the 

galactose-containing medium in the cell culture plate, to wash the cells, and to add a final volume 

of assay medium to each well. To achieve this, Milli-Q® H2O, 70% (v/v) ethanol, and 138 mL of 

the assay medium were respectively added to the “H2O”, “Clean”, and “Medium” bottles. The 

Seahorse XF Prep Station software (v1.0.0.2) was then set up to perform the following steps: The 

manifold was firstly primed with “Clean” and then “H2O”. Hereafter, three media changes were 

performed. This involved a third priming step with “Medium”, followed by two aspiration and 

dispense cycles, using 200 μL assay medium/well. A final aspiration and dispense cycle left each 

well containing 175 μL of assay medium. Cell adherence was then microscopically verified, after 

which the cell culture plate was incubated at 37°C and 0% CO2 (in the XF Prep Station), 1 h 

before the assay (total incubation time: 48 h).  

The injectable compounds were then reconstituted and made up to their recommended (or 

optimised) concentrations using the assay medium. Hereafter, 25 μL of each compound was 

pipetted into the corresponding injection ports of all 96 wells of the sensor cartridge from  

Day 2. For the Mito Stress Test, this included 1 μM oligomycin in port A, 0.75 μM FCCP (as 

optimised) in port B, and 0.5 μM rotenone and antimycin A in port C (#103015-100, Agilent 

Technologies).  

The loaded sensor cartridge and utility plate were then inserted into the XF Analyser, the relevant 

protocol was initiated, and the sensor cartridge was calibrated (~25 min). Hereafter, the utility 

plate was exchanged for the cell culture plate, and the assay was run (~2 h to 3 h). The latter 

consisted of four steps (one basal reading and one reading following the injection of ports A, B 

and C), each comprising three measurement cycles (3 min mix, 3 min measure), for a total of 12 

measurements per well (as depicted in Figure 4.5). After the run, the medium was removed from 

the cell culture plate, and the plate was frozen at -80°C for 24 h in preparation for the CyQUANT® 

assay. 

 

4.4.6.3.b NORMALISING TO CELL NUCLEIC ACID CONTENT USING THE CYQUANT® 

CELL PROLIFERATION ASSAY KIT 
To account for inter-well differences in the cell seeding density of each cell line, the CyQUANT® 

Cell Proliferation Assay Kit (#C7026, Molecular Probes®, Thermo Fisher Scientific™) was used 
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to normalise cells in the Mito Stress Test microtiter plate, according to the total cellular nucleic 

acid content/well (Jones et al., 2001). This was achieved by following the manufacturer’s 

instructions (Molecular Probes®: CyQUANT® Cell Proliferation Assay Kit, MP07026). 

The microtiter plate, which had previously been frozen at -80°C for 24 h to aid in efficient cell lysis 

during the CyQUANT® assay, was allowed to equilibrate to RT. A sufficient reaction volume was 

then prepared (100 μL/well) by adding together 1x Cell-lysis buffer (20x),  

1x CyQUANT® GR dye (400x) and nuclease-free H2O. The suspension was mixed by vortexing 

and 100 μL thereof was added per well (including the blank wells). Hereafter, the plate was 

incubated, protected from light, for 5 min at RT, during which cells were lysed, allowing the green 

fluorescent CyQUANT® GR dye to bind to the total cellular nucleic acid and fluoresce (Jones et 

al., 2001). Each sample was then mixed by gentle pipetting and 95 μL was transferred to the 

corresponding well of a black 96-well microtiter plate (used to absorb light, and reduce crosstalk 

and background signal). Using the Synergy™ HT Multi-detection microtiter plate reader and 

Gen5™ Data Analysis software (v1.11.5), the sample fluorescence (which correlates linearly with 

cell number) was then measured in the black 96-well plate, at a 480 nm excitation- and 520 nm 

emission wavelength. To obtain values of appreciable size, the sensitivity was set to 100. 

 

4.4.7 STATISTICAL ANALYSES & INTERPRETATION – Objective 2.7. 

4.4.7.1 STATISTICAL ANALYSES 
In order to answer the questions set for Objectives 1.5, 1.6, and 2.1 to 2.6, statistical analyses 

were performed by using SPSS Statistics (v.24.0; IBM) and Microsoft Excel 2013. A schematic 

representation of the strategy followed to achieve this is given in Figure 4.6. Since Objectives 1.1 

to 1.4, 1.7, and 1.8 were carried out on single replicates or yielded no countable data, their 

statistical analysis was unnecessary. 

As a first step, outliers which could potentially skew the data were identified and removed using 

Tukey’s method. This method defines outliers as those data values respectively lying 1.5 

interquartile ranges below or above the first- (25th percentile; Q1) and third quartiles  

(75th percentile; Q3) of the data set39 (Tukey, 1977). In cases where outliers were apparent but 

not identifiable by Tukey’s method due to the small number of replicates analysed, outliers 

causing a coefficient of variance (CV%) ≥20% were excluded from the data set (van der 

Westhuizen, 2017b, personal communication). The remaining values were then processed if 

necessary, after which the data from the two sets of cell lines (see Table 4.2) were analysed 

                                                
39 In this chapter, “data points” refer to the individual data values (replicates), whereas “data set” implies 

the collection of values obtained per mouse for each analysis. Note that this differs from the meaning given 

in Chapters 5, 6 and 7. 
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separately to determine whether or not significant differences existed between the four genotypes 

within each set. This was done only for Objectives 2.1 and 2.3 to 2.6.  

To compare the four genotypes within each set of cell lines, the type of statistical test to employ 

(parametric or non-parametric) was first determined by assessing the assumptions of normality 

and the homogeneity of variances. While the former was determined by employing the Shapiro-

Wilk test, the latter was assessed by Levene’s test (Field, 2009b:144-152). If both assumptions 

held for both sets of cell lines (p ≥0.05), parametric tests were performed. Conversely, if either 

assumption was violated, a non-parametric approach was followed.  

 

Figure 4.6: Strategy depicting the statistical analyses performed on the data obtained from 
Objectives 2.1 and 2.3 to 2.6. 
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By following the parametric approach, the data obtained from the four genotypes of each cell line 

set were firstly analysed using a one-way independent ANOVA (analysis of variance). This type 

of test may be used to determine whether significant differences exist between three or more 

groups (i.e. the four genotypes) (Field, 2009d:349). Since the Levene p-values of some data sets 

were very close to 0.05, the ANOVA’s results were confirmed by Welch’s test, a more robust 

parametric test which better compensates for heterogeneous variances (Field, 2009c:308). 

When multiple groups are compared for statistical analysis (referred to in this study as multiple 

testing), e.g. when the data of more than two groups are compared or the data of two groups are 

repeatedly compared, the Type I error rate is inflated (Field, 2009a:56). This error may be 

described as the false assumption of a significant difference in the population, and can be 

controlled by adjusting the α-value (i.e. the p threshold; the probability of making a Type I error) 

via data correction. For the ANOVA and Welch’s test, the α-value of each variable (experiment) 

was adjusted by using the Bonferroni-Holm correction to correspond to an estimated false 

discovery rate of 5% and 10% (Holm, 1979). In other words, these α-values served as new  

p thresholds to indicate statistical significance with 95% and 90% certainty, respectively. In order 

to simplify the data interpretation in Chapter 6, the p-values were then multiplied by a constant 

factor, so that p = 0.05 and p = 0.10 would once again respectively indicate statistical significance 

at 95% and 90% certainty. 

To establish between which genotypes the statistical significance lay, Games-Howell’s post hoc 

test was performed (Games & Howell, 1976). This post hoc test was selected as it has been 

specifically designed for cases in which variances (indicated by Levene’s test) and sample sizes 

are different. To correct for multiple testing within the post hoc test, the α-value was once again 

adjusted to correspond to an estimated false discovery rate of 5% and 10%, this time however 

using the more conservative Bonferroni method (Field, 2009d:373). Once again, the p-values 

were multiplied by a constant factor, so that p = 0.05 = significance at 95% and  

p = 0.10 = significance at 90%. Overall, two genotypes were considered significantly different 

from each other if statistical significance was indicated by the ANOVA, Welch’s test and the 

Games-Howell’s post hoc test. To establish the practical significance of the observed differences 

(i.e. the importance of the observed effect), the effect size was then determined using Cohen’s d. 

Here, a d-value ≥0.5 indicated practically visible differences, whereas a d-value ≥0.8 implied 

practically significant differences (Ellis & Steyn, 2003). 

To perform non-parametric tests, the non-parametric counterpart of the ANOVA, termed the 

Kruskal-Wallis test, was applied to the data. This test once again allowed for the comparison of 

three or more groups (Kruskal & Wallis, 1952). To correct for multiple testing, the α-value was 

adjusted for each variable (experiment) by employing the Bonferroni-Holm correction, and 

multiplication, as before (Holm, 1979). As a post hoc test, the Mann-Whitney test was then 
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employed, in which the differences between two groups (i.e. genotypes) within a variable  

(i.e. experiment) were assessed to determine which groups were significantly different in 

comparison to each other (Mann & Whitney, 1947). The α-value was adjusted using the 

Bonferroni correction, after which the p-values were multiplied as described. Two genotypes were 

considered significantly different from each other if statistical significance was observed for both 

the Kruskal-Wallis and Mann-Whitney tests. Finally, the effect size was determined by calculating 

Mann-Whitney’s |ω|-value from the z-values. While practically visible differences were indicated 

by an |ω|-value ≥0.3, practically significant differences were designated by an |ω|-value ≥0.5 (Ellis 

& Steyn, 2003). 

To present the parametric data, bar charts were constructed using the means of the samples 

and/or controls, with the error bars representing the standard deviation (SD; as a measure of 

variation) within the data from each. Where applicable, the CV% was also determined per sample 

and/or control as a measure of assay precision or repeatability. By contrast, the non-parametric 

data was plotted using box plots. Here, the bottom and top whiskers represented the minimum 

and maximum values respectively (i.e. the range), whereas the bottom and top edges of the box 

denoted Q1 and Q3. Therefore, the box itself represented the interquartile range (50% of the data, 

ranging from Q1 to Q3), with the median (second quartile; 50th percentile; Q2) located by a line in 

the box. In these plots, outliers (1.5 interquartile ranges below or above Q1 and Q3) and extreme 

outliers (three interquartile ranges below or above Q1 and Q3) were depicted by circles and 

asterisks, respectively. 

 

4.4.7.2 INTERPRETATION 
To present the results of Objectives 1.1 to 1.8 (Chapter 5), a traditional approach was followed in 

which all eight cell lines were portrayed in the same graph(s). Since these objectives focussed on 

characterising the mouse fibroblast models, each cell line was compared with its genetic 

counterpart (e.g. WT 1 and WT 2), while the four genotype groups (i.e. WT, OVER, KO and  

KO OVER) were compared with each other to evaluate the effect of the genetic modifications. 

For Objectives 2.1 to 2.6 (Chapter 6), a different strategy was followed. Since slight genetic 

differences and the process of cell culture can lead to variability which may affect the results of 

otherwise genetically identical samples, the reproducibility of the findings within a specific 

genotype group was assessed by comparing the trend in the data of the first set of cell lines to 

that of the second set. To this end two separate graphs were constructed, one for each set of cell 

lines. While it should be noted that this comparison is not a specific objective of the study, it is 

considered good practice when using primary fibroblasts to evaluate whether the results obtained 

for each genotype are reproducible. In doing so, it is possible to assess whether the results are 

repeatable or the consequence of genotype-unrelated variability. If the same tendency was 
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observed between the two sets of cell lines, the statistically significant differences (and effect 

sizes) of the first set of cell lines (WT 1, OVER 1, KO 1, and KO OVER 1) were discussed, with 

the purpose of investigating the effect of MTI overexpression on CI deficiency. Conversely, if no 

trend was observed between the two graphs, possible explanations, suggestions, and a 

hypothesis of the expected outcome were given. Therefore, the second set of cell lines only 

served to evaluate the reproducibility of the results within a genotype and were not used to make 

deductions. 
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CHAPTER 5: 
RESULTS & DISCUSSION 
PART 1: ESTABLISHING & CHARACTERISING Ndufs4:TgMTI MICE 
 

5.1 INTRODUCTION 
In Chapter 4, a detailed description of the methods used to generate and process the data 

required to achieve the proposed objectives was given. Recall that this study has been divided 

into two parts, each corresponding to a specific aim (Section 3.3.2). In this chapter, the final 

results pertaining to the first aim (part one) of this study, namely “Establishing & characterising 

Ndufs4:TgMTI mice”, will be presented and discussed. This will entail the comparability of the 

genetic backgrounds of the Ndufs4 and TgMTI strains to that of C57BL6/J, followed by a brief 

overview of the effectiveness of the breeding strategy and cell culture procedures employed. 

Hereafter, results concerning the genetic and protein characterisation of each of the cell lines will 

be given and examined, to serve as validation of the experimental models developed. 

For the discussion of those results concerning the second aim (part two) of this study, namely 

“Investigating the effect of MTI overexpression on the bioenergetics consequences of CI 

deficiency”, the reader is referred to Chapter 6.  

 

 

 

 

Note: In Chapters 5, 6, and 7, the terms “significant” and “statistically significant” were used when referring 

to data points with p-values of ≤0.05 or ≤0.1, calculated as described in Section 4.4.7. 

To indicate the final mean (average) value(s) determined for a single sample, the term “data point(s)” was 

used throughout. 

By contrast, the terms “data set” and “group(s)” were generally used when referring to a collection of data 

points for the samples or controls of a specific genotype. 

All DNA base pair sizes and protein molecular weights (respectively presented in bp or kDa) imply the 

theoretical or approximate values, and have been derived following careful comparison with size markers 

(ladders). 

For descriptions of each sample name (e.g. WT 1, WT 2, OVER 1, OVER 2, etc.) the reader is referred to 

Table 4.2, whereas control names have been explained in the text. 

Lastly, words like “association”, “correlation”, “range”, “dependent”, “trend”, and “tendency” were used for 

descriptive purposes only, and bear no relation to any statistical functions. 



92 

5.2 GENOTYPING THE WHOLE GENOME OF THE Ndufs4 & TgMTI STRAINS  
– Objective 1.1 

5.2.1 INTRODUCTION 
Much research has shown that discrepancies in the genetic backgrounds of mouse models can 

affect the desired presentation of a particular phenotype by altering the penetrance or expressivity 

of the genetic modification, or by changing the degree of its pathogenicity (Schauwecker, 2011). 

In particular, studies have reported genetic differences even in mice that have been backcrossed 

on a specific strain (JAX, 2006). It was therefore vital for this study, as well as for those studies 

related to it, to ensure that the genetic backgrounds of the contributing strains were uniform and 

corresponded to the C57BL6/J genome (Petkov et al., 2004). In doing so, not only could the 

characteristics of the strains be confirmed, but an accurate breeding strategy could be set up to 

ensure the production of reproducible genotypes. 

Prior to the commencement of this study, the first step was thus to verify the comparability of the 

genetic backgrounds of the two strains of interest (Ndufs4 and TgMTI mice) to the C57BL6/J 

genome. To achieve this, DNA from nine TgMTI+/- or TgMTI+/+ mice, as well as two Ndufs4+/- mice 

(see Table 4.1 for details) were sent to the Jackson Laboratory for evaluation on a 1 500 SNP 

Panel, as explained in Section 4.3.1. Accordingly, samples were analysed against a set of 1 453 

validated and polymorphic (i.e. highly informative) SNP markers, which are specific to the 

C57BL6/J background genome, and spaced evenly across all 19 autosomes and the  

X chromosome (JAX, 2014). The data was subsequently processed by calculating the percentage 

equivalence between the SNPs of each sample and the C57BL6/J reference genome, as well as 

determining the percentage heterozygous SNPs identified for each mouse. Since the number of 

no-calls (misreads) were few (having a mean of 1.67% across both strains), they were individually 

excluded from the total number of SNPs analysed for each sample. Additionally, no wrong-calls 

(mismatches) were found. Lastly, the mean and SD of the percentage equivalence and 

heterozygous SNPs, were determined for each strain. 
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5.2.2 RESULTS 
The final results obtained for each mouse, following the analysis of their DNA on the 1 500 SNP 

Panel, are displayed in Table 5.1. 

Table 5.1: Comparability of the Ndufs4 and TgMTI strains’ genetic background to a  
  reference C57BL6/J genome, as determined by SNP analysis 

Animal ID Genotype Gender Equivalence to C57BL6/J 
genetic background (%) 

Heterozygous SNPs 
detected (%) 

7964 TgMTI+/- or +/+ Male 99.4 0.58 
2282 TgMTI+/- or +/+ Male 99.7 0.28 
2273 TgMTI+/- or +/+ Male 99.7 0.28 
7691 TgMTI+/- or +/+ Male 99.7 0.35 
2278 TgMTI+/- or +/+ Female 99.5 0.48 
2277 TgMTI+/- or +/+ Female 99.8 0.21 
2269 TgMTI+/- or +/+ Female 99.7 0.28 
2271 TgMTI+/- or +/+ Female 99.7 0.28 
2279 TgMTI+/- or +/+ Female 99.4 0.62 

  Mean (%) 99.6 0.37 
  SD 0.15 0.15 
     

Q4036 Ndufs4+/- Female 99.6 0.44 
Q4037 Ndufs4+/- Female 99.4 0.63 

  Mean (%) 99.5 0.53 
  SD 0.13 0.13 

The table displays the percentage equivalence obtained when comparing the genetic background of the Ndufs4 and 

TgMTI mouse strains to 1 453 C57BL6/J-specific SNPs. The percentage heterozygous SNPs discovered in these  

11 mice are also shown. Lastly, the mean and SDs for the percentage equivalence and heterozygous SNPs are given 

for each strain (nTgMTI = 9 and nNdufs4 = 2). 

 

5.2.3 DISCUSSION 
As shown in Table 5.1, ≥99.4% of the C57BL6/J-specific SNPs could be detected in the DNA of 

the individual mice from both strains, with each strain displaying an average C57BL6/J 

comparability of ≥99.5%. In addition, however, an average of ≤0.53% heterozygous SNPs, 

corresponding to only one allele of the C57BL6/J reference genome, were discovered per strain. 

From the high percentage of equivalence and small percentage of differences (i.e. heterozygous 

SNPs), it was therefore concluded by the author, and confirmed by the technician at the Jackson 

Laboratory, that the mice from the Ndufs4 and TgMTI strains shared enough of the C57BL6/J 

genetic background, to consider their individual genetic modifications [i.e. the deletion of Ndufs4’s 

second exon (Ndufs4 mouse), and insertion of 56 MtI* transgenes per allele (TgMTI mouse)] the 

only significant differences between them. These results were as expected, as both strains had 

been backcrossed on the C57BL6/J genetic background (JAX, 2017a; Kruse et al., 2008). Since 

only 1 453 SNPs were analysed, further conclusions concerning the similarity of the rest of the 
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genetic background, as well as the effect of crossbreeding the two strains on the genetic 

background, cannot be made (JAX, 2006). 

Fewer samples were analysed from the Ndufs4 strain than the TgMTI strain. The reason for this 

was that the Ndufs4 colony had not yet been established at this facility at the time of the analysis. 

The DNA of these mice were thus kindly provided by Prof Albert Quintana. While the results 

shown above are definitive, a more inclusive distribution might have been obtained if more 

Ndufs4+/- mice (and in particular, males) were to have been analysed. Despite this, the method 

yielded satisfactory results to continue with the breeding and crossbreeding of these strains. 

 

5.3 CROSSBREEDING THE Ndufs4 & TgMTI MOUSE LINES & ESTABLISHING & 
CULTURING PRIMARY MOUSE FIBROBLAST CELL LINES – Objectives 1.2 & 1.3 

5.3.1 RESULTS & DISCUSSION 
After confirming the uniformity of the C57BL6/J genetic backgrounds in the Ndufs4 and TgMTI 

strains, the breeding strategy explained in Section 4.3.2 was set up (Objective 1.2). This enabled 

the acquisition of mice of the four specific genotypes at the highest possible efficiency and 

probability. As discussed in Section 4.3.3, primary fibroblast cells were subsequently cultured 

from the skin samples of specific mice (see Tables 4.2 and 4.5 for details; Objective 1.3). As 

shown in Figure 5.1, the culture procedure yielded cells of similar fusiform morphology (indicative 

of fibroblasts), as anticipated, with an approximate doubling time of 72 h. 

 

Figure 5.1: Image depicting mouse skin fibroblasts with fusiform morphology, exiting the 
skin explant after three days of culture. Cells with a spherical morphology indicate dividing 

fibroblasts. 

It should however be noted that those fibroblasts with an Ndufs4-/- genotype grew at a rate 

comparable to, if not slightly higher than, the Ndufs4+/+ fibroblasts, when cultured in glucose-

containing medium. This was in contrast with the expected result, as seen in vivo, and indicated 
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that the disease phenotype did not result in a limited/stressed growth rate under these culture 

conditions. Nevertheless, these findings complied with many studies on fibroblast cultures, 

reporting on their inherent glycolytic nature (Valsecchi et al., 2012; van den Heuvel et al., 2004). 

Therefore, the ability of fibroblasts to shift their energy metabolism from OXPHOS to glycolysis 

under normal conditions, and as an adaptive mechanism (i.e. the Crabtree effect) when faced 

with a challenge like CI deficiency, was considered (Reinecke et al., 2009). In order to allow the 

more pronounced expression of CI deficiency in vitro, it was thus decided to evaluate the 

bioenergetics consequences (discussed in Chapter 6) on cells that had been pre-incubated in 

galactose-containing medium for one to two days prior to their experimental analysis (see Section 

4.4 for a more detailed explanation). Thus, by switching the cell culture medium from glucose-

containing to galactose-containing medium, the cells would be forced to rely more heavily on ATP 

production via the OXPHOS system, due to the slow conversion of galactose to G-6-P (via 

glucose-1-phosphate) (Mot et al., 2016; van den Heuvel et al., 2004; Voets et al., 2012). For 

routine cell culture and the analyses discussed in this chapter, the use of glucose-containing 

culture medium (which allows the rapid production of ATP via the glycolytic pathway) was 

sufficient. 

 

5.4 GENOTYPING Ndufs4:TgMTI MICE – Objectives 1.4 & 1.5 
As mentioned in Section 4.3.4, it was necessary to characterise the genotype of each mouse 

before its inclusion into the study, since each step of the breeding strategy (see Figure 4.2) had 

the potential to yield pups with at least two possible Ndufs4 and/or TgMTI genotypes. The process 

was then repeated on the primary fibroblast cell lines established from the skin samples of the 

selected mice, prior to executing further experimental analyses, in order to validate the genotypes 

and confirm that there was no sample mix up. Since both the initial and repeated (final) PCR and 

qPCR amplification methods produced the same results, only the final (and most recent) results 

will be discussed. 

 

5.4.1 CHARACTERISING THE Ndufs4 GENOTYPE – Objective 1.4 

5.4.1.1 INTRODUCTION 
The Ndufs4 genotype was determined by amplifying DNA from each of the eight cell lines, as 

explained in Section 4.3.4.1.c. Concurrently, the tail-snip DNA of an Ndufs4+/+, Ndufs4+/-, and 

Ndufs4-/- mouse were amplified to serve as controls. Following amplification, the eight samples 

and three controls were then separated via agarose gel electrophoresis. In addition, a DNA size 

marker (ladder) was included on the gel to provide standard DNA fragments of known lengths to 

which the sample- and control bands could be compared for size estimation.  
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5.4.1.2 RESULTS 
Following band separation, the gel was photographed to yield the final results displayed in  

Figure 5.2: 

 

Figure 5.2: Agarose gel electrophoresis image depicting the bands produced by each 
sample and three Ndufs4 controls. The size (in bp) of the PCR products of the eight samples 

and the three controls used (Ndufs4+/+, Ndufs4+/-, and Ndufs4-/-; see Table 4.3 for details), are 

shown, together with that of a 100 bp DNA size marker (ladder; on either side of the gel). 

Given that the primer pair used was as described by Valsecchi et al. (2012), the expected band 

size of the Ndufs4 WT allele was 1 229 bp. Since the Ndufs4 KO genotype was produced by 

deleting an 800 bp DNA region (which included the second exon of the Ndufs4 gene), the band 

size of the KO allele was anticipated to be 429 bp. Consequently, a heterozygous sample 

possessing both allele types would display both bands. 

As shown in Figure 5.2, each control displayed its anticipated band(s). In addition, however, faint, 

non-specific bands corresponding to ~429 bp and ~813 bp were respectively seen in the lanes 

containing the Ndufs4+/+ control and the Ndufs4+/- control. For the WT and OVER samples, a band 

of 1 229 bp was observed, together with a very faint, non-specific band of ~429 bp, whereas only 

a 429 bp band was seen for the KO OVER and KO samples. 

 

5.4.1.3 DISCUSSION 
The band(s) displayed by each control corresponded to the results reported by Valsecchi et al. 

(2012). Additionally, the Ndufs4 genotyping results of each WT, OVER, KO OVER, and KO 

sample observed in Figure 5.2 corroborated the initial PCR results used to select the eight mice 

employed in this study (gel results not shown; see Table 4.2 for genotype results). Specifically, 

the bands displayed in Figure 5.2 indicated that the WT and OVER samples exhibited an Ndufs4+/+ 

genotype, whereas the KO OVER and KO samples possessed an Ndufs4-/- genotype, as 
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expected. It can therefore be said that each fibroblast cell culture corresponded to the correct 

mouse, i.e. the mice and/or samples were not mixed up. 

While the non-specific band observed in the lanes containing the Ndufs4+/+ control and WT and 

OVER samples was the same size as that of the KO band, the intensity of the bands in these 

lanes (a more intense 1 229 bp band and a very faint ~429 bp non-specific band) was clearly 

different from that of the Ndufs4+/- control (a less intense 1 229 bp band and a more intense  

429 bp band). The non-specific band was also consistently observed in each Ndufs4+/+ sample 

genotyped throughout the entire breeding process, even when different preparations of the 

primers were used. Therefore, this non-specific band may be regarded as the result of non-

specific PCR amplification, rather than primer or sample contamination. Similarly, the non-specific 

band observed in the lane containing the Ndufs4+/- control (~813 bp) may also be described as a 

non-specific PCR artefact, since this band was consistently observed in the genotyping results of 

each Ndufs4+/- mouse throughout the breeding process. 

Though various methods were tested to prevent non-specific amplification of the DNA [i.e. new 

primer preparations, optimisation of the annealing temperature via a temperature gradient, 

employing a DMSO gradient, adhering to the cycling times and concentrations indicated by the 

manufacturer, and maximising the ramp rate of the thermal cycler (to 4°C/s; not shown in this 

dissertation)], none were successful. In the future, it might be considered to decrease the number 

of cycles to <35. However, as it was still possible to clearly distinguish Ndufs4+/+ samples from 

Ndufs4+/- samples in this experiment, these results, albeit with the presence of two very faint non-

specific bands, were regarded as sufficient for the purpose of meeting Objective 1.4. 

 

5.4.2 CHARACTERISING THE TgMTI GENOTYPE – Objective 1.5 

5.4.2.1 INTRODUCTION 
As explained in Section 4.3.4.1.d, a novel method was developed to determine the TgMTI 

genotype of each of the eight samples, as well as three TgMTI controls, by measuring the  

CT-values for the amplification of the MtI (target) and Actb (reference) genes in triplicate. These 

values were then processed as discussed and substituted into the 2-ΔCT formula. Finally, the 

answer was multiplied by two to yield the copy number of nuclear MtI (here MtI copy number 

collectively refers to the number of MtI* transgenes and inherent MtI genes), quantified relative to 

that of a single copy of nuclear Actb. To further quantify the degree of variation within the data 

point of each sample, the pooled SD of each copy number was calculated by using the Gauß 

error propagation, as displayed in Equation 5.1:  

Pooled SD = �(SDCTtarget)2 +  (SDCTreference)2  (5.1) 
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5.4.2.2 RESULTS 
The MtI copy number results obtained for each of the eight samples, as well as the three TgMTI 

controls, are depicted together with each pooled SD (as error bars), in Figure 5.3: 

 

Figure 5.3: Bar chart depicting the nuclear MtI copy number, relative to Actb, for each 
sample and three TgMTI controls. The number of MtI copies contained in the diploid nDNA, 

expressed relative to that of nuclear Actb, is shown for all eight cell lines, as well as the three 

controls used (TgMTI-/-, TgMTI+/-, and TgMTI+/+; see Table 4.3 for control details). The exact copy 

number is indicated above the respective bar. (n = 3) ± SD. 

While no comparable published data existed at the onset of this study to describe exactly where 

the MtI* transgenes are located within the mouse genome, it was theorised that 56 copies per 

allele of the MtI* transgene are transferred to the progeny mice, for the reason discussed in 

Section 4.3.4.1.d. In addition to this, each diploid mouse genome contains two inherent copies of 

MtI (Beach & Palmiter, 1981). Therefore, while TgMTI-/- mice are suspected to have only two 

copies of MtI, TgMTI+/- and TgMTI+/+ mice should exhibit 58 copies (two inherent MtI genes and 

56 MtI* genes) and 114 copies (two inherent MtI genes and 2x 56 MtI* genes), respectively.  

 

5.4.2.3 DISCUSSION 
As shown in Figure 5.3, a clear comparison could be drawn between the WT and KO samples 

and the TgMTI-/- control. Since these values were further all extremely close to the anticipated 

copy number of 2, it indicated that these samples indeed possessed a TgMTI-/- genotype. 

Similarly, the results of the OVER and KO OVER samples correlated very closely with that of the 

TgMTI+/+ control. With copy numbers close to 114, it was therefore possible to deduce that these 
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samples exhibited a TgMTI+/+ genotype. Additionally, the copy number of the TgMTI+/- control was 

close to the expected value of 58.  

While the results of each sample and control were not identical to the anticipated values, a factor 

that may be ascribed to the decimal-level differences between the quantity of the starting template 

DNA concentration of different samples of a specific genotype (e.g. decimal-level differences 

between the DNA quantities of WT 1 and WT 2), the obtained copy numbers could clearly be 

grouped close to the expected values of the three genotypes. Moreover, the small SDs indicated 

limited variability between the replicates of a single sample. With this method it was thus possible 

to meet Objective 1.5. Additionally, in the process, a new, simple, quick and accurate means to 

distinguish between the TgMTI-/- and overexpressing (TgMTI+/- and TgMTI+/+) genotypes was 

developed. More specifically however, this method allowed for the distinction between the 

TgMTI+/- and TgMTI+/+ genotypes – which had not been possible using conventional end-point 

PCR.  

 

5.5 QUANTIFYING THE RELATIVE MtI mRNA – Objective 1.6 

5.5.1 INTRODUCTION 
In order to validate the TgMTI model for use in this study, it was necessary to confirm that the 

presence of the MtI* transgenes resulted in MTI overexpression. For this reason, the level of MtI 

expression (mRNA level) exhibited by each cell line was determined according to the  

RT-qPCR method described in Section 4.3.5. At the same time, four controls were analysed. 

These included primary skin fibroblasts of an Ndufs4+/+:TgMTI-/- and Ndufs4+/+:TgMTI+/+ mouse, 

which were either untreated (termed the WT control and OVER control in Figure 5.4), or treated 

with 12.5 μM CdCl2 (a known MtI inducer; termed the WT CdCl2 control and OVER CdCl2 control 

in Figure 5.4) for 24 h prior to trypsinisation (see Table 4.5 for details). 

To evaluate the expression of MtI mRNA in those samples with a TgMTI-/- or TgMTI+/+ genotype, 

the WT and OVER controls were respectively used as positive controls. On the other hand, the 

WT CdCl2 control was included to assess whether the TgMTI+/+ model yielded suitably high MTI 

overexpression. Lastly, the WT CdCl2 control and OVER CdCl2 control were used to determine 

the inducibility of the MtI* transgenes by Cd. 

For each sample and control, triplicate CT-values were obtained for the amplification of the MtI 

(target) and B2m (reference) cDNA. The data was then processed and substituted into the  

2-ΔCT formula to yield the expression of MtI (here MtI collectively refers to inherent MtI and the MtI* 

transgenes), quantified relative to that of B2m. Hereafter, the MtI mRNA level of each sample and 

control was expressed relative to that of WT 1, which was arbitrarily assigned the value of 1.00. 

To determine the variation within each data point, the pooled SD was calculated via Equation 5.1. 
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Finally, the pooled CV% was determined, by using the Gauß error propagation as displayed in 

Equation 5.2, yielding values of ≤1.33 for each sample and control: 

Pooled CV% = �(CV%CTtarget)2 +  (CV%CTreference)2  

 

5.5.2 RESULTS  
The MtI mRNA expression obtained for each sample, as well as the four controls, may be found 

in Figure 5.4. 

 

Figure 5.4: Bar chart depicting the mRNA expression of MtI, relative to B2m, for each 
sample and four controls. For all eight cell lines, as well as four controls (WT and OVER 

fibroblasts, untreated or treated with 12.5 μM of the MtI inducer, CdCl2, for 24 h), the level of 

nuclear MtI (inherent MtI and MtI* transgenes) mRNA is shown, as expressed relative to nuclear 

B2m. The exact copy number is indicated above the respective bar. (n = 3) ± SD. 

From Figure 5.4, it was observed that the WT and KO samples compared well to the WT control. 

By contrast, the OVER and KO OVER samples displayed MtI mRNA expression ranging from 

~16 to ~37 times that of the WT control. Although variation was evident, these four values were 

comparable with each other and the OVER control. Additionally, none of the obtained values were 

comparable to the OVER CdCl2 control, which yielded the highest MtI mRNA expression, as 

(5.2) 



101 

expected. Finally, it may be seen that each CdCl2-treated control displayed increased MtI mRNA 

expression when compared to its untreated counterpart. 

 

5.5.3 DISCUSSION 
As mentioned in Section 2.6.6, MtI may be induced by several heavy metals including Cd, which 

act on the MREs situated in the gene’s proximal promotor (Penkowa et al., 2006). By studying 

the controls depicted in Figure 5.4, the effect hereof was evident, since each CdCl2-treated control 

displayed increased MtI mRNA expression in comparison with its untreated counterpart (the WT 

CdCl2 control: ~21-fold increase, and the OVER CdCl2 control: ~two-fold increase). With these 

results it was thus possible to confirm that MtI* transgenes are regulated by Cd, as first reported 

by Palmiter et al. (1993). Additionally, it was shown that the TgMTI+/+ genotype (OVER control) 

resulted in a higher expression of MtI mRNA than chemically induced MTI overexpression (WT 

CdCl2 control). This indicated that the model was particularly suitable for the purpose of this study. 

The MtI mRNA expression displayed by the WT and KO samples further resembled that of the 

WT control as expected, and thereby corroborated the TgMTI-/- genotype of each of these 

samples (as depicted in Figure 5.3). By contrast, MTI was clearly overexpressed in the TgMTI+/+ 

genotype, as was evident from the increased MtI mRNA levels exhibited by the OVER and  

KO OVER samples, as well as the OVER control, in comparison to the WT control. While the 

results yielded by the OVER and KO OVER samples were in a similar range, significant variation 

was observed between them and the OVER control, as well as within the OVER genotype group. 

However, no clear trend was observed to link this variability to the Ndufs4 genotype. 

Therefore, to explain the variability observed between samples of the same genotype, the nature 

of the method (experimental variability) was first considered. Since a specific quantity of total 

RNA, instead of pure mRNA, was used as starting template, the percentage mRNA within the 

template RNA was unknown. The variability in the amount of mRNA present in each sample could 

therefore possibly have contributed to slightly higher or lower mRNA expression values. 

Secondly, the existence of inherent variability between similar cell lines was considered. 

Research has shown that gene expression is stochastic by nature (Raj & van Oudenaarden, 

2008). In other words, the mRNA expression of a specific gene fluctuates in the individual cells 

of a genetically homogeneous population (i.e. clones). This occurs since mRNA synthesis is not 

a continuous process, but rather a series of brief periods during which the gene of interest is 

transcriptionally active. In the cell, stochastic gene expression may be caused by extrinsic (e.g. 

the varying levels of transcription activators) or intrinsic factors (e.g. the inherent randomness 

associated with the transcription and translation process). While it is true that the effect of 

stochastic gene expression will become statistically less significant as the population size of the 

analysed sample increases, it was still possible that these extrinsic and intrinsic factors could 
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have contributed to the small differences observed (Raj & van Oudenaarden, 2008). As both the 

SD (Figure 5.4) and CV% (≤1.33) of each sample and control were low, respectively indicating 

little variation between the measurements of each data point and a high assay repeatability  

(a CV% of ≤10% indicates sufficient repeatability), technical error was disregarded as a potential 

cause of the varying mRNA levels. 

It is important to note that MtI mRNA will not necessarily result in comparable quantities of the 

protein, as mentioned in Section 4.3.5.1 (Dabrio et al., 2002; Vasconcelos, 2002). RT-qPCR 

therefore only allows a semi-quantitative measure of putative MTI protein expression. However, 

as the objective of this method was not to quantify MTI, but simply to observe if the TgMTI+/+ 

genotype led to MtI mRNA overexpression, the results were considered satisfactory. 

 

5.6 QUANTIFYING THE STEADY STATE LEVEL OF NDUFS4 WITH SDS-PAGE + 
WESTERN BLOT ANALYSIS – Objective 1.7 

5.6.1 INTRODUCTION 
Although initial studies have classified the Ndufs4-/- mouse as a putative whole-body KO, and 

while the protein’s synthesis has further specifically been shown to be precluded in immortalised 

mouse embryonic fibroblasts of the strain, it was still considered thorough to verify that the 

changes in the Ndufs4 genotype were being translated to the protein level in the four models used 

in this study (Kruse et al., 2008; Valsecchi et al., 2012). This was especially important for the 

Ndufs4-/-:TgMTI+/+ genotype, as this cell model is the first of its kind. Furthermore, since transgene 

integration is a random process and the MtI* insertion sites are as of yet unknown, it was important 

to establish that the Ndufs4 gene was not disrupted by the MtI* transgenes (Pilbrough et al., 

2009). Thus, the steady state level of NDUFS4 was determined to characterise each model, and 

to verify that MtI*’s presence did not reduce NDUFS4’s expression. 

As discussed in Section 4.3.7, the denatured cytosolic extracts of four cell lines representing each 

genotype (WT 1, OVER 1, KO 1, and KO OVER 1), as well as a molecular weight marker, were 

separated by SDS-PAGE, electroblotted to a PVDF membrane, and probed with primary 

antibodies reactive to NDUFS4 and the mitochondrial housekeeping protein, VDAC1. Following 

incubation with HRP-conjugated secondary antibodies, the bands in each sample lane, as well 

as the lane containing the molecular weight marker, were detected by chemiluminescence. Using 

the Image Lab software (v5.2.1), those bands corresponding to the expected molecular weights 

of NDUFS4 (18 kDa) and VDAC1 (31 kDa) were identified by comparison with the molecular 

weight marker. Concurrently, the background was subtracted and the intensity of NDUFS4 was 

quantified relative to that of VDAC1. The NDUFS4 band intensities of OVER 1, KO 1, and  

KO OVER 1 were then expressed as a percentage of that of WT 1.  
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5.6.2 RESULTS 
Figure 5.5.a-b displays an image of the western blot, as well as a bar chart depicting the final 

quantity of NDUFS4 protein of each sample: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5.a-b: Western blot of NDUFS4 and VDAC1 following separation by SDS-PAGE, 
and a bar chart depicting normalised NDUFS4 band intensity. (a) Sections of the western blot 

depicting the NDUFS4 (target) and VDAC1 (loading control) proteins and their molecular weights 

(in kDa) for each genotype (WT 1, OVER 1, KO 1, and KO OVER 1). (b) Bar chart displaying the 

NDUFS4 band intensity of each sample, normalised to the VDAC1 band intensity and expressed 

as a percentage of WT 1.  

As shown in Figure 5.5.a, an NDUFS4 band (size ~18 kDa) was present in the lanes containing 

the WT 1 and OVER 1 samples, but absent from those of KO 1 and KO OVER 1. Furthermore, 

the quantity of the band corresponding to VDAC1 (size ~30 kDa) appeared to be consistent across 

all samples except OVER 1, where a fainter band was observed. Following normalisation, the 

results depicted in Figure 5.5.b revealed a ~113% increase in the expression of NDUFS4 of the 

OVER 1 sample when compared to WT 1, while the band intensities of both the KO 1 and  

KO OVER 1 samples were ~0%.  
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5.6.3 DISCUSSION 
As shown in Figure 5.5.a, the presence of the NDUFS4 band in the lanes containing WT 1 and 

OVER 1 (Ndufs4+/+ genotypes), as well as its absence from the lanes comprising KO 1 and  

KO OVER 1 (Ndufs4-/- genotypes), corresponded to the genotype of each sample (shown in 

Figure 5.2). This confirmed that each Ndufs4 genotype was translated to the protein level. 

Consequently, it may be said that the deletion of exon two from the Ndufs4 gene results in a lack 

of the mature protein in primary mouse skin fibroblasts. 

What was interesting, however, was the ~113% increase in NDUFS4 expression displayed by 

OVER 1 in comparison to WT 1 (Figure 5.5.b). While it could have been argued that MTI 

overexpression leads to a decreased production of VDAC1, a similar decrease was not observed 

in the KO OVER 1 sample. Although this experiment was not repeated to confirm its 

reproducibility, the possibility that that MTI overexpression may have increased the production of 

NDUFS4 was considered.  

As mentioned in Section 2.6.6, MTs participate in the cellular transport of Zn2+, an essential metal 

ion required as a cofactor by more than 300 enzymes. The latter includes numerous TFs and Zn-

finger proteins. MTs may therefore regulate the expression of various genes, by activating or 

inhibiting TFs and/or Zn-finger proteins via their provision or removal of Zn2+ (Babula et al., 2012). 

According to a study by Kindermann et al. (2004), Zn-availability also affects the expression of 

NDUFS4. Since the authors reported a decreased transcription of NDUFS4 in the case of Zn-

depletion, it could thus be argued that the opposite is also true, i.e. that increased Zn will result in 

augmented NDUFS4. 

While the method in which NDUFS4 is increased cannot be deduced from the limited data yielded 

in the current study, the possibility does exist that MTI overexpression might indirectly augment 

the steady state level of NDUFS4 by increasing the provision of Zn to those proteins involved in 

Ndufs4’s transcription. It should, however, again be noted that only one Ndufs4+/+:TgMTI+/+ 

sample was analysed. More definitive results concerning the level of steady state NDUFS4 may 

therefore be obtained in the future by analysing and comparing more samples and/or replicates.  

 

5.7 QUANTIFYING THE STEADY STATE LEVEL & ACTIVITY OF FULLY ASSEMBLED 
CI WITH BN-PAGE + WESTERN BLOT & IGA ANALYSES – Objective 1.8 

5.7.1 INTRODUCTION 
In order to evaluate the validity of the CI deficiency model in primary skin fibroblasts, the effect of 

the absence of mature NDUFS4 on both the structure and activity of fully assembled CI was 

assessed. Accordingly, enriched mitochondrial fractions of cell lines corresponding to the four 

genotypes (WT 1, OVER 1, KO 1, and KO OVER 1) were separated via non-denaturing  
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BN-PAGE. This was followed by detecting each of the five OXPHOS complexes via 

immunostaining and determining the activity of CI as described in Section 4.3.8. The bands 

corresponding to CI and CII were then identified and sized by comparison with the molecular 

weight marker. 

Using the Image Lab software (v5.2.1), the western blot results were subsequently processed by 

subtracting the background and quantifying the intensity of CI, relative to that of CII. The latter 

complex was present and comparable in all lanes and served as a loading control. The normalised 

CI band intensity of each sample was then presented as a percentage of that of WT 1. 

For the IGA detection of CI, no reference activity (loading control) was present. Therefore, the CI 

activity was determined by subtracting the background and expressing each CI band intensity 

(representing CI activity) as a percentage of that of WT 1.  
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5.7.2 RESULTS 
An image of the blot, as well as a bar chart depicting the normalised expression of fully assembled 

CI, may be found in Figure 5.6.a-b, whereas Figure 5.7.a-b displays the same information for the 

activity of fully assembled CI.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.6.a-b: Western blot of CI and CII following separation by BN-PAGE, and a bar chart 
depicting normalised CI band intensity. (a) Sections of the western blot depicting CI (target) 

and CII (loading control), together with their molecular weights (in kDa), for each genotype  

(WT 1, OVER 1, KO 1, and KO OVER 1). (b) Bar chart displaying the CI band intensity of each 

sample, normalised to the CII band intensity and expressed as a percentage of WT 1. 

 

 

 

 

  

a 

100

136

3.15 0.00
0

20

40

60

80

100

120

140

160

W
T 

1

O
V

E
R

 1

K
O

 1

K
O

 O
V

E
R

 1

%
 B

an
d 

in
te

ns
ity

 
re

la
tiv

e 
to

 W
T 

1

b 



107 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7.a-b: In-gel activity analysis of CI following separation by BN-PAGE, and a bar 
chart depicting normalised CI band intensity. (a) Section of the gel depicting the activity and 

molecular weight (in kDa) of CI, for each genotype (WT 1, OVER 1, KO 1, and  

KO OVER 1). (b) Bar chart displaying the CI band intensity of each sample, normalised to the gel 

background of each lane and expressed as a percentage of WT 1. 

From Figure 5.6.a, it may be seen that the lanes comprising WT 1 and OVER 1 each contained 

a band corresponding to CI. Similarly, these lanes displayed a blue-purple coloured band, 

correlating with the size of CI, following IGA analysis (Figure 5.7.a). The CI band was however 

absent from those lanes containing the KO 1 and KO OVER 1 samples in both Figures 5.6.a and 

5.7.a. Upon normalisation of the CI band intensity (Figure 5.6.b), it was further found that  

OVER 1 displayed a ~36.0% increase in CI expression when compared to WT 1, whereas the 

intensities measured in the KO 1 and KO OVER 1 samples were very low (≤3.50%). Conversely, 

the percentage CI activity observed in OVER 1 was only slightly higher (~9.00%) than that of  

WT 1 (Figure 5.7.b), while the KO 1 and KO OVER 1 samples once again exhibited nearly 

negligible (≤0.51%) results.  

 

5.7.3 DISCUSSION 
The presence of fully assembled CI in the WT 1 and OVER 1 lanes of Figure 5.6.a agreed with 

both the Ndufs4+/+ genotype and the NDUFS4 protein expression previously shown for these 
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samples (see Figures 5.2 and 5.5.b). While the molecular weight of the complex differed from that 

reported in literature (~980 kDa in human and mouse), the use of a CI-specific antibody (reactive 

to the NDUFA9 subunit of CI) and the clear results obtained confirmed that the band detected 

was indeed CI. The difference in size could be attributed to the differential effects on the stability 

or migration of the complex, brought on by the specific conditions of the BN-PAGE method 

employed in this experiment (i.e. experimental variation, e.g. due to the choice of detergent) 

(Kruse et al., 2008; Mimaki et al., 2012; Valsecchi et al., 2012). Furthermore, as shown in  

Figure 5.6.b, the increase in fully assembled CI observed for the OVER 1 sample corresponded 

to the relative increase in NDUFS4 expression seen for the same sample in Figure 5.5.b. This 

result therefore supported the observation made in Section 5.6, i.e. that MTI may increase 

NDUFS4 expression, and further suggests that MTI overexpression may increase the production 

of fully assembled CI. Interestingly, similar results concerning CI’s expression have been found 

in patients with CI mutations, following treatment with the antioxidant Trolox (Distelmaier et al., 

2009). It is therefore possible that the mechanism employed by MTI to increase CI shares a 

common property with that of Trolox. 

The CI band was, however, completely absent from the KO 1 and KO OVER 1 samples when 

compared to WT 1 (Figure 5.6.a-b). Since the anti-CI primary antibody employed in this study 

was reactive against the NDUFA9 subunit of CI’s Q module, it was therefore theorised that CI’s 

stability was affected by the lack of NDUFS4. In a study by Calvaruso et al. (2012), in which  

BN-PAGE + western blot analyses were performed using the same anti-CI primary antibody, 

various tissues (pancreas, kidney, liver, lung, brain, heart, and muscle) of the Ndufs4-/- mouse 

also failed to display fully assembled CI when compared to mice with an Ndufs4+/+ or Ndufs4+/- 

genotype. Instead, the authors reported the presence of a lower molecular weight sub-assembly 

of CI. This sub-assembly was also observed for immortalised mouse embryonic fibroblasts of the 

Ndufs4 strain, as well as fibroblasts of patients with NDUFS4 mutations (Scacco et al., 2003; 

Ugalde et al., 2004; Valsecchi et al., 2012). Following further analyses, Calvaruso et al. (2012) 

identified this sub-assembly as CI lacking the N module, and reported that the absence of 

NDUFS4 led to a decreased stability of CI, which in turn increased the dissociation of the N 

module from the holo-complex. While fully assembled CI was absent from the blot produced in 

this experiment as mentioned, the lower molecular weight sub-assembly of CI could not be 

observed. Since each of the other complexes were however detected (data not shown), this was 

once again attributed to experimental variation between ours and the BN-PAGE method 

employed by other laboratories (e.g. the use of 1x PBS with 1x cOmplete™, Mini, EDTA-free 

Protease inhibitor Cocktail, instead of milder sucrose buffers) (Wittig et al., 2006).  

As explained in Section 4.3.8.1.c, the presence of a blue-purple band following IGA analysis 

occurs when the CI N module is functional and connected to the rest of the complex. The presence 

of a band in Figure 5.7.a, corresponding in size to the CI band observed in Figure 5.6.a, therefore 
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indicated functional and fully assembled CI. This band was observed in the lanes containing  

WT 1 and OVER 1, a result which corresponded to both the Ndufs4+/+ genotype (Figure 5.2) and 

the successful expression of the NDUFS4 protein (Figure 5.5.b) previously demonstrated for 

these samples. These results further agreed with those reported by Valsecchi et al. (2012) for 

immortalised mouse embryonic fibroblasts of the Ndufs4 strain. While the band intensity of  

OVER 1 was slightly higher than that of WT 1, these results could not be used as a quantitative 

measure of CI activity due to the qualitative nature of IGA analysis. Since the main objective of 

this experiment was to observe the qualitative difference in CI activity between cells with an 

Ndufs4+/+ and Ndufs4-/- genotype, the method was however entirely sufficient. 

Conversely, no CI activity was observed for those lanes comprising KO 1 and KO OVER 1. These 

results corroborated previous findings by Valsecchi et al. (2012) and Calvaruso et al. (2012) and 

were not considered surprising, as the KO 1 and KO OVER 1 samples did not display fully 

assembled CI following western blot analysis (Figure 5.6.a). The absence of a CI band following 

IGA analysis should however not be mistaken for the inability of Ndufs4-/- cells to utilise CI, but 

merely indicates that CI, as a single complex, is instable and unable to oxidise NADH in cells with 

an Ndufs4-/- genotype. As mentioned in Section 2.3.3, CI may exist in supercomplexes by 

combining with CIII and CIV (Stroud et al., 2016). In a study evaluating the IGA of individual CI 

and CI-containing supercomplexes, CI activity was observed in Ndufs4-/- mouse tissues when the 

complex was present as the CI+CIII2 supercomplex (Calvaruso et al., 2012). Additionally, the 

authors demonstrated that all investigated Ndufs4-/- tissues displayed some residual, albeit greatly 

reduced, CI activity, as determined by spectrophotometric analyses. The same result was 

obtained at this institution when using liver samples (unpublished results). 

From the results shown in Figure 5.7.a-b, it may thus be deduced that CI requires NDUFS4 for 

its proper functioning. Literature however reports that the complex may be stabilised by the 

formation of respiratory supercomplexes with CIII, thereby enabling the survival of cells with an 

Ndufs4-/- genotype, as well as the transitory viable phenotype of the Ndufs4-/- mouse. While the 

results displayed by this part of the study were unable to elaborate on the finer aspects of CI’s 

structure and assembly, they were able to clearly demonstrate that the NDUFS4 subunit of CI 

was knocked out, thereby resulting in the destabilised structure of CI in the fibroblasts used. 
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CHAPTER 6: 
RESULTS & DISCUSSION 
PART 2: INVESTIGATING THE EFFECT OF MTI OVEREXPRESSION 
ON THE BIOENERGETICS CONSEQUENCES OF CI DEFICIENCY 
 

6.1 INTRODUCTION 
In the following chapter, the results concerning the second aim (part two) of this study, namely 

“Investigating the effect of MTI overexpression on the bioenergetics consequences of CI 

deficiency”, will be presented and discussed. This will include an evaluation of the effects of the 

varied genotypes on cell viability, RMCN, redox- (NADH/NAD+) and energy (ATP/ADP) status, 

and ROS levels. Finally, the bioenergetics profile, as determined using the Seahorse XFe96 

Analyser, will be given and discussed. 

Unless otherwise stated, the data of Objectives 2.1 to 2.6 were discussed by following the 

approach outlined in Section 4.4.7.2. In short, the trend of the data belonging to the first set of 

cell lines (i.e. WT 1, OVER 1, KO 1, and KO OVER 1) was compared to that of the second set 

(i.e. WT 2, OVER 2, KO 2, and KO OVER 2) to evaluate the reproducibility of the results obtained 

for each genotype. If the trend in the results of the contributing cell lines of a specific genotype 

was similar, the data was regarded as repeatable. Consequently, the statistically significant 

differences (and effect sizes) of the first set of cell lines were then discussed to evaluate the effect 

of MTI overexpression on CI deficiency. Conversely, if no similarity was found the data was 

regarded as inconclusive and the result of genotype-unrelated variability. In this case, possible 

explanations, suggestions, and the expected hypothesis were given. 

As mentioned in Chapter 4, all eight cell lines were restarted for culture at the same time, cultured 

under identical conditions, and seeded and analysed in a single microtiter plate for each analysis. 

This was done to limit time-, microplate-, and obvious cell culture-related differences from 

affecting the results. Furthermore, to allow for the more pronounced expression of CI deficiency 

in vitro, the cell culture medium was switched from glucose-containing medium (used for routine 

culture) to galactose-containing medium (used to promote the use of the OXPHOS system) one 

or two days prior to analysis (as discussed in Section 5.3.1). 

 

6.2 DETERMINING CELL VIABILITY WITH THE MTT ASSAY – Objective 2.1 

6.2.1 INTRODUCTION 
In order to assess whether the overall growth of skin fibroblasts was influenced by the absence 

of NDUFS4, overexpression of MTI, or both of the mutations, the viability of each genotype was 
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assessed by using the reductive MTT assay, as described in Section 4.4.1. To account for any 

non-specific background produced as a result of the reagents used, blank wells comprising only 

galactose-containing medium were included on the microtiter plate. Additionally, WT cells, treated 

and killed with 6% acetic acid (in galactose-containing medium), were included to serve as a 

negative control for cell viability. The results obtained were subsequently processed by 

subtracting the mean of the blank wells from the absorbance at 560 nm and 630 nm (reference 

wavelength). To further account for non-specific background produced by external factors (e.g. 

plate variability or fingerprints), the absorbance at 630 nm was then subtracted from that at  

560 nm. Hereafter, outliers were identified and removed using the Tukey method. The data was 

presented as the percentage cell viability by expressing the values of each sample, as well as the 

negative control, to the mean of WT 1. 

 

6.2.2 RESULTS 
Figure 6.1.a shows the results obtained for the negative control, as well as the first set of cell 

lines, whereas the results of the second set of cell lines are depicted in Figure 6.1.b. To allow for 

an unbiased comparison, the y-axis range was kept identical (the same was done for Sections 

6.3 to 6.7). 

 

 

 

 

  

 

 

Figure 6.1.a-b: Box plots depicting the percentage cell viability of two sets of cell lines, 
each comprising the four genotypes of interest. (a) For the negative control (WT 1 cells, 

treated with 6% acetic acid), as well as the samples in the first and (b) second set of cell lines, 

the cell viability is shown as a percentage of WT 1, following analysis by the MTT assay.  

(n = 8) ± SD. Hashes indicate significant differences between genotype groups within a set of cell 

lines (## p ≤0.05; # p ≤0.1), whereas effect size is shown as § (§ |ω| ≥0.3; §§ |ω| ≥0.5). Statistical 

analyses were performed according to non-parametric tests, as explained in Section 4.4.7.1. 
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6.2.3 DISCUSSION 
As shown in Figure 6.1.a-b, the data did not produce a repeatable trend over both sets of cell 

lines when comparing the samples of each genotype (i.e. WT 1 against WT 2, etc.). Instead, the 

percentage cell viability differed between those cell lines belonging to the WT genotype group 

and the OVER genotype group. From this, it was concluded that the data was not reproducible 

between more than one cell line of the same genotype. The results were therefore inconclusive, 

and no inferences regarding the statistically significant difference observed between the KO 1 

and KO OVER 1 cell lines (Figure 6.1.a: p = 0.017, |ω| = 0.828) could be drawn from the assay. 

To explain the inconsistency observed within the WT and OVER genotype groups, two factors 

were considered: (i) The technical error associated with seeding cells, and (ii) the inherent 

variability observed in cell culture. (i) To limit inter-well variances in cell density from affecting the 

results, it is common practice to normalise data to the total cellular nucleic acid- or protein content 

per well of the analysed microtiter plate. However, since the last step of the MTT protocol involves 

the addition of DMSO – a known apoptotic inducer – cell integrity is lost, thereby eliminating the 

possibility of single-plate normalisation (Aita et al., 2005). As an alternative, it was considered to 

normalise the data to an identically seeded second microtiter plate (Reinecke, 2004). In doing so, 

it was found that the inter-plate differences inflated the variance observed in the cell viability data 

and, therefore, the method was not used. In order to confirm that the experiment was repeatable, 

the assay was performed again. Subsequently, the same trends as those depicted in  

Figure 6.1.a-b were obtained (data not shown). Thus, since the cell viability was not altered by 

any additional factor other than the cell biological consequences of the specific genetic 

modifications [i.e. the deletion of Ndufs4’s second exon (Ndufs4 mouse), and insertion of 56 MtI* 

transgenes per allele (TgMTI mouse)], and the assay proved to be repeatable, the use of 

unnormalised data was regarded as acceptable for the purpose of this experiment. In addition, 

the SDs (not shown) accompanying each data point were considered satisfactory. 

(ii) Instead, the intra-genotype variance was attributed to the inherent variability known to occur 

in cell culture. The source of this variability is wide-reaching and many studies have reported on 

the development of heterogeneous phenotypes in clonal cells, due to minor changes to the cells’ 

physical environment (e.g. type of culture flask and lot of FBS), the cell culture techniques used 

(e.g. enzymatic versus manual techniques), and the time spent in culture (i.e. passage number 

and sub-culturing frequency) (Baker, 2016; Hughes et al., 2007). During the course of this study, 

special care was taken to treat the cell lines as uniformly as possible, e.g. by thawing new aliquots 

of cells for each assay, keeping the physical environment constant, analysing cells at low and 

equivalent passage numbers, and sub-culturing cells at similar densities using a single method 

(see Section 4.3.3). The cause of variation therefore seemed to stem from the cells themselves. 

This argument is corroborated by other authors, who have reported on the variation observed 

between genetically identical cells due to varying proliferation rates between genetically identical 
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cultures (possibly leading to differences in the cultures’ position on the growth curve), as well as 

the differential (stochastic) expression of genes, even between single cells (Baker, 2016; Neildez-

Nguyen et al., 2008; Raj & van Oudenaarden, 2008). Indeed, small variations in cell proliferation 

were observed throughout this study, with some cell lines of the same genotype constantly 

appearing to grow slightly quicker, thereby reaching the desired passaging confluency earlier than 

others. While this was accounted for by varying the sub-culturing ratio to an appropriate degree, 

it could be argued that the time spent culturing the cells after thawing (eight to nine days) was not 

long enough to completely correct for these differences. Furthermore, as shown in Section 5.5, 

intra-genotype differences were observed in the expression of the MtI genes. Therefore, it is 

possible that gene expression as a whole might have differed between the cell lines and thus 

contributed to the variation observed in Figure 6.1.a-b. Additionally, modifier genes, which may 

lead to varying levels of mutational expressivity, have been identified in various inbred mouse 

models and could therefore have contributed if present (Distelmaier et al., 2009; JAX, 2006). It 

should further be considered that the cells used in this study were primary cell cultures obtained 

from different mice. Although the biological variation between animals should theoretically be 

reduced by the use of cell cultures, it cannot be ignored that inter-mouse differences are observed 

when comparing the life span, phenotype and metabolome of the animals (Johnson et al., 2013; 

Kruse et al., 2008; Louw, 2017, personal communication). Another important factor to consider is 

the purity of the cell culture. Although the fibroblasts in this study appeared to be morphologically 

identical, and while the growth of fibroblasts is reported to outcompete that of other cell types (e.g. 

keratinocytes) at very early passages (first and second), primary lines are not entirely pure 

(Auburger et al., 2012; Takashima, 1998:2.2.11). In support hereof, differences were observed in 

the cell size within a genotype following inspection by flow cytometry (refer to Figures 6.6.b and 

6.6.c, discussed in Section 6.6). Since the cell type was not explicitly tested for in this study, the 

question of the effect of purity remained a possibility.  

Had the results not been influenced by intra-genotype variability, the cell viability displayed by the 

WT and OVER cell lines would have been expected to be similar. Moreover, as the loss of 

NDUFS4 was shown to interfere with the stability of CI (see Section 5.7), it would have been 

reasonable to anticipate that the KO cell lines would exhibit lowered cell viability in comparison to 

the WT and OVER samples. While no change in cell growth was reported by Valsecchi et al. 

(2013) in their analyses of the cell cycle of Ndufs4-/- fibroblasts (cultured in glucose-containing 

medium) when compared to Ndufs4+/+ cells, it could be argued that the use of the OXPHOS-

promoting galactose-containing medium would have allowed for the decrease in the viability of 

the KO cells used in this study, due the forced increase of OXPHOS usage imposed by galactose. 

Finally, as a result of their ROS scavenging abilities, the overexpression of MTI would have been 

expected to return, or at least increase, the lowered cell viability of the KO OVER cell lines to that 

of the WT samples. 
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Although it is not possible to identify the source of variability from the experiments conducted in 

this study, unaccounted variability between cell lines of similar genotypes might be reduced in the 

future by increasing the period of cell culture ranging from thawing to experimental analysis. 

Additionally, the reproducibility may be improved by assessing the identity (purity) of the cell line, 

and constructing growth curves to ensure that analyses are performed on cells occurring in the 

same growth state (Baker, 2016; Hughes et al., 2007). 

 

6.3 DETERMINING THE RMCN BY qPCR ANALYSIS – Objective 2.2 

6.3.1 INTRODUCTION 
The effect of each of the four genotypes on mtDNA replication (as an indicator of mitochondrial 

biogenesis) was assessed by measuring the RMCN, as explained in Section 4.4.2. This was 

accomplished by determining the CT-values of all eight cell lines, yielded by the amplification of 

the mt-Nd2 (target) and nuclear Actb (reference) genes. To evaluate the specificity of the mt-Nd2 

TaqMan® Gene Expression Assay to mtDNA, the DNA from a ρ0 cell line was amplified as a 

negative control for mtDNA. Since no outliers were present, the data obtained was then processed 

as discussed, substituted into the 2-ΔCT formula and multiplied by two. In this manner, the mtDNA 

copy number, quantified relative to a single copy of nuclear Actb, was obtained. Additionally, the 

pooled SDs were calculated for each data set according to Equation 5.1. 
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6.3.2 RESULTS 
Figure 6.2.a depicts the RMCN values for the negative control and the first set of cell lines, while 

the RMCN of the second set of cell lines is shown in Figure 6.2.b: 

 

 

 

 

 

 

 

 

 

Figure 6.2.a-b: Bar charts depicting the RMCN of two sets of cell lines, each comprising 
the four genotypes of interest. The copy number of the mt-Nd2 gene (representing the mtDNA), 

quantified relative to a single copy of nuclear Actb, is shown for (a) the negative control (ρ0 cells), 

as well as the first and (b) second set of cell lines. The exact copy number is indicated above the 

respective bar. (n = 3) ± SD. 

As shown in Figure 6.2.a, no mtDNA copies were detected for the negative control. This was due 

to the lack of mt-Nd2 target gene amplification observed for this sample. Since ρ0 cells lack 

mtDNA, the result indicated that the mt-Nd2 TaqMan® Gene Expression Assay was specific for 

mtDNA. 

 

6.3.3 DISCUSSION 
As explained in Section 4.4.2, the results shown in Figure 6.2.a-b were obtained by calculations 

involving the means (n = 3) of the target and reference genes of each sample. Moreover, only 

one DNA sample was analysed per cell line. Therefore, as a single RMCN value was obtained for 

each sample, it was not possible to perform statistical analyses on the data. However, since the 

pooled SDs determined for each sample were extremely small, the results could therefore be 

interpreted with confidence and it was decided to discuss the data of all eight cell lines. 

As may be seen from Figure 6.2.a-b, the WT and OVER samples exhibited comparable mtDNA 

copy numbers (ranging from 115 to 124), with very little intra-genotype variation. It was therefore 

concluded that the overexpression of MTI did not influence the replication of mtDNA in the OVER 
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genotype. The RMCN was, however, clearly increased in KO 2 and both of the KO OVER cell 

lines. As mentioned in Section 2.6.2, mitochondrial biogenesis, which includes the replication of 

mtDNA, is modulated by the cell’s energy requirement and oxidative stress level (Butow & 

Avadhani, 2004; Jones et al., 2012). Both these factors are further known to be affected by 

mutations in the OXPHOS complexes (Reinecke et al., 2009). While no significant differences 

were observed for the ATP/ADP ratio (Section 6.5.3) or ATP production (Section 6.7.3), the 

possible effect of oxidative stress could not be ruled out due to the lack of reproducibility observed 

for this parameter. It was therefore plausible that the RMCN could have been increased in 

fibroblasts with an Ndufs4-/- genotype due to the oxidative stress imposed on the cell by the lack 

of the NDUFS4 subunit. 

While the RMCN in the KO OVER group was less than that of the KO 2 sample, no definite 

conclusions could be drawn about the effect of MTI overexpression on CI deficiency due to the 

large intra-genotype variation within the KO group. To assess whether this intra-genotype 

variation was due to experimental error, the assay was performed again using new DNA samples 

of each cell line. Subsequently, the same trends as those shown in Figure 6.2.a-b were observed. 

For this reason, as well as the fact that the SD of each data point was almost negligible in both 

assays, the variation between the individual cell lines of a particular genotype group was instead 

attributed to the variation associated with cell culture, as explained in Section 6.2. The difference 

in the RMCN values of KO 1 and KO 2 were therefore interpreted as the difference in cellular 

stress experienced by each of the cell lines, possibly due to factors inherent to the cells 

themselves or the culture process. The reduced RMCN observed for KO 1 could therefore be 

explained in one of two ways: Either the cellular stress exerted on KO 1 (due to the knockout of 

the Ndufs4 gene) was not severe enough to elicit an increase in mtDNA copy number (as seen 

in KO 2), or the cellular stress experienced by KO 1 was much more severe than that experienced 

by KO 2, thereby resulting in mtDNA degradation or mitophagy (Lee & Wei, 2005). Since KO 1 

exhibited a high cell viability (Figure 6.1.a), the former applied in this case. It was therefore 

hypothesised that KO 1 was not as severely affected by Ndufs4’s knockout as  

KO 2. Since both an increase and decrease in mtDNA copy number have been observed during 

CI deficiency, and as the life span, phenotype and metabolome of the animals do differ, this was 

considered plausible (Johnson et al., 2013; Kruse et al., 2008; Louw, 2017, personal 

communication; Reinecke et al., 2009). 

 

6.4 QUANTIFYING THE RELATIVE NADH/NAD+ RATIO – Objective 2.3 

6.4.1 INTRODUCTION 
As explained in Section 4.4.3, the redox status of the eight cell lines was determined by measuring 

the total cellular NADH and NAD+ of each sample in triplicate. In order to correct for non-specific 
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background, three blank wells containing only reagent were included on the microtiter plate.  

In addition, triplicate wells of a positive control, comprising 400 nM NAD+ (in 1x PBS), were 

prepared to evaluate the cycling enzyme. Following analysis, the data of each well was then 

processed by respectively subtracting the mean of the blank wells’ NADH measurements and 

NAD+ measurements (in RLUs) from the NADH and NAD+ values of each sample and the positive 

control. Hereafter, the NADH/NAD+ ratio was calculated for each well. Since no outliers were 

present, the mean and SD of the NADH/NAD+ ratios were then determined for each sample and 

the positive control. To present the results, the NADH/NAD+ ratio of each sample was expressed 

as a percentage of that of WT 1, while the percentage NAD+ was calculated by doing the same 

for the positive control, using the mean NAD+ of WT 1 as a reference. 

 

6.4.2 RESULTS 
The final data points of each genotype of the two sets of cell lines as well as the positive control 

may be found in Figure 6.3.a-c:  

 

 

 

 

 

 

 

 

 

Figure 6.3.a-c: Bar charts depicting the percentage NADH/NAD+ ratio of two sets of cell 
lines, each comprising the four genotypes of interest, as well as the percentage NAD+ of 
the positive control. (a) For the first and (b) second set of cell lines the NADH/NAD+ ratio is 

shown as a percentage of WT 1, following analysis by the NAD/NADH-Glo™ assay. (c) In 

addition, the NAD+ measurement of the positive control (400 nM NAD+ in 1x PBS) is shown as a 

percentage of that of WT 1. (n = 3) ± SD. Statistical analyses were performed according to 

parametric tests, as explained in Section 4.4.7.1. 

As shown in Figure 6.3.c, the high signal obtained for the positive control (relative to WT 1) 

indicated that the cycling enzyme used was functional. 
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6.4.3 DISCUSSION 
From Figures 6.3.a and 6.3.b, a similar tendency was observed across the four genotypes for the 

two sets of cell lines analysed. This indicated that the results between the cell lines of a single 

genotype were reproducible and that conclusions could be drawn from the data. Upon comparison 

to WT 1, the NADH/NAD+ ratio displayed by the OVER 1 sample was found to be reduced by 

~40%, whereas the KO 1 and KO OVER 1 samples yielded decreases of ~20% and ~10% each. 

However, none of these relationships were of statistical significance when comparing the 

genotype groups, possibly due to the high SD observed within each data point. Since ratios, which 

are internally normalised, were compared in this assay, the reason for the high variance in the 

data was attributed to the small number of replicates (n = 3) analysed (due to reagent restrictions). 

As various studies (as well as the results of Section 5.6 of this study) have indicated that CI’s 

activity is decreased by the absence of NDUFS4, it was expected that the NADH/NAD+ ratio of 

KO 1 would be increased in comparison to WT 1 due to the accumulation of CI’s substrate, NADH 

(Calvaruso et al., 2012; Papa et al., 2010; Quintana et al., 2010; Scacco et al., 2003). Indeed, 

such an increase was observed by Valsecchi et al. (2012) when the group compared the redox 

couple in the immortalised embryonic fibroblasts of Ndufs4+/+ and Ndufs4-/- mice. It should be 

considered that the assay employed in this study detected the total cellular NADH and NAD+ in 

lysed cells (i.e. the NAD pool, consisting of free and protein-bound forms of NADH and NAD+ in 

all cellular compartments). According to Bilan and Belousov (2016), the NADH/NAD+ ratio of the 

NAD pool can vary considerably in different cellular organelles. Whereas cytoplasmic 

NADH/NAD+ may range from 1 to 700 in mammalian cells, the ratio has a much smaller range  

(1 to 8) within an organelle like the mitochondrion. It is therefore conceivable that the 

mitochondrial NADH/NAD+ ratio was not affected to such an extent in this study as to significantly 

influence the total cellular NADH/NAD+ ratio. 

While no significant difference was observed, it was expected that the overexpression of MTI in 

KO OVER 1 would decrease the NADH/NAD+ ratio in comparison to the KO 1 sample in this 

experiment. This was based on the observation by Lindeque (2011) that MTI and MTII display a 

protective effect on rotenone-induced CI-deficient cells: In this study it was found that MtI + MtII 

KO mice displayed an increased concentration of lactate when compared to WT mice. Since the 

production of lactate from pyruvate replenishes NAD+, an increased lactate concentration 

suggested more depleted NAD+ and thus increased NADH in the absence of MTI and MTII. 

In the future, this hypothesis, as well as the notion that NADH increases in CI deficiency, may be 

better studied by specifically analysing the mitochondrial NADH/NAD+ ratio. In addition, the 

variance observed within the data may be reduced by the use of more replicates. 
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6.5 QUANTIFYING THE RELATIVE ATP/ADP RATIO – Objective 2.4 

6.5.1 INTRODUCTION 
The total cellular energy status (ATP/ADP ratio) was evaluated in triplicate for each sample, by 

using a bioluminescent assay, as explained in Section 4.4.4. Additionally, non-specific 

background was accounted for by analysing three blank wells containing only reagent. On the 

same microtiter plate, a positive control consisting of 500 nM ATP (in 1x PBS) was prepared to 

evaluate the ATP reagent. The data obtained was subsequently processed by subtracting the 

mean of the blank from each value across all three measurements of the samples and the RLUA 

(i.e. ATP measurement) measurement of the positive control. Hereafter, the ATP/ADP ratio of 

each well was determined as shown in Equation 4.2. Due to the small number of replicates 

analysed (n = 3), outliers could not be identified and removed according to Tukey’s method. As 

an alternative, outliers were taken as those values causing a CV% of ≥20% in the data point (van 

der Westhuizen, 2017b, personal communication). Using the remaining values, the mean and SD 

within each data point were then calculated and the ATP/ADP ratio of each sample was expressed 

as a percentage of that of WT 1. A similar approach was followed to determine the percentage 

ATP of the positive control, using the mean RLUA measurement of WT 1 as a reference. 
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6.5.2 RESULTS 
While non-parametric tests were performed to assess the statistical difference in the data, the 

number of replicates (n = 3) was too small to construct box plots. Results were therefore 

presented as bar charts, as shown in Figure 6.4.a-c:  

 

 

 

 

 

 

 

 

 

Figure 6.4.a-c: Bar charts depicting the percentage ATP/ADP ratio of two sets of cell lines, 
each comprising the four genotypes of interest, as well as the percentage ATP of the 
positive control. (a) For the first and (b) second set of cell lines, the ATP/ADP ratio is shown as 

a percentage of WT 1 following analysis by the ADP/ATP Assay Kit. (c) The quantity of ATP of 

the positive control (500 nM ATP in 1x PBS) is shown as a percentage of that of  

WT 1. (n = 3) ± SD. Statistical analyses were performed according to non-parametric tests, as 

explained in Section 4.4.7.1. 

The high percentage ATP yielded by the positive control in comparison to the WT 1 sample 

(Figure 6.4.c) was interpreted as the accurate functioning of the ATP reagent. 

 

6.5.3 DISCUSSION 
As depicted in Figures 6.4.a and 6.4.b, no discernible trend was evident when comparing the 

results obtained for the first and second set of cell lines. Instead, the ATP/ADP ratio of all eight 

samples fell within a similar range (from 84.5% to 108%) with overlapping SDs. Additionally, since 

these SDs were small and no statistically significant differences were observed between the 

genotypes of a set of cell lines, it was concluded that the results were reproducible and that the 

genetic modifications had not disturbed the cellular ATP homeostasis. In support hereof, the 

obtained results corresponded to a study by Valsecchi et al. (2012) in which the total cellular ATP, 

0

25

50

75

100

125

150

W
T 

2

O
V

E
R

 2

K
O

 2

K
O

 O
V

E
R

 2

%
 A

TP
/A

D
P 

ra
tio

0

25

50

75

100

125

150

W
T 

1

O
V

E
R

 1

K
O

 1

K
O

 O
V

E
R

 1

%
 A

TP
/A

D
P 

ra
tio

0

1000

2000

3000

4000

5000

P
os

iti
ve

co
nt

ro
l

%
 A

TP
 re

la
tiv

e 
to

 W
T 

1

a b c 



122 

determined using a bioluminescent assay, was not found to be markedly altered between the 

immortalised embryonic fibroblasts of Ndufs4+/+ and Ndufs4-/- mice. 

Recall that fibroblasts are considered to be mainly glycolytic (Section 4.4 and 5.3) (Voets et al., 

2012). As a result, this cell type relies more heavily on glycolysis to produce ATP when cultured 

in glucose-containing medium. In this experiment, cells were deprived of glucose by switching to 

galactose-containing medium prior to analysis. Since the conversion of galactose to the glycolysis 

substrate G-6-P (via glucose-1-phosphate) occurs very slowly, galactose-containing medium 

forces the fibroblasts to produce ATP via the oxidation of alternative substrates (like pyruvate and 

glutamine). The majority of catabolic products generated in this manner ultimately culminate on 

the OXPHOS-system, thereby increasing the reliance of fibroblasts on OXPHOS-derived ATP 

production (Melcher et al., 2017; Voets et al., 2012). Since no significant difference was observed 

in the cellular ATP/ADP ratio of the KO 1 sample in comparison to WT 1, it may therefore be 

concluded that this cell line was able to effectively adjust to Ndufs4’s knockout. While mechanisms 

cannot be inferred from the results of this experiment, possible methods might include the 

increased use of metabolic pathways or shuttles that enable CII-derived ATP production (e.g. 

FADH2 generation via fatty acid β-oxidation, or the irreversible glycerophosphate shuttle), the 

increased use of pathways that donate electrons to Q, and/or the use of CI, despite its lack of 

NDUFS4, via the formation of CI-containing supercomplexes like CI+CIII2, as shown by Calvaruso 

et al. (2012). The formation of supercomplexes corresponds to the lack of a significant increase 

observed in the NADH/NAD+ ratio of KO 1 (Section 6.4). Another possibility is that selection had 

occurred against the KO phenotype to favour the growth of less severely affected- or better 

adjusted cells (explained in detail in Section 6.7.3). Since the ATP/ADP ratio of OVER 1 and  

KO 1 were not altered in relation to WT 1, no change was expected to occur in the ATP/ADP ratio 

of the KO OVER 1 sample. 

 

6.6 DETERMINING THE ROS LEVELS USING THE BD FACSVerse™ FLOW 
CYTOMETER – Objective 2.5 

6.6.1 INTRODUCTION 
As described in Section 4.4.5, the intracellular oxidative status of all eight cell lines was 

determined in triplicate by quantifying the ROS production using the BD FACSVerse™ flow 

cytometer. To optimise the sample- and fluorescence detection, an unstained cell control and 

stained positive ROS control (pre-treated with 4 mM H2O2) were prepared from WT 1 cells. 

Following data analysis, a gMFI value representing the fluorescence of the ROS sensitive probe 

(C-DCFH-DA-AM) was obtained for each replicate. Since the number of replicates analysed was 

too small to use Tukey’s method (n = 3), outliers were removed as described in Section 6.5. For 
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each sample, as well as the controls, the mean gMFI together with the SD within each data point, 

was calculated, after which the data was expressed as a percentage of WT 1. 

 

6.6.2 RESULTS 
Figure 6.5.a depicts the results obtained for the cell- and positive controls, as well as the first set 

of cell lines, whereas the results of the second set of cell lines are shown in Figure 6.5.b:  

  

 

 

  

 

  

 

 

 

 

 

Figure 6.5.a-b: Bar charts depicting the percentage ROS, expressed as the gMFI, of two 
sets of cell lines, each comprising the four genotypes of interest. (a) The fluorescence 

intensity of ROS is reported as a percentage of WT 1 for the cell- and positive controls, as well 

as the first and (b) second set of cell lines. (n = 3) ± SD. Statistical analyses were performed 

according to parametric tests, as explained in Section 4.4.7.1. 

To depict the difference in fluorescence yielded by the cell- and positive controls, a histogram of 

the cell count against fluorescence is shown in Figure 6.6.a. In Figures 6.6.b and 6.6.c the 

difference in cell size (as an indicator of possible variances in cell purity) is illustrated between 

two cell lines of the same genotype, OVER 1 and OVER 2. 
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Figure 6.6.a-c: Histogram depicting the fluorescence of the cell- and positive controls, and 
two dot blots illustrating the differences in cell size between two genetically identical cell 
lines. Data was collected for 100 000 events and plotted as described in Section 4.4.5. (a) The 

difference between the fluorescence of the cell control (in black) and positive control (in green) 

are depicted in a histogram of cell count against FITC. The percentage gated cells is displayed in 

maroon, and the data has been normalised to the number of events. To illustrate the difference 

in cell size (as an indicator of variances in cell purity) between cell lines of the same genotype, 

dot blots of FSC against FITC are shown for (b) OVER 1 and (c) OVER 2. Here, cell size increases 

to the top of the y-axis and gated areas (in green) represent the specific cell population analysed. 

All measurements are given in relative units. 

 

6.6.3 DISCUSSION 
Considering the validity of the controls used in this experiment, the cell control shown in Figures 

6.5.a and 6.6.a yielded a very low level of fluorescence in contrast to the samples and positive 

control. As the cell control was unstained, this value was interpreted as autofluorescence 

displayed by the cells themselves. The positive control, in turn, did not produce as high a level of 

fluorescence as expected. This was attributed to the highly reactive nature of H2O2 which, in a 

cellular suspension, would react with the residual medium and the external surface of the cells, 

c b 

a 
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thereby resulting in less available H2O2
 to enter the cell and react (in radical form) with the 

activated ROS-sensitive probe. Since the positive control was only used to optimize the detection 

of fluorescence by the flow cytometer, and as it still displayed a higher fluorescence than any of 

the samples analysed, its degree of fluorescence did not affect the results. Considering that, 

although widely used, the DCFH-DA probe and its analogues have limitations with regards to 

specificity, it was concluded that the probe was indeed sensitive to ROS due to the difference in 

fluorescence observed between the cell control and positive control, as well as the increased 

fluorescence displayed by the positive control in comparison to the samples (Kalyanaraman et 

al., 2012). Furthermore, while the variance in the KO OVER 1 sample was higher than ideal, as 

indicated by its calculated SD in Figure 6.5.a, it was regarded as acceptable for the purpose of 

this experiment since the sample’s CV% was below 20%. 

As shown in Figure 6.5.a-b, a repeatable trend was not observed when comparing the four 

genotypes between each set of cell lines. Whereas well-defined differences existed among the 

genotypes of the first set of cell lines (e.g. the ~150% increase in gMFI observed for  

KO OVER 1, in comparison with WT 1), the fluorescence values measured for each genotype in 

the second set of cell lines (Figure 6.5.b) all fell within a similar range. This example clearly 

illustrates the importance of evaluating the reproducibility of the findings between different 

cultures of genetically identical primary fibroblasts. Thus, as a result of the lack of repeatability 

between cell lines of the same genotype, no inferences could be made from the data concerning 

the effect of Ndufs4’s knockout, the overexpression of MTI, or both mutations on ROS production. 

Instead, it was concluded that the variation associated with cell culture, as discussed before, had 

contributed appreciably to the production of ROS, thereby possibly masking the effect of the 

genotype on the cellular oxidative stress. Indeed, studies have shown that ROS production is 

frequently influenced by the cell culture conditions employed (Rodenburg, 2016). Moreover, the 

level of cellular oxidative stress has been reported to vary due not only to the severity of CI 

dysfunction, but also as a result of the adaptive response program, both of which may further be 

cell type-specific (Koopman et al., 2013; Reinecke et al., 2009). Since the purity of the primary 

fibroblasts used in this study was not explicitly investigated (as explained in Section 6.2), it is 

therefore possible that the variances observed between the genetically identical cell lines were 

influenced by this. In support hereof, dot blots of FSC against FITC (Figures 6.6.b and 6.6.c) 

displaying two representative cell lines of the same genotype, OVER 1 and OVER 2, are shown. 

In these graphs, the FSC (y) and FITC (x) axes respectively indicate cell size and ROS-sensitive 

fluorescence, with an increase in each parameter occurring to the top and right of the 

corresponding axes (du Plessis et al., 2010). The green area in turn represents the gate that was 

set, and thus the cell population that was analysed in this experiment. From the figures, it is clear 

that there is a difference in the number of cells corresponding to certain sizes between the two 

cell lines, with OVER 2 displaying a greater population of larger cells (≥131 relative units). This 



126 

inconsistency could thus be interpreted as small differences in the purity of the cell lines used in 

this experiment. While many studies report on the differential ROS production occurring in the 

primary fibroblasts of patients with NDUFS4 mutations, discrepancies have also been observed 

in different cell- and tissue types of the Ndufs4 mouse model itself, e.g. between immortalised 

mouse embryonic-, primary skin-, and primary muscle fibroblasts (Iuso et al., 2006; Koopman et 

al., 2013; Melcher et al., 2017; Valsecchi et al., 2012). Consequently, although it is possible that 

the production of ROS was simply not affected by the genotype in this experiment, its cellular 

concentration might have been influenced by natural (differences in cellular processes) and/or 

experimental factors (cell culture differences). 

If the genotype had influenced ROS production, the following results would have been expected: 

Firstly, since neither the WT or OVER cells were under increased oxidative stress, their levels 

would have been expected to be similar and low. In comparison with these genotypes, the 

fluorescence displayed by the KO cell lines would have been anticipated to increase, due to the 

decreased activity displayed by CI (discussed in Section 5.7). Indeed, this result was observed 

by Valsecchi et al. (2013) for immortalised embryonic fibroblasts of Ndufs4-/- mice when compared 

to those from Ndufs4+/+ mice. Lastly, as illustrated in HeLa cells by Reinecke et al. (2006), the 

ROS scavenging properties of MTI would ideally have been expected to lower the cellular ROS 

produced by the KO OVER cell lines to values closer to or comparable with that produced by the 

WT and OVER genotypes (Babula et al., 2012; Penkowa et al., 2006). 

In the future, the methodology of ROS analysis in fibroblasts might be revised in several ways. 

As done by Reinecke et al. (2006), ROS could be measured in microtiter plate format (i.e. 

measuring the population effect instead of the individual effect on a subpopulation of cells), with 

and without a stressor such as the CI inhibitor, rotenone. In this manner, the cells might be 

subjected to less experimental variation than that possibly encountered in this experiment (e.g. 

variation possibly caused by harvesting cells close to the time of analysis). While the use of 

galactose in this study led to a state of increased cellular oxidative stress [in comparison with 

previous attempts using glucose (results not shown)] and was therefore suspected to enhance 

the distinction between the WT and KO-produced ROS, rotenone is more specific to CI (binding 

to the NDUFS2 subunit)40 (Voets et al., 2012). Therefore, the use of rotenone instead of galactose 

will give a better indication of CI-, and thus mitochondrial-, produced ROS. Finally, considering 

the reported lack of specificity of DCFH-DA (and its analogues) as a ROS probe, more specific 

probes such as Amplex® Red, hydroethidine or MitoSOX™ Red could be used (Kalyanaraman et 

al., 2012). 

                                                
40 NDUFS2 is located in the Q module of CI and should therefore not be influenced by a lack of NDUFS4 

(Mimaki et al., 2012; Pineau et al., 2005; Prieur et al., 2001). 
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6.7 DETERMINING THE BIOENERGETICS PROFILE USING THE SEAHORSE XFe96 
ANALYSER – Objective 2.6 

6.7.1 INTRODUCTION 
As described in Section 4.4.6, the bioenergetics profile of each of the four mouse fibroblast 

genotypes was evaluated in an intact cellular environment by performing an optimised Mito Stress 

Test, using the XF Analyser. Since Seahorse Bioscience41 reports a coefficient of variation of up 

to 20% for inter-day (and thus inter-plate) experiments, all eight cell lines were analysed on the 

same plate (Dranka et al., 2011). In addition, four blank wells (containing no cells) were included 

on each microtiter plate (see Appendix D) to serve as both temperature- (for the temperature-

sensitive O2-fluorophore) and background correction controls (Dranka et al., 2011). Using the 

information gathered by these wells, the Wave Controller software (v2.4) was consequently able 

to automatically correct the data for temperature drift and non-specific background readings. 

Moreover, inter-well differences in cell seeding density were accounted for by normalising each 

well to its total nucleic acid content, using the CyQUANT® Cell Proliferation Assay Kit. Since 

cellular nucleic acid content is reported to be tightly regulated, the information could be interpreted 

as an indication of cell number (Jones et al., 2001; van den Bossche et al., 2015). 

The data obtained was processed by exporting the measurements (normalised to cell number 

and multiplied by a scale factor of 104 to obtain values of appreciable size) of the Mito Stress Test 

(OCR values) into Microsoft Excel 2013, where outliers were identified via the Tukey method. 

Using the Wave Desktop software (v2.4), these outlier wells were subsequently removed across 

all measurements of the Stress Test. The data was then exported into Microsoft Excel 2013 via 

the Seahorse XF Cell Mito Stress Test Report Generator (Agilent, 2017). This enabled the 

automatic calculation of the parameters, as shown in Table 6.1, from the normalised, outlier-free 

values. 

While more information is obtainable from the Mito Stress Tests (as depicted in Figure 4.5), only 

the parameters shown in Table 6.1 were reported. This was done for the reasons given in Section 

4.4.6.2. As previously shown by van Dyk (2016), the parameters reported in this dissertation were 

considered to be consistent with regards to the instrument. 

  

                                                
41 The Seahorse XF Analyser was originally developed, manufactured, and supplied by Seahorse 

Bioscience Inc. In 2015, the company was acquired by Agilent Technologies. 
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Table 6.1:  Equations used by the Seahorse XF Cell Mito Stress Test Report Generator  
  to obtain the reported parameters 

Parameter Equation 
Non-mitochondrial respiration Minimum rate measurement after rotenone and antimycin A injection 
Basal respiration Measurement 3 - Non-mitochondrial respiration 

Maximal respiration Maximum rate measurement after FCCP injection - Non-mitochondrial 
respiration 

ATP production Measurement 3 - Minimum rate measurement after oligomycin injection 
The table displays the calculations used to obtain the parameters reported for the Mito Stress Test, as shown in Figures 

6.7.a-f. As a reference for the measurements, Figure 4.5 may be consulted. Measurement equations were obtained 

from the Seahorse XF Cell Mito Stress Test Report Generator (Agilent, 2017). 

 

6.7.2 RESULTS 
The calculated values were subsequently used to perform statistical analyses and to construct 

the box plots depicted in Figures 6.7.a-f: 

 

 

 

 

 

 

 

 

Figure 6.7.a-b: Box plots depicting the basal respiration of two sets of cell lines, each 
comprising the four genotypes of interest. (a) The OCR values for the basal respiration are 

shown for the first and (b) second set of cell lines. (n = 11 to 12) ± SD. Circles and asterisks 

represent outliers and extreme outliers, respectively. Hashes indicate significant differences 

between genotype groups within a set of cell lines (## p ≤0.05; # p ≤0.1), whereas effect size is 

shown as § (§ |ω| ≥0.3; §§ |ω| ≥0.5). Statistical analyses were performed according to non-

parametric tests, as explained in Section 4.4.7.1.  
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Figure 6.7.c-d: Box plots depicting the ATP production of two sets of cell lines, each 
comprising the four genotypes of interest. (c) The OCR values for the ATP production are 

shown for the first and (d) second set of cell lines. (n = 11 to 12) ± SD. Circles and asterisks 

represent outliers and extreme outliers, respectively. Hashes indicate significant differences 

between genotype groups within a set of cell lines (## p ≤0.05; # p ≤0.1), whereas effect size is 

shown as § (§ |ω| ≥0.3; §§ |ω| ≥0.5). Statistical analyses were performed according to non-

parametric tests, as explained in Section 4.4.7.1.  

 

 

 

 

 

 

 

 

 

Figure 6.7.e-f: Box plots depicting the maximal respiration of two sets of cell lines, each 
comprising the four genotypes of interest. (e) The OCR values for the maximal respiration are 

shown for the first and (f) second set of cell lines. (n = 11 to 12) ± SD. Circles and asterisks 

represent outliers and extreme outliers, respectively. Hashes indicate significant differences 

between genotype groups within a set of cell lines (## p ≤0.05; # p ≤0.1), whereas effect size is 

shown as § (§ |ω| ≥0.3; §§ |ω| ≥0.5). Statistical analyses were performed according to non-

parametric tests, as explained in Section 4.4.7.1. 
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6.7.3 DISCUSSION 
Upon comparing the data of the Mito Stress Test parameters between the two sets of cell lines 

analysed (i.e. Figures 6.7.a versus 6.7.b, Figures 6.7.c versus 6.7.d, and Figures 6.7.e versus 

6.7.f), a repeatable trend was observed for each. The results between two cell lines of a genotype 

were therefore regarded as reproducible, and consequently conclusions could be drawn from the 

first set of cell lines. In general the spread of the data, indicated by the box of the plot (i.e. the 

interquartile range), across Figures 6.7.a-f was also considered acceptable for the first set of cell 

lines. 

From Figure 6.7.a, a statistically significant increase (p = 0.011, |ω| = 0.731) was seen in the 

basal respiration of KO 1 in comparison to WT 1. In addition, a very slight, but non-significant 

increase was observed for the ATP production (Figure 6.7.c) and maximal respiration  

(Figure 6.7.e) of KO 1. In the Mito Stress Test, OCR was measured in low buffered medium 

containing galactose (instead of glucose) and sodium pyruvate. While galactose could be used 

for the glycolytic production of ATP, the process occurred very slowly (as explained in Section 

6.5) and consequently cells were forced to depend more on OXPHOS. Sodium pyruvate, on the 

other hand, fed directly into the TCA cycle to yield NADH as a substrate for CI-driven ATP 

production. Since oxygen consumption was therefore largely dependent on CI’s ability to transfer 

electrons via a functional N module – the stability of which has been shown to be reduced in the 

Ndufs4-/- mouse – the basal respiration, ATP production, and maximal respiration displayed by 

KO 1 were expected to be lower than that of WT 1 (Calvaruso et al., 2012; Kruse et al., 2008; 

Valsecchi et al., 2012). While these parameters have been shown to be significantly decreased 

in the isolated mitochondria of Ndufs4-/- mice when compared to Ndufs4+/+ mice, the same was 

not observed for this study (Chen et al., 2017; Kayser et al., 2013; Song et al., 2017; van Wyk, 

2016). In order to explain the difference between the results obtained for fibroblasts and 

mitochondria, the effect of cell culture on the expression of the KO phenotype was considered. 

Since cells cultured in vitro, especially those obtained from a primary explant, differ in their 

individual fitness and proliferation rates, a degree of competition will occur over time among 

neighbouring cells for access to substrates. This competition, which might e.g. present as 

differences in cellular gene expression, -proliferation, and/or -adaptation, will ultimately result in 

the selection against weaker, more damaged, and/or slower-proliferating cells (e.g. via apoptosis 

or the rate of cell division) (Raj & van Oudenaarden, 2008; Sancho et al., 2013; Shakiba & 

Zandstra, 2017). Consequently, a culture of stronger cells, more inclined to adapt to the harsh 

conditions of CI deficiency, will remain and can therefore yield results that differ from those 

observed in vivo. By contrast, mitochondria are assessed immediately following their isolation. 

The in vivo phenotype is thus maintained, and the result is a clear decrease in the bioenergetics 

profiles of Ndufs4-/- mice compared to Ndufs4+/+ mice. While cultures were used at very low 
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passage numbers in this study (i.e. passage four), it is nevertheless possible that a less severely 

affected- or better adjusted phenotype was unknowingly selected for during cell culture. 

Interestingly, a significant increase was observed in the basal respiration (Figure 6.7.a: p = 0.002, 

|ω| = 0.845), ATP production (Figure 6.7.c: p = 0.002, |ω| = 0.845) and maximal respiration  

(Figure 6.7.e: p = 0.002, |ω| = 0.845)42 of OVER 1 in comparison to WT 1. Since no experiments 

were conducted to evaluate the specific mechanism of MTI’s putative effect on CI, the RC, or the 

OXPHOS system, the reason behind these results can only be speculated on. Many studies have 

reported on the ability of MTs to transfer metals (mainly Zn2+ and Cu+) within the cell  

(Section 2.6.6.2). Since Zn2+ and Cu+ are required as cofactors for the function of many enzymes, 

including members of the OXPHOS system, and as MTs can translocate to the IMS, it is plausible 

that MTI may directly provide metal ions to these proteins (e.g. CI, CIII to CV and cyt c) (Lindeque 

et al., 2010). Additionally, MTs located in the IMS have been reported to donate metal ions to 

IMM-metal transporters, thereby supplying cofactors to proteins located on the matrix side of the 

IMM (e.g. CII) (Costello et al., 2004). It is thus conceivable that MTs could increase the electron-

flux through the RC via the provision of metal ions, and thereby enhance the basal- and maximal 

respiration as well as the translocation of H+, and thus the production of ATP. A study by Merten 

et al. (2005) further suggests that MTs may induce a post-translational modification in the 

cytochrome c oxidase-Va (CCO-Va) subunit of CIV that improves the RC’s utilisation of O2 (and 

thus the OCR). The results displayed by OVER 1 in Figures 6.7.a, 6.7.c, and 6.7.e further 

corresponded to the enhanced expression observed for NDUFS4 (~113%) and CI (~36.0%) of 

the same sample in comparison to WT 1 [see Sections 5.6 (Figure 5.5.b) and 5.7 (Figure 5.6.b)]. 

Here it was argued that the increased expression of NDUFS4 (and CI) could be the result of MTI’s 

donation of metal ions to the TFs and/or Zn-finger proteins participating in Ndufs4’s transcriptional 

pathways (Babula et al., 2012). As also mentioned in Section 5.7, a similar increase in CI’s 

expression was reported in CI-deficient patients pre-treated with the antioxidant Trolox 

(Distelmaier et al., 2009). As no obvious increase was found in the quantity of the other complexes 

(following BN-PAGE + western blot analysis; data not shown), and since the basal- and maximal 

respiration and ATP production of KO OVER 1 was similar to that of WT 1, it is very plausible that 

the increased respiration observed for OVER 1 was caused by a CI-specific effect of MTI. This 

can however only be confirmed if more samples are analysed via western blot analysis. A final 

possibility is the effect of MTI on those enzymes (e.g. α-KGDH and m-aconitase) participating in 

the metabolic reactions that yield substrates for the RC (Brown et al., 2000; Feng et al., 2005; Ye 

                                                
42 The p-values and effect sizes obtained for Figures 6.7.a, 6.7.c, and 6.7.e were identical. Since these 

values remained unchanged when the statistical analyses were repeated, this may be regarded as purely 

coincidental. 
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et al., 2001). As before, this may proceed via MTI’s donation of metal ions to the enzymes involved 

or the transcriptional machinery encoding them (Babula et al., 2012; Hathout et al., 2001). 

Another statistically significant difference was observed between the maximal respiration of 

OVER 1 and KO OVER 1 (Figure 6.7.e: p = 0.001, |ω| = 0.847). This result was as expected. 

However, since the respiration of KO OVER 1 was very similar to that of WT 1 throughout the 

entire experiment (in Figures 6.7.a, 6.7.c, and 6.7.e), the difference between OVER 1 and  

KO OVER 1 was interpreted as the result of the increased respiration observed for OVER 1, and 

not due to the respiration displayed by the KO OVER 1 sample. 

While many studies report on the ROS scavenging ability of MTs, no conclusions regarding the 

production of ROS could be made in this study (Section 6.6). As a result, no hypotheses regarding 

MTI’s influence on oxidative respiration via the mitigation of ROS could be made. To test the 

hypothesis of MTI’s promotion of cellular survival (via e.g. the reduction of ROS or prevention of 

apoptosis) and thus its effect on mitochondrial respiration in Ndufs4-/- mice, future Seahorse 

studies would benefit more from using isolated mitochondria from the mice in question (Penkowa 

et al., 2006; Reinecke et al., 2006). 
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CHAPTER 7: 
SUMMARY & CONCLUSIONS 
 

7.1 INTRODUCTION 
Considering its role in energy metabolism and the number of genes involved, deficiency of CI is 

the most debilitating and frequently encountered disorder of the OXPHOS system. Due to its 

progressive and devastating course, as well as the exceptional genetic and clinical heterogeneity 

accompanying the disorder, no curative treatment is available as of yet. Despite contradicting 

evidence, the excessive production of ROS and ensuing oxidative damage are accepted as being 

among the most destructive consequences of CI deficiency (Distelmaier et al., 2009). Previous 

studies at this institution have elaborated on the adaptive responses involved in CI deficiency, 

including the increased expression and protective effect of MTs against ROS-mediated cell 

damage and -death (Lindeque, 2011; Pretorius, 2011; Reinecke et al., 2006; van der Westhuizen 

et al., 2003). In addition, therapeutic studies involving antioxidants have shown great promise (de 

Haas et al., 2017). However, in order to properly investigate MT as a putative therapeutic 

intervention, a suitable experimental model has been lacking. To this end, the Ndufs4 whole-body 

KO mouse model – a nuclear-encoded genetic animal model for CI deficiency which became 

commercially available in 2015 – and the MTI overexpressing mouse model (TgMTI) were used 

in this study. Furthermore, as fibroblasts proved to be an effective model in the pre-clinical 

development of therapeutic drugs (Trolox and its derivatives) against LS, a similar in vitro 

approach was followed (Koopman et al., 2016). This study formed the first part of a larger, ongoing 

study in which the effect of MTI overexpression on CI deficiency is evaluated on several biological 

levels in mice (biochemical, metabolic and phenotypic) with the aim of investigating a putative 

protective effect in vivo. The rationale behind the present study was to prove the protective effect 

of MTI overexpression on CI-deficient primary fibroblasts (while in vivo investigations were 

ongoing in parallel), as was done in genetically modified HeLa cells using recombinant DNA 

technology and rotenone treatment in 2006 (Reinecke et al., 2006). 

The first aim of the present study was thus to crossbreed the Ndufs4 and TgMTI mouse strains 

to develop a model with which the effects of MTI overexpression on CI deficiency could be studied 

in fibroblasts. Primary skin fibroblasts were then cultured from the resulting mice and 

characterised on a genetic and protein level. As a second aim, the effect of MTI overexpression 

on the bioenergetics consequences of CI deficiency was then evaluated on the same fibroblast 

cell lines. In Chapters 5 and 6, a detailed discussion regarding the results obtained for each 

objective of the respective aims was given. This chapter will therefore serve to provide a summary 

of the key findings of this study, as well as the final conclusions of each aim and the proposed 

future prospects. 
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7.2 PART 1: ESTABLISHING & CHARACTERISING Ndufs4:TgMTI MICE – Aim 1 
As a first step in this study, the genetic background of the individual mouse strains (Ndufs4 and 

TgMTI) were compared to that of a bona fide C57BL6/J background (Objective 1.1). From the 

obtained results, it could be concluded that each strain displayed sufficient comparability (an 

average of ≥99.5%) to consider their specific genetic modifications [i.e. the deletion of Ndufs4’s 

second exon (Ndufs4 mouse), and insertion of 56 MtI* transgenes per allele (TgMTI mouse)] the 

only variables of importance between them. Since both strains were thoroughly backcrossed on 

a C57BL6/J genetic background prior to their acquisition from the Jackson Laboratory, this result 

was as expected (JAX, 2017a; JAX, 2017b; Kruse et al., 2008; Palmiter et al., 1993). 

Consequently, the characteristics of each strain (as informed by the Jackson Laboratory) were 

confirmed, and an accurate breeding strategy could be set up (Objective 1.2). From the latter, it 

was possible to obtain mice with the four genotypes of interest [WT (Ndufs4+/+:TgMTI-/-),  

KO (Ndufs4-/-:TgMTI-/-), OVER (Ndufs4+/+:TgMTI+/+), and KO OVER (Ndufs4-/-:TgMTI+/+)] at the 

highest practical efficiency and probability. 

Fibroblast cell lines were then successfully established from the skin biopsies of two mice of each 

genotype (as well as two control mice) using an explant culture technique (Objective 1.3) (Keira 

et al., 2004). When cultured in glucose-containing medium, it was found that the growth rate 

exhibited by those cell lines with an Ndufs4-/- genotype (i.e. KO and KO OVER) was comparable 

to, if not slightly higher than, that of the Ndufs4+/+ genotype (i.e. WT and OVER). While this was 

unexpected for the Ndufs4-/- genotype, it could be attributed to adaptive responses such as the 

inherent glycolytic phenotype of fibroblasts as a whole (Mot et al., 2016; Valsecchi et al., 2012; 

van den Heuvel et al., 2004; Voets et al., 2012). Consequently, it was concluded that, on the 

background of a CI deficiency and as a putative retrograde adaptive response, the glucose-

containing medium had contributed to a compensatory shift in the energy metabolism of the 

fibroblasts from OXPHOS to glycolysis, thereby resulting in a less pronounced disease phenotype 

for the Ndufs4-/- cells compared to in vivo conditions (Reinecke et al., 2009). Since the disease 

phenotype was especially important in the second aim (part two) of this study, cell lines were 

consequently incubated in galactose-containing medium one or two days prior to analysing their 

bioenergetics parameters (examined in Section 7.3), as suggested by van den Heuvel et al. 

(2004). This was done to allow for a more pronounced in vitro expression of CI deficiency as a 

result of a higher reliance on OXPHOS-produced ATP, which in turn was due to the slow rate of 

glycolytic substrate entrance when using galactose. 

The genotyping methods employed and developed in this study were further able to successfully 

distinguish between WTs, heterozygotes, and homozygotes of both the Ndufs4 (Objective 1.4) 
and TgMTI (Objective 1.5) genotypes. Consequently, each sample corresponded to its 

previously determined and expected genotype. While the Ndufs4 genotyping results exactly 

resembled those described for the Ndufs4 mice by Valsecchi et al. (2012), the results yielded by 
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the novel qPCR TgMTI genotyping method grouped very closely to the anticipated MtI copy 

numbers (Beach & Palmiter, 1981; JAX, 2017a). The latter was particularly noteworthy, as no 

published method existed at the start of this study with which TgMTI+/- and TgMTI+/+ mice could 

be differentiated. This method may therefore be used in the future as a simple, quick, and 

accurate means to distinguish between TgMTI genotypes. 

In this study, it was further possible to confirm that the presence of MtI* transgenes in the TgMTI+/+ 

genotype resulted in the overexpression of MtI mRNA (and by extension, the MTI protein) when 

compared to the TgMTI-/- genotype (Objective 1.6). Although a different method was used, the 

results corresponded to the overexpression and copy number as first determined by Palmiter et 

al. (1993). While MtI mRNA was clearly overexpressed, variation was observed between identical 

genotypes. Possible explanations included experimental variability (i.e. experimental sensitivity 

to small variations in the mRNA content of the total RNA samples) or the inherent variability 

associated with the gene expression of different cell cultures (Raj & van Oudenaarden, 2008). 

While it should be noted that mRNA levels do not imply an equivalent protein quantity, the results 

obtained were sufficient for this objective, especially in the absence of a robust protein analysis 

for MTs (Dabrio et al., 2002; Vasconcelos, 2002). Since the level of overexpression in those cell 

lines with a TgMTI+/+ genotype further exceeded that of chemically induced MtI mRNA, and as 

there were no adverse effects (e.g. growth reduction) evident from the MTI overexpressing cell 

lines, it could be concluded that the model was particularly suitable for the purpose of this study. 

With regards to the steady state protein level of NDUFS4 (Objective 1.7), the four models 

produced in this study corresponded to the previously mentioned genotypes, as well as to the 

results of the original Ndufs4 mice, as demonstrated by Kruse et al. (2008). It could therefore be 

concluded with confidence that the absence of the second exon of Ndufs4 (i.e. the  

Ndufs4-/- genotype) resulted in a lack of the mature NDUFS4 protein in primary mouse skin 

fibroblasts. Of interest, was the finding that OVER 1 yielded a two-fold increase in NDUFS4 when 

compared to WT 1. While the precise mechanism responsible for this could not be deduced from 

this study, evidence linking NDUFS4’s expression to Zn2+-availability suggested that MTI’s role in 

metal-transfer (e.g. to those proteins responsible for Ndufs4’s transcription) could be involved 

(Babula et al., 2012; Kindermann et al., 2004).  

Additionally, primary mouse skin fibroblasts with an Ndufs4-/- genotype (i.e. KO 1 and  

KO OVER 1) failed to display fully assembled CI or CI activity when compared to the Ndufs4+/+ 

cell lines (i.e. WT 1 and OVER 1) (Objective 1.8). This agreed with both the Ndufs4 genotype 

and protein expression results described above, as well as the reports concerning CI expression 

in tissues and immortalised embryonic fibroblasts of the Ndufs4 mouse, and patient fibroblasts 

with NDUFS4 mutations (Calvaruso et al., 2012; Scacco et al., 2003; Ugalde et al., 2004; 

Valsecchi et al., 2012). While these authors further reported on the presence of an inactive lower 
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molecular weight sub-assembly of CI lacking the N module, the same result was not seen in this 

study – a factor which was attributed to experimental variation between ours and other 

laboratories’ BN-PAGE methods (Mimaki et al., 2012). From the BN-PAGE + western blot 

analysis, it could thus be concluded that NDUFS4 is required for the stability of CI, and 

consequently for the proper functioning of its N module. Since spectrophotometric results by 

Calvaruso et al. (2012) as well as by this institution (unpublished data) indicate that Ndufs4-/- 

tissues display residual activity (albeit greatly reduced and ranging between 9% and 44%, 

depending on the tissue), the results obtained in this study should not be mistaken for the inability 

of Ndufs4-/- cells to utilise CI, but rather that CI as a single complex is incapable of oxidising NADH 

in these cells. Indeed, studies have shown that CI of the Ndufs4 mouse is active in the CI+CIII2 

supercomplex, which offers an explanation for the survival of Ndufs4-/- cells, as well as the 

transitory viable phenotype displayed by Ndufs4-/- mice (Calvaruso et al., 2012). Finally, in 

agreement with the previous finding that MTI overexpression increased the expression of 

NDUFS4 in OVER 1, this experiment further showed an increase in the expression, as well as 

the activity (albeit small), of fully assembled CI in OVER 1 when compared to WT 1. Interestingly, 

patients with CI mutations displayed a similar increase in CI expression following treatment with 

the antioxidant Trolox (Distelmaier et al., 2009). It is therefore possible that MTI and Trolox may 

increase the expression of CI in a similar manner. 

From these results, it could thus be concluded that all the objectives relating to the development 

and characterisation of the primary mouse fibroblasts were successfully met. Furthermore, due 

to the undeniable genetic and protein correspondence between the four fibroblast models and the 

original Ndufs4 and TgMTI mouse strains, the models were regarded as very promising. For these 

reasons, it was decided to commence with the biochemical evaluation (part two). 

 

7.3 PART 2: INVESTIGATING THE EFFECT OF MTI OVEREXPRESSION ON THE 
BIOENERGETICS CONSEQUENCES OF CI DEFICIENCY – Aim 2 

In the second part of this study, it was important to evaluate the repeatability of the results 

between cell lines of the same genotype prior to discussing the findings. While not a specific 

objective, it was considered good practice – especially for primary cell lines – and enabled the 

discovery of genotype-unrelated variability (i.e. unrepeatable results). Indeed, the cell viability 

(Objective 2.1) and ROS levels (Objective 2.5) – both determined via commonly used 

methodologies – differed among genetically identical cell lines. Consequently, no conclusions 

regarding statistically significant differences could be reached for these objectives. The reason 

for the inconsistency observed was rationalised by considering the inherent variability associated 

with cell culture. Since cells were cultured under uniform conditions with regards to time, as well 

as the physical environment and techniques used, it was hypothesised that the variances were 

the result of cell-specific occurrences (Baker, 2016; Neildez-Nguyen et al., 2008). While it should 
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be mentioned that it was not possible to identify the precise cause from the experiments 

conducted in this study, certain factors were considered. These included (i) the varying 

proliferation rates between genetically identical cultures, (ii) the differential (stochastic) 

expression of genes, (iii) the possible presence of modifier genes, (iv) the observation of inter-

mouse differences, and (v) the purity of the cell culture.  

Briefly stated, differences were observed in the cell proliferation of identical genotypes. While this 

was accounted for by varying the sub-culturing ratio, the period spent in culture might have been 

insufficient to allow for the complete equalisation of the proliferation rates. Secondly, the 

expression of the MtI genes were shown to vary between identical genotypes (Objective 1.6). 

While not affecting the results, this implied sample-specific variance in the gene expression as a 

whole (Baker, 2016; Neildez-Nguyen et al., 2008; Raj & van Oudenaarden, 2008). Thirdly, studies 

have reported on the existence of modifier genes capable of affecting the mutational expressivity 

and phenotype of inbred strains (JAX, 2006). While it was unknown whether these genes were 

present in the mice used in this study, it remained a possibility. A fourth option included the 

biological variability (in the life span, phenotype, and metabolome) observed in genetically 

identical mice employed in this study (Johnson et al., 2013; Kruse et al., 2008; Louw, 2017, 

personal communication). Although this variance was lessened by the use of cell cultures, it was 

possible that some degree of individuality could have remained, thereby affecting the results. 

Lastly, an important consideration was the cell culture purity. While studies have reported primary 

fibroblasts to outcompete other cell types at very early passages, and the fibroblasts used in this 

study appeared to be morphologically similar, clear differences in the cell size between cultures 

of identical genotypes were observed following analysis by flow cytometry (Objective 2.5). Indeed 

studies have shown cell viability and ROS production to differ between different cell types of the 

same organism (e.g. due to differences in the severity of CI deficiency and the adaptive responses 

employed) (Koopman et al., 2013; Reinecke et al., 2009). In fact, discrepancies in the ROS 

production have specifically been demonstrated in different cell- and tissue types of the Ndufs4 

mouse model itself, e.g. between immortalised mouse embryonic-, primary skin-, and primary 

muscle fibroblasts (Iuso et al., 2006; Kalyanaraman et al., 2012; Koopman et al., 2013; Melcher 

et al., 2017; Valsecchi et al., 2012). Therefore, as cell type was not explicitly tested for in this 

study, the effect of purity remained a possibility. 

The trends of the results were more reproducible for the rest of the analysed parameters, thus 

enabling conclusions to be drawn from statistically significant differences. While the RMCN results 

were not statistically analysed, the low level of intra-sample variance (i.e. SDs) allowed for the 

confident comparison of results and therefore both sets of cell lines could be discussed  

(Objective 2.2). Consequently, it was concluded that the overexpression of MTI did not 

appreciably affect the mtDNA copy number in OVER cells. By contrast, mtDNA copy number was 

increased in KO 2 and both KO OVER cell lines when compared to WT 1. As a cause, cellular 
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stress brought on by the absence of NDUFS4 and the resultant strain on CI was considered  

(Butow & Avadhani, 2004; Jones et al., 2012; Reinecke et al., 2009). While no significant 

differences were observed in the ATP/ADP ratio or ATP production of these samples (which would 

have indicated bioenergetics stress), it was not possible to rule out the effect of excessive ROS 

(which indicated oxidative stress) since no inferences could be made regarding the ROS levels 

of the four genotypes. Regrettably, no conclusions concerning the putative protective effect of 

MTI overexpression on CI deficiency could be reached, due to the intra-group variation observed 

for the KO genotype. To clarify the latter, the possibility that the two KO cell lines might have been 

affected to different extents by the absence of NDUFS4, due to the abovementioned cell culture 

variability, was contemplated (Lee & Wei, 2005). 

Following the analysis of the NADH/NAD+ ratio (Objective 2.3) and ATP/ADP ratio  

(Objective 2.4), no statistically significant differences were observed when comparing the four 

genotypes. In contrast with the former, Valsecchi et al. (2012) had reported a statistically 

significant increase in the NADH/NAD+ ratio of immortalised embryonic fibroblasts of Ndufs4-/- 

mice when compared to WT animals. For the present NADH/NAD+ results, the lack of significant 

differences was attributed to the high variance (i.e. SD) present within each data point, which in 

turn was thought to be caused by the small number of replicates analysed. Furthermore, since 

the total cellular NADH/NAD+ ratio was measured, for which large variation has been reported to 

occur (a reference which unfortunately was only noted after the completion of this study), it was 

further hypothesised that the mitochondrial NADH/NAD+ ratio was not influenced to such a degree 

as to significantly alter the NADH/NAD+ ratio of the total cell (Bilan & Belousov, 2016). Considering 

the ATP/ADP ratio, the results obtained in this study corresponded to that shown by Valsecchi et 

al. (2012). It was therefore concluded that the KO genotype was able to effectively adjust to the 

absence of NDUFS4. Speculations concerning the possible mechanisms included (i) the 

increased use of metabolic shuttles or pathways that enable CII-driven ATP production, (ii) the 

increased use of metabolic pathways resulting in electron-donation to Q, (iii) the effective use of 

CI as part of a CI-containing supercomplex, and (iv) the possibility of selection against the KO 

genotype during cell culture to favour the survival of better adjusted, stronger cells (Calvaruso et 

al., 2012; Sancho et al., 2013; Shakiba & Zandstra, 2017). 

Finally, the bioenergetics profile of each genotype was obtained by investigating the basal 

respiration, ATP production, and maximal respiration parameters of the Mito Stress Test 

(Objective 2.6). Surprisingly, a statistically significant increase was observed in the basal 

respiration of KO 1, in comparison with WT 1. As NDUFS4’s absence had been shown to lead to 

a decreased stability of CI (Objective 1.8), this was in contrast with the expected result. Indeed, 

studies have demonstrated isolated mitochondria of the Ndufs4-/- mice to display a decreased 

basal respiration when compared to Ndufs4+/+ mice (Chen et al., 2017; Kayser et al., 2013; Song 

et al., 2017; van Wyk, 2016). To explain the difference observed between fibroblasts and 
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mitochondria, it was hypothesised that selection had unknowingly occurred during cell culture 

(perhaps via differences in cellular gene expression, -proliferation, and/or -adaptation) against 

weaker, more damaged, and/or slower proliferating KO cells, thereby favouring the survival of 

stronger cells that were more able to adapt to the harsh conditions of CI deficiency (Raj & van 

Oudenaarden, 2008; Sancho et al., 2013; Shakiba & Zandstra, 2017). As a result, the 

bioenergetics phenotype analysed in cells differed from that observed in vivo, whereas 

mitochondria – assessed immediately following their isolation – displayed the defective in vivo 

phenotype. Secondly, a statistically significant increase was observed in the basal respiration, 

ATP production, and maximal respiration of OVER 1 when compared to WT 1. Since the specific 

mechanism of MTI’s putative effect on CI, the RC, or the OXPHOS system could not be inferred 

from the study, various causes were considered. These included (i) MTI’s direct or indirect 

donation of metal cofactors to members of the OXPHOS system, thereby increasing their function 

and the flux of electrons through the RC (Costello et al., 2004; Lindeque et al., 2010), (ii) MTI’s 

post-translational modification of CIV to increase the O2-consumption of the RC (Merten et al., 

2005), and/or (iii) MTI’s effect on the enzymes involved in the provision of substrates to the RC 

(perhaps via metal donation to the enzymes or factors promoting the enzymes’ expression) 

(Brown et al., 2000; Feng et al., 2005; Ye et al., 2001). A particularly interesting observation was 

that the increased basal respiration, ATP production, and maximal respiration of OVER 1 

coincided with the increased expression of NDUFS4, CI, and the CI activity observed for the same 

sample (Objectives 1.7 and 1.8). Therefore, a final possibility was that (iv) MTI had been able to 

specifically enhance the expression of CI, either via its metal-donating ability, or a mechanism 

similar to that employed by Trolox (as explained for Objective 1.8) (Distelmaier et al., 2009). 

From the results, it could therefore be concluded that all the objectives set to investigate the effect 

of MTI overexpression on the bioenergetics consequences of CI deficiency, using fibroblasts, 

were addressed using appropriate methodologies. However, since the variability associated with 

cell culture had contributed appreciably to the obtained results, it was not possible to investigate 

the effect of the genotype alone on each parameter. Primary skin fibroblasts are therefore not 

considered a suitable model to investigate the effect of MTI overexpression on CI deficiency. 

If it were possible to demonstrate the protective effect of MTI overexpression on CI deficiency in 

this study, e.g. as previously described by Reinecke et al. (2006), the following results would 

ideally have been obtained: Due to MTI’s putative protective effect, the OVER genotype would 

not have been expected to display increased bioenergetics or oxidative stress. For this reason, 

the cell viability, RMCN, and ROS levels would have corresponded to that of the WT. Furthermore, 

as this study had shown MTI to augment the expression of NDUFS4 and CI, the Mito Stress Test 

parameters observed for the OVER genotype in this study would have been anticipated, whereas 

the NADH/NAD+ ratio and ATP/ADP ratio might have been predicted to respectively decrease 

and increase as a result of improved CI usage. By contrast, the reduced CI stability observed for 
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the KO genotype would have been expected to decrease the functionality of CI (as observed for 

in vivo studies; unpublished data). This would have resulted in lowered RC and OXPHOS 

function, leading to a decrease in the Mito Stress Test parameters and ATP/ADP ratio, as well as 

an increase in the NADH/NAD+ ratio. Depending on the severity of the bottleneck at CI, ROS 

production via CI would then have been anticipated to increase, causing the cell to recede into a 

bioenergetics and oxidative crisis. In an attempt to rescue the cell from apoptosis, retrograde and 

anterograde responses could then have been expected to increase mitochondrial biogenesis, 

indicated in this study by the RMCN. However, were the oxidative stress to be too severe, a 

decrease in cell viability (possibly as a result of apoptosis) would then have occurred. As a result 

of MT’s protective effect against the destructive properties of ROS and apoptosis, as well as its 

positive influence on the OXPHOS system, the overexpression of MTI would have been expected 

to return (or at least improve) the results observed for the KO genotype to those of the WT. 

 

7.4 FINAL CONCLUSIONS & FUTURE PROSPECTS 
In this study, primary skin fibroblasts, cultured from mice obtained from crossbreeding the Ndufs4 

and TgMTI mouse models, were characterised and used to investigate the effect of MTI 

overexpression on CI deficiency. As mentioned in Section 7.1, fibroblasts were chosen based on 

the promising results obtained by Koopman et al. (2016) when using this cell type in the pre-

clinical development of therapeutic drugs against LS. As a research model, the use of primary 

fibroblasts also presents many practical benefits over tissues. These include the ease of sample 

collection, the ability to culture large quantities from little starting material, the option of storage 

and re-culture for future use (e.g. when new knowledge or technology becomes available), the 

ability to easily manipulate the experimental milieu, and a general robustness (Auburger et al., 

2012; van den Heuvel et al., 2004). In addition, the fact that both investigated mutations (i.e. the 

knockout of Ndufs4 and the MtI* transgenes) were nuclear meant that CI deficiency and the 

overexpression of MTI would be expressed systemically, thus bypassing the obvious problems 

associated with fibroblasts when investigating mtDNA- (i.e. variability due to heteroplasmy) or  

X-linked mutations (i.e. gender-specific results due to allele-specific expression) (van den Heuvel 

et al., 2004). Indeed, it was possible to accurately characterise the primary fibroblast genotypes 

on both the genetic and protein level (Aim 1). The results obtained for this part of the study were 

comparable to the anticipated and original findings, and consequently the expectation was that a 

suitable in vitro model had been developed to investigate the second aim. 

However, upon evaluating the effect of genotype on the bioenergetics consequences of CI 

deficiency (Aim 2), inconsistent results attributable to the influence of cell culture were obtained 

for Objectives 2.1 and 2.5. In addition, it appeared as though selection had unknowingly  

occurred against weaker, more damaged, and/or slower proliferating KO cells, thereby interfering 

with the original in vivo bioenergetics phenotype (Objective 2.6). Therefore, while a more 
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reproducible experimental milieu is often presented as an advantage of using fibroblasts  

(van den Heuvel et al., 2004), it was definitely not the case in this study. Other papers have 

reported problems associated with the use of fibroblasts. These include varying culture purity, 

e.g. cultures consisting of both mitotic and post-mitotic fibroblasts, as well as an inherent 

predisposition to clonal selection and genetic drift (Auburger et al., 2012). It was thus possible 

that these factors may have contributed to the heterogeneity among genetically similar samples, 

thereby producing the variable results obtained in this study. An investigation regarding the 

precise cause for the observed inconsistencies was, however, beyond the scope of this 

dissertation. Studies have further shown that CI deficiencies do not always present in fibroblasts, 

despite a clear phenotype in both muscle and neuronal tissue (Hoefs et al., 2012; van den Heuvel 

et al., 2004). It is also generally agreed that functional mutations of the OXPHOS system (such 

as Ndufs4-/-) are not as pronounced in fibroblasts as in other tissues. While the precise reason for 

this is unknown, it is suggested that the glycolytic phenotype of fibroblasts, and thus their lower 

dependence on OXPHOS-produced ATP, may contribute to this observed difference from other 

tissues (van den Heuvel et al., 2004). 

In conclusion, the aims formulated at the onset of this dissertation were investigated via an 

extensive study design including current methodology and technology, as explained in Section 

3.4. Notably, from the first aim, a novel method was developed with which TgMTI+/- and TgMTI+/+ 

mice could be distinguished. This method is simple, quick, and accurate, and proved to be 

particularly useful and time-saving throughout the breeding process. From the second aim, it was 

evident that primary fibroblasts are not a suitable model to investigate the effect of MTI 

overexpression on the bioenergetics consequences of CI deficiency, since these cells are 

particularly susceptible to cell culture variation. As clear systemic effects have been observed by 

colleagues in tissues and biological fluids of the mice developed in this study (unpublished 

results), it is therefore recommended that future studies investigating the effect of MTI 

overexpression on CI deficiency be conducted on the animal models themselves (i.e. phenotypic 

studies) or their tissues and/or biological fluids (i.e. in vivo studies), to thereby obtain a better 

representation of the steady state in vivo conditions. Indeed, this is currently underway in a 

parallel investigation. 
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APPENDIX A: 
PUNNETT SQUARES 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.1: Punnett squares depicting how the probability of each genotype was 
determined as a fraction of 4 or 16. For example, offspring from Step 1 have a 2 in 4 (50%) 
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chance of being born with an Ndufs4+/- genotype. NN and TT refer to Ndufs4+/+ and TgMTI+/+ 

respectively, while nn and tt signify Ndufs4-/- and TgMTI-/-. Ndufs4+/- and TgMTI+/- are indicated by 

Nn and Tt. Red squares represent the desired genotype outcome of each step. 
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APPENDIX B: 
OPTIMISATION OF THE qPCR AMPLIFICATION OF DNA & RNA 
 

INTRODUCTION 
Prior to performing qPCR assays in which the quantity of a target gene is expressed relative to 

that of a reference gene (i.e. the 2-ΔCT method), it is necessary to determine: (i) The optimal 

concentration of input template DNA or RNA, as well as (ii) the individual efficiency and (iii) the 

relative efficiency of the target and reference qPCR amplification reactions. This appendix 

provides a short summary of each for the experiments described in Sections 4.3.4.1.d, 4.3.5.1.c 

and 4.4.2.1. For a more detailed explanation of the underlying principles, the reader is referred to 

van Dyk (2013). 

 

i.  OPTIMISATION OF INPUT TEMPLATE DNA & RNA CONCENTRATION 
To determine each parameter, reactions were prepared, in separate and triplicate wells, for the 

target [MtI, mt-Nd2 or MtI (mRNA)] and reference [Actb or B2m (mRNA)] genes, according to the 

respective methods described in Sections 4.3.4.1.d, 4.3.5.1.c and 4.4.2.1. The DNA and RNA 

used were respectively isolated (as explained in Sections 4.3.4.1.b and 4.3.5.1.b) from the  

tail-snip (mouse ID 67) and liver tissue (mouse ID 66) samples of WT mice (see Table B.1).  

Table B.1:  Mice used to optimise qPCR amplification  

Animal ID Genotype Gender DOB 
66 Ndufs4+/+:TgMTI-/- Male 2016-06-28 
67 Ndufs4+/+:TgMTI-/- Male 2016-06-28 

The table displays the ear punch identification number (ID), genotype, gender, and date of birth (DOB) of the mice. 

 

To determine the optimal input template DNA or RNA concentration, a two-fold serial dilution 

range was set up for each experiment. As before, lack of reagent contamination was confirmed 

via an NTC, which yielded undefined CT-values. For the DNA samples, the average CT-values 

and SDs obtained for each gene may be found in Table B.2, while Figure B.1 depicts the standard 

curve for these results. For the RNA samples, the same information is displayed in Table B.3 and 

Figure B.2. 
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Table B.2: Average CT-values obtained for the MtI, mt-Nd2 and Actb genes using a 
  serial dilution of DNA  

Input template DNA (in ng) 3.13 6.25 12.5 25.0 50.0 100 
log (ng input template DNA)  0.49 0.80 1.10 1.40 1.70 2.00 
Average MtI CT-values 29.7 28.6 27.6 26.4 25.5 24.4 
SD for MtI 0.07 0.08 0.06 0.05 0.09 0.04 
Average mt-Nd2 CT-values 23.9 22.9 21.8 20.8 19.5 18.4 
SD for mt-Nd2 0.11 0.02 0.03 0.02 0.02 0.06 
Average Actb CT-values 30.6 29.6 28.4 27.5 26.4 25.3 
SD for Actb 0.02 0.01 0.10 0.10 0.07 0.09 

The table displays the serial dilution of input template DNA used, the log thereof, as well as the average CT-values and 

SDs calculated for the qPCR amplification of each gene.  

 

 

Figure B.1: Standard curve depicting the results for MtI, mt-Nd2 and Actb in Table B.2. The 

curve shows the average CT-values obtained for the MtI and mt-Nd2 target genes and Actb 

reference gene, plotted against the log of the quantity (in ng) of input template DNA used for each 

reaction. The equation and R2-value of each curve are also depicted. 

 

Table B.3:  Average CT-values obtained for the MtI (mRNA) and B2m (mRNA) genes  
  using a serial dilution of RNA  

Input template RNA (in ng) 31.3 62.5 125 250 
log (ng input template RNA)  1.49 1.80 2.10 2.40 
Average MtI (mRNA) CT-values 24.5 23.0 21.8 21.0 
SD for MtI (mRNA) 0.41 0.71 0.32 0.35 
Average B2m (mRNA) CT-values 18.0 17.0 16.4 15.3 
SD for B2m (mRNA) 0.35 0.20 0.38 0.22 

The table shows the serial dilution of input template RNA used, the log thereof, as well as the average CT-values and 

SDs calculated for the qPCR amplification of each gene. 
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Figure B.2: Standard curve depicting the results for MtI (mRNA) and B2m (mRNA) in Table 
B.3. The curve displays the average CT-values obtained for the MtI (mRNA) target gene and B2m 

(mRNA) reference gene, plotted against the log of the quantity (in ng) of input template RNA used 

for each reaction. The equation and R2-value of each curve are also depicted. 

When plotting data, the linearity thereof (i.e. how well the experimental data fits the regression 

line) is represented by the R2-value. This linearity serves as a measure of the variability between 

samples and in this case, indicates whether the PCR amplification efficiency is similar across the 

DNA or RNA concentrations used. Since the R2-values of each gene analysed in Figures B.1 and 

B.2 were above 0.980, and R2-values >0.980 are generally deemed acceptable, any of the DNA 

or RNA concentrations may be used in the qPCR analyses. It was therefore decided to use a total 

of 10 ng DNA and 100 ng RNA per reaction. 

 

ii.  PCR AMPLIFICATION EFFICIENCY 
The Relative expression software tool (REST©), first described by Pfaffl et al. (2002), was used 

to determine the PCR amplification efficiency (E) of each gene. This was done by substituting the 

slope of each curve in Figures B.1 and B.2 into Equation B.1, which has a theoretical minimum 

and maximum of 1 and 2: 

E =  10(−1/slope) 

 

Each PCR amplification efficiency was then further converted to a percentage according to 

Equation B.2 to indicate the percent of template DNA or cDNA that was successfully amplified in 

each cycle (with 0% signifying no amplification and 100% indicating perfect PCR product 

doubling) (Bio-Rad: Real-Time PCR Applications Guide, Bulletin 5279). 
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% Efficiency = (E − 1) x 100% 

 

Consequently, the percentage PCR efficiencies for the amplification of the MtI, mt-Nd2, Actb, MtI 

(mRNA), and B2m (mRNA) genes were respectively determined to be 93.65%, 86.98%, 92.47%, 

80.27%, and 119.6%. In theory, amplification efficiencies of 90% to 105% are regarded as 

satisfactory. Therefore, the MtI and Actb reactions were deemed adequate. Even though the 

efficiency of mt-Nd2 was below 90%, it was close enough to be regarded as sufficient. By contrast, 

the PCR amplification efficiencies of MtI (mRNA) and B2m (mRNA), deviated more than would 

normally be acceptable. Since the multiplex RT-qPCR assay included two steps (i.e. the reverse 

transcription of mRNA to cDNA, and the subsequent amplification of cDNA), this method 

displayed a larger capacity for error. Therefore, the poorer PCR amplification efficiencies were 

attributed to the shortcomings of the assay itself, and deemed acceptable for the purpose of 

simply displaying a clear difference between MTI expression in WT and MTI overexpressing mice. 

 

iii.  RELATIVE EFFICIENCY OF COMPARED qPCR REACTIONS 
To determine whether or not the target gene of choice could be expressed relative to a specific 

reference gene using the ΔCT
 method, it was necessary to show that the PCR amplification 

efficiencies of both reactions were equivalent. This was achieved by examining the slope of the 

relative efficiency plot, as shown in Figures B.3, B.4, and B.5. (Applied Biosystems: User Bulletin 

No. 2, P/N 4303859). 

 

Figure B.3: Relative efficiency plot for MtI and Actb. The curve depicts the ΔCT-values 

obtained from the MtI target gene and Actb reference gene, plotted against the log of the quantity 

(in ng) of input template DNA used for each reaction (data from Table B.2). The equation of the 

curve is also displayed. 
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Figure B.4: Relative efficiency plot for mt-Nd2 and Actb. The curve depicts the ΔCT-values 

obtained from the mt-Nd2 target gene and Actb reference gene, plotted against the log of the 

quantity (in ng) of input template DNA used for each reaction (data from Table B.2). The equation 

of the curve is also displayed. 

 

 

Figure B.5: Relative efficiency plot for MtI (mRNA) and B2m (mRNA). The curve depicts the 

ΔCT-values obtained from the MtI (mRNA) target gene and B2m (mRNA) reference gene, plotted 

against the log of the quantity (in ng) of input template RNA used for each reaction (data from 

Table B.3). The equation of the curve is also displayed. 

For the PCR amplification efficiencies of the target and reference genes to be equivalent, the 

absolute value of the slope of the relative efficiency plot should ideally be <0.1. While this was 

the case for the MtI and Actb genes (Figure B.3) which yielded a value of 0.033, the |slope| of the 

relative efficiency curve for mt-Nd2 and Actb (Figure B.4) was 0.163. Previous work by van Dyk 

(2013), however, reported that this slope was sufficient for the purpose of determining the RMCN. 

Similarly, the |slope| of the MtI (mRNA) and B2m (mRNA) strayed from the advised values (0.981; 

Figure B.5). It was however decided to continue with this analysis, and the deviation was 

attributed to the shortcomings of the multiplex RT-qPCR assay. 
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APPENDIX C: 
PREPARATION OF SDS-PAGE GEL 
 

The protein preparations isolated for NDUFS4 detection were separated on a 1 mm SDS-PAGE 

gel. The preparation of the constituting 4% stacking- and 10% resolving gels is shown in Table 

C.1. 

Table C.1:  Content of the stacking- and resolving components of the SDS-PAGE gel 

Reagent Cat. no. & Company of 
purchase 

Final concentration 
Stacking gel (4%) Resolving gel (10%) 

Milli-Q® H2O - - - 
Tris (pH 8.8) - - 0.375 M 
Tris (pH 6.8) - 0.125 M - 

Acrylamide-Bis (37.5:1; 
30%) 100639100, Merck 4 % (v/v) 10 % (v/v) 

SDS L3771, Sigma-Aldrich 0.10 % (w/v) 0.10 % (w/v) 
APS A3678, Sigma-Aldrich 0.05 % (w/v) 0.05 % (w/v) 
TEMED T7024, Sigma-Aldrich 0.10 % (w/v) 0.10 % (w/v) 

Total volume prepared (in µL) 3 000 5 000 
The table displays the reagents (and their final concentrations) used to prepare the 4% stacking- and 10% resolving 

components of the SDS-PAGE gel. APS = ammonium persulphate, cat. no. = catalogue number, SDS = sodium dodecyl 

sulphate, TEMED = N,N,N’,N’-tetramethylethylenediamine. 
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APPENDIX D: 
96-WELL MICROTITER PLATE LAYOUTS 
 

The following figures depict the 96-well microtiter plate layouts used in Sections 4.4.1, 4.4.3, 4.4.4, 

and 4.4.6: 

 

Figure D.1: Microtiter plate layout used for the MTT assay. Cells (see Table 4.2) were seeded 

as described in Section 4.4.1. In addition, blank wells (no cells), as well as negative controls 

(using cells from WT 1), were set up. The latter were treated with 6% (v/v) acetic acid in galactose-

containing medium as explained. Neg Contr = negative control. 

 

Figure D.2: Microtiter plate layout used for the NAD/NADH-Glo™ assay. As described in 

Section 4.4.3, cells (see Table 4.2) and blank wells (no cells) were prepared in rows E to H. Each 

cell solution was lysed, divided, and transferred to the corresponding columns of rows A to D for 
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acid treatment. Additionally, positive controls (containing 400 nM NAD+ in 1x PBS) were set up in 

row 6. Pos Contr = positive control. 

 

Figure D.3: Microtiter plate layout used for the ADP/ATP assay. Cells (see Table 4.2) were 

seeded as explained in Section 4.4.4. On the same plate, blank wells (no cells) as well as positive 

controls (containing 500 nM ATP in 1x PBS) were set up. Pos Contr = positive control. 

 

 

 

 

 

 

 

Figure D.4: Microtiter plate layout used for the Mito Stress Test. Cells (see Table 4.2) were 

seeded as explained in Section 4.4.6. Wells A1, A12, H1, and H12 were filled with galactose-

containing medium only, to serve as background- and temperature correction. Following analysis 

on the Seahorse XF Analyser, normalisation was performed in the same microtiter plate. 
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APPENDIX E: 
OPTIMISATION OF THE SEAHORSE XFe96 ANALYSER CONDITIONS 
 

INTRODUCTION 
As primary mouse fibroblast cultures have not previously been analysed at this institution using 

the Seahorse XFe96 Analyser, the cell seeding density and FCCP concentration – two values that 

are specific to each cell type – were optimised prior to evaluating the different genotypes (Agilent, 

2017). It was regarded unnecessary to optimise the oligomycin concentration, since a study by 

van Dyk (2016) had shown that 1 μM is sufficient for the complete inhibition of CV of various cell 

types. Additionally, there was no need to optimise the rotenone and antimycin A concentration, 

since the advised concentration (0.5 μM) was already considered saturating. 

 

i.  SEEDING CELLS & ANALYSING THE BIOENERGETICS PROFILE USING THE 
SEAHORSE XFe96 ANALYSER  

The optimal cell seeding density per well and FCCP concentration were determined on a single 

plate, by following the method described for the Mito Stress Test in Section 4.4.6.3.a. On the first 

day, cells from mouse 79 (WT; see Table 4.5) were seeded at four different seeding densities (as 

shown in Figure E.1) based on recommendations by Agilent (2017). Since it had not yet been 

decided at this point to culture cells in galactose-containing medium prior to their analysis, cells 

were seeded in glucose-containing medium and incubated under standard conditions (see 

Section 4.3.3.1.b) for only 23 h (according to the general procedure followed at this institution). 

Similarly, no additional medium was added to the wells throughout this period. 

On the second day, the growth medium was exchanged for assay medium, consisting of low 

buffered medium stock supplemented with 5 mM filter-sterilised glucose (pH 7.4; #G8644,  

Sigma-Aldrich) and 1 mM sodium pyruvate. Using the same assay medium, compounds were 

reconstituted and made up as described before. At this time, a range of four different FCCP 

concentrations (see Figure E.1) were prepared. The rest of the protocol proceeded as explained 

in Section 4.4.6.3.a (to wells A1, A12, H1, and H12, 0.25, 0.5, 0.75 and 1 μM FCCP were added 

respectively). Since the conditions being optimised could be determined relative to the theoretical 

cell seeding density, plates were not normalised by using the CyQUANT® Cell Proliferation Assay 

Kit. 
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Figure E.1: Microtiter plate layout depicting the different seeding densities and FCCP 
concentrations used for optimisation. On the first day, WT cells were seeded at densities of 

17 500, 20 000, 22 500, or 25 000 cells/80 μL/well. Wells A1, A12, H1, and H12 were filled with 

medium only to serve as background- and temperature correction. On the second day, FCCP 

was added to port B of the sensor cartridge at concentrations of 0.25 μM to 1 μM (in 0.25 μM 

increments). Each group (i.e. each seeding density or FCCP concentration) consisted of 22 or  

24 wells. 

 

ii.  OPTIMISING THE CELL SEEDING DENSITY & FCCP CONCENTRATION  
The optimal cell seeding density and FCCP concentration were then determined using specific 

measurements (refer to Figure 4.5) of the bioenergetics profile obtained from the Mito Stress Test 

analysis. To process the data, the Wave Desktop software (v2.4) and Microsoft Excel 2013 were 

used. The mean and SD were calculated for a specific measurement of each group (i.e. each 

seeding density or FCCP concentration), after which outliers were removed according to the 

Tukey method. 

The optimal cell seeding density was first approximated by visually inspecting the cells (at 23 h) 

under a microscope. Specifically, the following was evaluated: The confluency of each well had 

to be between 50% and 90%, and cells had to be evenly distributed within each well, as well as 

between the wells of a particular seeding group (Agilent, 2017; van Dyk, 2016). While this held 

true for all seeding densities, the confluency of the cells seeded at 25 000 cells/well was closer 

to 100%. 

Using the data obtained from measurement 3 of the bioenergetics profile, the mean OCR was 

then determined for each seeding group. Measurement 3 was chosen, as the cells were still 

untreated and had unlimited access to substrates at this point. The mean OCR values were then 
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plotted against seeding density to produce the scatter plot in Figure E.2. From this figure, the 

optimal cell seeding density was estimated as the value at which the basal respiration was a 

maximum, yet still fell within the range of 20 pmol/min to 160 pmol/min [since the mean ECAR of 

each group was within its recommended range (10 mpH/min to 90 mpH/min), ECAR is not 

presented here]. 

 

Figure E.2: Scatter plot depicting the relationship between the basal respiration (OCR 
taken at measurement 3) and cell seeding density. Data points represent the mean OCR  

(n = 22 or 24) ± SD.  

Generally, the growth of a cell population is studied by employing a growth curve. The latter 

consists of four phases, including a lag-, exponential-, stationary-, and death phase. The lag 

phase describes a period of zero growth during which cells prepare to re-enter the cell cycle, and 

is brought on by the introduction of a new medium type, or the recovery of cells following previous 

stress (e.g. trypsinisation or overgrowth). Cells may then enter the exponential phase, in which 

they exhibit a constant and maximal growth rate, with regular cell population doubling. Here, 

growth is considered to be the most uniform and, consequently, the exponential phase is preferred 

for the study of cell biochemical characteristics. As substrates become limited or the critical 

population level is attained (e.g. when cells become over confluent), cells can withdraw from the 

cell cycle as they enter the stationary phase. During this time, cell morphology may change (e.g. 

fibroblasts can display cytoplasmatic prolongations), cells may still respire without division, and/or 

the division rate can equal the death rate (Keira et al., 2004). Upon reaching the death phase, 

however, this balance will shift to mortality, as a result of nutrient depletion or programmed 

pathways.  

As may be seen from Figure E.2, OCR increased with an increase in seeding density, as 

expected. The mitochondrial respiration did not reach a plateau, further indicating that cells 

seeded at the highest density (25 000 cells/well) had not yet entered the stationary phase (had 
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greater seeding densities been chosen, the curve would most likely have plateaued). Therefore, 

based on this graph alone, any of the seeding densities would have been sufficient. 

To narrow this down, the OCR values were then normalised to the theoretical cell seeding density 

per well, and a second scatter plot was drawn (Figure E.3). Here the curve was expected to 

remain constant with increasing seeding density, while a decrease in OCR indicated that the 

maximum acceptable seeding density per well had been achieved (van Dyk, 2016). 

 

Figure E.3: Scatter plot depicting the relationship between the basal respiration (OCR 
taken at measurement 3) and cell seeding density, normalised to the theoretical number 
of cells/well. Data points represent the mean normalised OCR (n = 22 or 24) ± SD.  

Figure E.3 displays a slow decrease in OCR from 17 500 cells/well to 20 000 cells/well. This 

decrease then becomes sharper as seeding density is increased to 25 000 cells/well. Thus, by 

taking into account the cell confluency, as well as the results shown in Figures E.2 and E.3,  

20 000 cells/well was selected as the optimal seeding density. 

It should however be noted that the reaction conditions employed differed between the 

optimisation and final experiments. Since the latter would require seeding cells in galactose-

containing medium (instead of complete growth medium which contains glucose), and incubating 

the plate for 47 h (instead of 23 h), it was decided to decrease the seeding density of the final 

experiments to 12 500 cells/well. 

To determine the optimal FCCP concentration, the mean OCR values were calculated for each 

FCCP concentration group by using the data obtained from measurement 7 of the bioenergetics 

profile at the optimal cell seeding density (determined as 20 000 cells/well above). The mean 

OCR values were then plotted against the FCCP concentration to yield the titration curve in  

Figure E.4. 
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Figure E.4: Titration curve depicting the relationship between the maximal respiration 
(OCR taken at measurement 7) and FCCP concentration. Data points represent the mean 

OCR (n = 22 or 24) ± SD. 

As shown in Figure E.4, OCR increased with increasing FCCP concentration, to reach a maximum 

at 0.75 μM, followed by a slight decrease to 1 μM FCCP. The latter may be attributed to a 

depolarised Δψ, which is influenced by FCCP’s disruption of the endosome (and other organellar) 

function and acidification of the cytosol (since FCCP acts as a protonophore across all 

membranes) (Brand & Nicholls, 2011). The optimal FCCP concentration was therefore taken to 

be 0.75 μM; i.e. the FCCP concentration yielding the highest maximal respiration prior to a 

succeeding decrease in OCR. 
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APPENDIX F: 
LANGUAGE EDITING CERTIFICATE 
 

 

 




