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ABSTRACT  

Mitochondria are involved in a plethora of cellular processes, the most prominent being the 

production of energy as adenosine triphosphate (ATP) through the oxidative phosphorylation 

(OXPHOS) system. Dysfunction of the OXPHOS system, especially complex I (CI) is one of the 

most common groups of inborn errors of metabolism that results in heterogeneous diseases like 

Leigh Syndrome, which are difficult to treat. To study mitochondrial disease in vivo a whole body 

Ndufs4 knockout mouse model has been developed and is now commonly used in research. 

Although mitochondrial disorders have been extensively studied, there are still a lot of gaps in the 

literature, for example, its effect on biotransformation. The limited ATP of individuals with 

mitochondrial disorders could affect the activity and capacity of the biotransformation pathway by 

dysregulating any of the factors that influence metabolism including gene expression through 

retrograde signalling, allosteric regulation, and the availability of cofactors.  

The aim of this study was to investigate differential expression of genes involved in phase two 

biotransformation in an Ndufs4 knockout mouse model. This was achieved by first investigating 

differential gene expression of glycine conjugation as a primary pathway of phase two 

biotransformation between Ndufs4 knockout (KO) and wild-type (WT) mice. This investigation 

was then expanded to explore if the changes observed in glycine conjugation were reflected in 

the gene expression of seven remaining phase two biotransformation pathways.  

Significant downregulation of the glycine conjugation pathway in KO mice compared to WT mice 

was indicated by gene expression analysis of Acsm2 and Glyat. These genes had fold changes 

of ~-3.6 and ~-1.6, respectively. Gene expression data was validated through enzyme activity 

analysis of GLYAT, which confirmed the downregulation in KO mice, by exhibiting ~50% residual 

GLYAT activity compared to WT mice. Significant differential expression was also revealed for 50 

of the remaining phase two biotransformation pathway genes. Expression of most of these genes 

were significantly downregulated. As the exception, gene expression of sulfotransferases was 

significantly increased. Downstream effects of decreased ATP production and redox imbalance 

that contribute to retrograde signalling, is hypothesised to be the main contributors to the 

downregulation of genes investigated.  Overall, the data strongly suggests that phase two 

biotransformation pathways are highly affected by mitochondrial dysfunction. 

Keywords: Ndufs4 knockout mouse model; transcriptomics; gene expression; mitochondrial 

disease; complex I deficiency; mouse liver tissue; glycine conjugation; phase two 

biotransformation.  
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CHAPTER 1 INTRODUCTION 

1.1 Background, research rationale and problem statement 

As the main producers of energy in the form of adenosine triphosphate (ATP), mitochondria are 

frequently referred to as the “powerhouse of the cell”. ATP is produced by the five complexes of 

the mitochondrial oxidative phosphorylation (OXPHOS) system. Dysfunction of the OXPHOS 

system is one of the most common groups of inborn errors of metabolism (Thorburn, 2004). Of 

these, complex I (CI) deficiency is the most common and often presents as Leigh Syndrome (Lake 

et al., 2016). To study mitochondrial disease in vivo, rodent disease models are considered to be 

of great value, (Wallace, 2002) and for Leigh Syndrome a whole body NADH dehydrogenase 

ubiquinone Fe-S protein 4 (Ndufs4) knockout mouse model has been developed that is now 

commonly used in research (Kruse et al., 2008).  

The impeded energy production caused by mitochondrial disease could have numerous 

downstream effects. One of these downstream effects that have not been thoroughly investigated 

is biotransformation. Biotransformation, the process of converting endogenous and xenobiotic 

compounds to more water-soluble compounds, is an essential process that prevents build-up of 

toxic compounds (Darnell & Weidolf, 2013; Sevior et al., 2012). These endogenous and xenobiotic 

compounds are in many cases carboxylic acids, the most common type of organic acid (Darnell 

& Weidolf, 2013). It is well known that the metabolism of organic acids are severely affected in 

mitochondrial disease (Esterhuizen et al., 2017). Several biotransformation enzymes, glycine-n-

acyltransferase (GLYAT) for example, are located in the mitochondrion. Many of these 

biotransformation reactions are directly or indirectly dependent on cofactors like ATP and NAD+. 

ATP production and the redox status are severely affected in mitochondrial disease, and could 

therefore possibly affect biotransformation in these patients. There is currently a severe lack of 

investigations on the effect that a mitochondrial disease has on the capacity of patients to 

metabolise endogenous metabolites and drugs through their biotransformation system. Glycine 

conjugation is a primary pathway of phase two biotransformation which, due to its role in organic 

acid conjugation, can thus be used as a starting point to investigate biotransformation in a mouse 

model of mitochondrial disease.  

This study forms part of a larger study at the Mitochondria Research Laboratory of the North-

West University. The Mitochondria Research Laboratory has extensively studied the Ndufs4 KO 

mouse model. Investigations of this model include metabolomics on urine, selected brain regions 

(Terburgh et al., 2021) and muscle types (Mason et al., 2018; Terburgh et al., 2019), as well as 

the development of a method for compartment specific metabolomics (Van der Walt & Louw, 
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2020). These studies have shed some light on disturbances of the redox balance in these mice 

and how it can affect multiple metabolic pathways. During investigation of specific brain regions, 

Terburgh et al. (2021) found that Ndufs4 KO mice with higher residual CI activity and NADH/NAD+ 

ratios that are less disturbed, had less severe metabolic disturbances. Furthermore, mice with 

more severe levels of CI deficiency and increased NADH/NAD+ redox imbalances, had 

preferences for reductive carboxylation, acetylation and lipid synthesis. In the same study it was 

also found that the increased NADH/NAD+ ratios resulted in increased congestion of branched 

chain amino acid catabolism. Investigation of muscle in these mice revealed that non-classical 

pathways like the glycerol-3-phosphate shuttle, electron transfer flavoprotein system, complex II, 

and the proline cycle can fuel the Q-cycle as an adaptive mechanism to maintain adequate ATP 

production (Terburgh et al., 2019). Also observed were increased levels of N-acetylaspartate 

(NAA) in Ndufs4 KO mice and it was hypothesised that this increase was a result of the rate of 

acetyl-CoA synthesis from β-oxidation and lysine catabolism exceeding the rate at which it could 

be used by the TCA cycle, leading to accumulation of acetyl-CoA. As a mechanism to use some 

of the acetyl-CoA, it is conjugated with aspartate and converted to NAA through 

N-acetyltransferase. In the same study they also showed how some biotransformation reactions 

like methylation are affected by a disturbed redox balance. It was further postulated that the 

decreased levels of creatine, creatinine, and 1-methylhistidine, were likely due to a disrupted 

one-carbon metabolism as a result of a disturbed redox balance, leading to decreased S-adenosyl 

methionine availability for methylation reactions (Terburgh et al., 2019). Furthermore from the 

same group, Miller et al. (2021) investigated changes in gene expression in Ndufs4 KO mice as 

well as Ndufs4 KO that were cross-bred to overexpress metallothionein. The authors found that 

genes involved in one-carbon metabolism, but not in oxidative stress, were downregulated in 

mouse brain and quadriceps, further signifying the disturbed one carbon metabolism in these 

mice.  

From the abovementioned studies that developed the background and rationale for this study, it 

is clear that Ndufs4 KO mice have disrupted energy production and redox status that will likely 

disturb the pathways in which it is involved, including biotransformation. As in the case of humans, 

information about the effect of mitochondrial disease on biotransformation in these mice is 

currently severely limited. One tool to investigate the effect of mitochondrial disease on 

biotransformation is targeted transcriptomics, a novel technique that can measure the expression 

levels of thousands of genes (Li, Turner, et al., 2015). Understanding the expression levels of 

genes at a specific time point and condition can provide valuable insight into the current state of 

the cell (Finotello & Di Camillo, 2015). Gaining knowledge on expression of genes involved in 

biotransformation will not only aid in understanding the mechanism and pathology of 
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mitochondrial diseases but could potentially assist in developing drugs for mitochondrial disease 

patients that are metabolised in a predictable way, thereby making treatment more effective.  

1.2 Aim of the study 

The aim of this study was to investigate differential expression of genes involved in phase two 

biotransformation in an Ndufs4 knockout mouse model. This was achieved by first investigating 

differential gene expression of glycine conjugation as a primary pathway of phase two 

biotransformation between Ndufs4 knockout and wild-type mice. This investigation was then 

expanded to explore if the changes observed in glycine conjugation were reflected in the gene 

expression of the remaining phase two biotransformation pathways.  

1.3 Structure of the dissertation 

This dissertation is arranged in five chapters. The first chapter provides the background and 

rationale of the study. The second chapter gives an overview of literature relevant to this study, 

including mitochondria, oxidative phosphorylation, mitochondrial disorders, biotransformation, 

and regulation of metabolic pathways. It also provides the problem statement, aims and 

objectives, and the experimental strategy followed. The third chapter lays out detailed information 

about the materials and methods employed during the course of this study. The fourth chapter 

provides the results obtained. These results are also discussed and interpreted in this chapter. 

The fifth and final chapter summarises this study and discusses the completion of the objectives, 

as well as the strengths and limitations identified. Prospects for future research are also provided. 

Several annexures are included at the end of the dissertation to provide additional information 

not supplied in Chapters 1-5. 
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CHAPTER 2 LITERATURE 

2.1 Introduction 

This chapter presents a detailed discussion of literature pertaining to this study. It is divided into 

four sections. The first section discusses mitochondria and mitochondrial disorders. The second 

section explains the two phases of biotransformation. This is succeeded by a focus on amino acid 

conjugation, specifically, glycine conjugation. The third section discusses metabolic regulation 

with a specific focus on gene expression1 and allosteric regulation. The final section sets out the 

problem statement identified from the literature as well as the aims, research questions and 

objectives established to address the problem statement.  

2.2 Mitochondria and associated pathology 

2.2.1 The mitochondrion 

The mitochondrion is considered to lie at the heart of life and death of cells because of its 

involvement in a multitude of cellular processes, most importantly, energy production (Duchen, 

2004). Mitochondria are double membraned subcellular organelles that are found in most 

eukaryotic cells. The inner and outer membranes are separated by an intermembrane space. On 

the inside of the inner membrane lies the mitochondrial matrix. The inner membrane forms folds, 

called cristae, which hosts mitochondrial enzymes involved in producing energy (Duchen, 2004; 

McBride et al., 2006). Mitochondria have a wide range of functions, the most prominent being the 

production of energy as adenosine triphosphate (ATP). The ATP that they produce, provide the 

energy required for almost all cellular processes. Beyond producing ATP through oxidative 

phosphorylation (OXPHOS), mitochondria are involved in several other processes. They, inter 

alia, generate reactive oxygen species (ROS); are involved in some types of apoptosis; regulate 

calcium levels; play key roles in cellular signalling; and synthesise and catalyse metabolites. 

(Brand & Nicholls, 2011; Grünewald et al., 2019). Considering the vital role of mitochondria in all 

cell types, mitochondrial dysfunction will inevitably bring about disease that affects multiple 

tissues. Mitochondrial dysfunction has been implicated in many diseases including 

neurodegenerative diseases such as Parkinson’s and Alzheimer’s; diabetes and cardiomyopathy; 

autism; and even sepsis (Chistiakov et al., 2018; Duchen, 2004; Grünewald et al., 2019; 

Weissman et al., 2008). Furthermore, mitochondria have been in the spotlight for their possible 

involvement in ageing. The free radical theory of ageing suggests that ROS, which are mainly 

 

1 Throughout this dissertation, “gene expression” specifically refers to the expression of genes coding for 
enzymes that are involved in biotransformation pathways.  



 

22 

produced in mitochondria during normal mitochondrial 

function, induce oxidative damage to lipids, proteins, and 

nucleic acids which ultimately contributes to mitochondrial 

dysfunction. The mitochondrial dysfunction in turn causes 

further increased ROS production which in turn again 

initiates a vicious cycle. Until recently this gradual increase 

in mitochondrial dysfunction and heteroplasmy was thought 

to mediate and amplify the oxidative stress that drives 

ageing (Bratic & Larsson, 2013), but recent research has 

challenged this hypothesis (Brys et al., 2007; Jebb et al., 

2018; Lewis et al., 2013; Pérez et al., 2009). More recent 

theories have been postulated to fill the gaps in this 

mitochondrial free radical theory of ageing. For example, the 

adaptive homeostasis theory of ageing states that ageing 

involves diminished adaptive homeostasis causing 

deterioration of biological structures and functions which 

eventually results in dysfunction, disease and death 

(Pomatto & Davies, 2018). 

2.2.2 Mitochondrial DNA 

One distinctive characteristic of mitochondria is that they contain their own genome, mitochondrial 

DNA (mtDNA), which along with nuclear DNA (nDNA) encode the proteins of the OXPHOS 

system. In humans, mtDNA are circular, double stranded molecules consisting of 16 569 bp that 

codes for 37 genes. These genes are required for the synthesis of 13 subunits of the OXPHOS 

system (see Table 2.1), 22 transfer RNAs (tRNAs), and two ribosomal RNAs (rRNAs) (Bratic & 

Larsson, 2013; DiMauro & Schon, 2003). mtDNA is housed in the mitochondrial matrix and 

hundreds to thousands of copies can be present in a single cell (Taylor & Turnbull, 2005). 

Homoplasmy and heteroplasmy levels of mtDNA are directly associated with the phenotype of 

disease and might be able to explain the variability seen in the clinical presentation through the 

threshold effect (DiMauro & Schon, 2003; Taylor & Turnbull, 2005). The threshold effect describes 

how a minimum number of mutated mtDNA molecules must be present before oxidative 

dysfunction is present. This threshold is decreased in tissues with high aerobic demands, such 

as that of the brain, heart and skeletal muscles, making them especially vulnerable to mutations 

in mtDNA (DiMauro & Schon, 2003). However, mitochondrial disease is not always caused by 

mutations in mtDNA. It can be, and most often is,  caused by mutations in nDNA that encode the 

remainder of the 82 structural subunits of the OXPHOS system (Shoubridge, 2001).  

Heteroplasmy 

The condition where there 

are at least two different 

populations of mtDNA 

molecules in a single cell. 

Homoplasmy 

The condition where all the 

mtDNA molecules present in 

a cell are identical. 

Adaptive homeostasis 

Short-term changes in the 

homeostatic range of 

protective and repair 

mechanisms in response to 

sub-toxic signalling 

molecules or events. 
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Table 2.1 Subunits of the OXPHOS system that are encoded by mtDNA  

Complex  Subunits encoded by mtDNA  

CI ND 1, 2, 3, 4, 4L, 5, and 6 

CIII CytB 

CIV COXI, COXII, and COXIII 

CV ATP synthase subunits A6 and A8 

This table shows the subunits of the OXPHOS system that are encoded by mtDNA as described by 
(DiMauro & Schon, 2003). Abbreviations: cytochrome b (CytB), cytochrome c oxidase (COX), mitochondrial 
deoxyribonucleic acid (mtDNA) nicotinamide adenine dinucleotide dehydrogenase (ND). 

 

2.2.3 Oxidative phosphorylation 

The OXPHOS system, which is located in the inner mitochondrial membrane, consists of five 

multi-subunit protein complexes (see Table 2.2) and two electron carriers namely coenzyme Q10 

and cytochrome C, as shown in Figure 2.1.  

Table 2.2 Protein complexes of the OXPHOS system 

Complex Name E.C. number Approximate 
number of 
subunits2 

CI reduced NADH dehydrogenase-
ubiquinone oxidoreductase 

E.C. 1.6.5.3 45 subunits 

CII succinate dehydrogenase-ubiquinone 
oxidoreductase 

E.C. 1.3.5.1 4 subunits 

CIII ubiquinone-cytochrome c oxidoreductase E.C. 1.10.2.2 11 subunits 

CIV cytochrome c oxidase E.C. 1.9.3.1 13 subunits 

CV ATP synthase E.C. 3.6.3.14 16 subunits 

This table describes describes the five complexes of the OXPHOS system. Abbreviations: oxidative 
phosphorylation (OXPHOS), reduced nicotinamide adenine dinucleotide (NADH), complex I (CI), complex 
II (CII), complex III (CIII), complex IV (CIV), complex V (CV).     
 

Electrons are transported along the electron transport chain (ETC) - which constitutes the first 

four complexes - to molecular oxygen (O2), thereby forming water, while protons (H+) from the 

matrix are pumped through CI, CIII, and CIV to the intermembrane space. This forms an 

electrochemical proton gradient that drives ATP synthesis as H+ moves through CV to the matrix, 

which uses adenosine diphosphate (ADP) and inorganic phosphate to produce ATP (DiMauro & 

Schon, 2003; Hatefi, 1985; Smeitink et al., 2001). CV, also known as F0F1-ATP synthase, is a 

 

2 Number of subunits obtained from (DiMauro & Schon, 2003; Stroud et al., 2016). 
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super-complex consisting of two rotary motors. The first motor, F1, is the water-soluble part of CV 

and by rotating the inner subunit, hydrolyses ATP.  The second and smaller motor, F0, is 

embedded in the inner mitochondrial membrane and generates rotary torque upon proton 

translocation driven by the proton electrochemical potential (Okuno et al., 2011). The adenine 

nucleotide translocator has intrinsic adenine nucleotide translocase activity, thereby rendering it 

an important component of the mitochondrial ATP synthesis machinery (Maioli et al., 2013).  

 

Figure 2.1 Schematic representation of the oxidative phosphorylation system  

This figure shows the five subunits of the OXPHOS system as well as the two electron carriers, cytochrome 
C and ubiquinone. Electron flow (indicated in green) through the first four complexes is coupled to proton 
(H+) translocation (grey arrows) from the matrix to the IMS. The number of subunits that are encoded by 
mtDNA and nDNA is shown for each complex. Abbreviations: adenosine diphosphate (ADP), adenosine 
triphosphate (ATP), cytochrome c (CytC), oxidised flavin adenine dinucleotide (FAD+), reduced flavin 
adenine dinucleotide (FADH), water molecule (H2O), intermembrane space (IMS), mitochondrial inner 
membrane (MIM), mitochondrial DNA (mtDNA), oxidised nicotinamide adenine dinucleotide (NAD+), 
reduced nicotinamide adenine dinucleotide (NADH), nuclear DNA (nDNA), molecular oxygen (O2), 
oxidative phosphorylation (OXPHOS), ubiquinone (Q).  
 

2.2.4 Complex I 

CI is the largest of all the OXPHOS proteins and the complex that is most often involved in 

mitochondrial disorders. It consists of approximately 45 subunits with a size of ~1 megadaltons 

(Calvaruso et al., 2012; DiMauro & Schon, 2003; Shoubridge, 2001). The L-shaped CI consists 

of a peripheral arm and a membrane arm (see Figure 2.2 ). The peripheral arm contains the 

N- and Q-module, while the membrane arm is embedded in the inner mitochondrial membrane 
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and contains the P-module (Hunte et al., 2010). The N-module is the NADH dehydrogenase 

component with one flavin mononucleotide (FMN) molecule serving as the primary electron 

acceptor to oxidise NADH to NAD+ and H+. The Q-module is a hydrogenase component that 

reduces ubiquinone while the P-module translocates protons across the membrane. The NADH 

oxidation site is connected with the ubiquinone (Q) reduction site with a chain of eight to nine 

iron-sulphur clusters (Brandt, 2006). Four H+ are translocated across the inner mitochondrial 

membrane during the redox reaction (Brandt, 2006; Calvaruso et al., 2012; Hunte et al., 2010; 

Shoubridge, 2001). Subunits of CI is divided in to central and accessory subunits. Central subunits 

comprise the 14 subunits necessary to perform bioenergetic functions and are divided into seven 

mtDNA encoded subunits (ND1, ND2, ND3, ND4, ND4L, ND5 and ND6) and seven nuclear 

encoded subunits (NDUFV1, NDUFV2, NDUFS1, NDUFS2, NDUFS3, NDUFS7 and NDUFS8) 

(Brandt, 2006; Distelmaier et al., 2009).  

 

Figure 2.2 Simplified schematic representation of mammalian complex I  
The peripheral arm of complex I contains the N- and Q-modules. The membrane arm consists of the two 
P-modules. NADH is oxidised by a FMN in the N-module. Electrons are passed along the chain of ~8 
iron-sulphur clusters to the Q-binding site, where Q is reduced to QH2. For each oxidised NADH, four H+ 
are transferred from the matrix to the IMS. Several subunits are indicated. Of particular importance for this 
study is the 18-kDA subunit of CI, NDUFS4 (shown in pink). Abbreviations: flavin mononucleotide (FMN), 
oxidised nicotinamide adenine dinucleotide (NAD+), reduced nicotinamide adenine dinucleotide (NADH), 
nicotinamide adenine dinucleotide dehydrogenase (ND), NADH dehydrogenase ubiquinone Fe-S protein 4 
(NDUFS4). Adapted from several sources including Fiedorczuk and Sazanov (2018); Hirst (2013). 
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2.2.5 Mitochondrial disorders 

Mitochondrial disorders are a group of clinically heterogeneous diseases caused by dysfunction 

of the OXPHOS system (Rahman & Rahman, 2018). They are the most common group of inborn 

errors of metabolism with an estimated prevalence of one in 5-10 000 live births (Skladal et al., 

2003; Smeitink et al., 2001; Thorburn, 2004). So far, more than 500 pathogenic variants 

(mutations) have been identified in mitochondrial genes (Mitomap., 2019). These mutations can 

affect some of the many functions of mitochondria such as metabolism; vitamin and cofactor 

synthesis; calcium homeostasis; protein synthesis; and antioxidant defences (Rahman & 

Rahman, 2018). Mitochondrial disorders have multiple modes of transmission and can also be 

acquired spontaneously. Depending on whether the mutation is caused by mtDNA or nDNA 

mutations, they can be linked to the X-chromosome, maternally inherited, autosomal dominant or 

autosomal recessive (Prasun, 2019).  

Of mitochondrial disorders, CI deficiency is the most common (Distelmaier et al., 2009). OXPHOS 

is severely affected if the activity of CI is defective, especially in tissues like that of the brain, 

heart, and skeletal muscles that have high energy demands (Scacco et al., 2003). Defects of CI 

where its stability is affected, as in the case of NADH dehydrogenase ubiquinone Fe-S protein 4 

(NDUFS4)3 mutations, have been shown to be somewhat circumvented by the formation of a 

supercomplex between CI and CIII that aids in the stabilisation of CI (Calvaruso et al., 2012). 

Although complicated, several methods are used to diagnose mitochondrial disorders with the 

process being similar to that of diagnosis of neuromuscular disease. Tissue biopsies are used to 

determine mitochondrial morphology and enzyme activity. Plasma and cerebrospinal fluid are 

used to determine lactate and pyruvate levels through metabolomics. Next generation sequencing 

can detect nuclear or mitochondrial mutations (Lee et al., 2009; Orsucci et al., 2009). Lactate and 

acylcarnitines are classic markers of mitochondrial dysfunction (Legault et al., 2015). The 

diagnostic process typically starts with patient and family history as well as a physical and 

neurologic examination. Patients presenting with exercise intolerance, neurosensory hearing 

loss, hypertrophic cardiomyopathy, ophthalmoplegia, short stature, or renal tubular acidosis are 

regarded as possible mitochondrial disease patients. Further diagnosis requires measurement of 

serum lactate; electromyography; magnetic resonance spectroscopy; enzymology and histology 

of muscle tissue; and genetic analysis (Orsucci et al., 2009). Next generation sequencing 

technologies have dramatically reduced costs of sequencing in large cohorts and have thereby 

 

3 Formatting of symbols for genes and proteins used in this dissertation: When referring to humans, gene 
symbols are written in uppercase and in italics (e.g., GLYAT). When referring to mice, the gene symbols 
are written in italics and only the first letter is in uppercase (Glyat). Protein symbols for humans and mice 
are fully written in uppercase and not in italics (e.g., GLYAT).  
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contributed to increased diagnosis of mitochondrial disorders in recent years (Rahman & 

Rahman, 2018).  

Several obstacles are in the way for the development of successful treatment options for 

mitochondrial disease. A major one being the high level of clinical heterogeneity seen in patients 

with mitochondrial disease. Other impediments include the double membrane of the 

mitochondrion that hampers the penetration of drugs, and clinical trials that are difficult to conduct 

with sufficient numbers due to the relative scarcity of mitochondrial disorders (Rahman & 

Rahman, 2018). Current treatment options are mainly target symptoms and are inadequate. 

Some of the proposed mitochondrial therapeutics include the antioxidants vitamin C, vitamin E, 

N-acetylcysteine, -lipoic acid, and coenzyme Q10 and its analogues ubiquinol and idebenone 

(Rahman & Rahman, 2018). Compounds that restore redox balance, including nicotinamide 

riboside, and metabolites such as l-carnitine and creatine, have shown some potential as 

therapeutics (Orsucci et al., 2009; Rahman & Rahman, 2018). A more drastic approach that aims 

to avoid mitochondrial disease, is mitochondrial replacement therapy, in which transfer of mutated 

mtDNA from mother to offspring is avoided through the use of donor mitochondria (Zhang et al., 

2017).  

2.2.6 Leigh syndrome 

Leigh syndrome (also called subacute necrotizing encephalopathy) is a progressive 

neurodegenerative disorder, first reported in 1951 by Denis Leigh (Leigh, 1951), and although 

rare (incidence of one in 40 000), might be the most common disorder of the OXPHOS system in 

children (Lombardo et al., 2014; Munaro et al., 1997). Patients typically present with focal 

necrotizing lesions in the brainstem, basal ganglia and cerebellum. Symptoms include failure to 

thrive; psychomotor retardation; lactic acidosis; truncal ataxia; and death between the age of 6 

months and 12 years (Budde et al., 2003; Cooper et al., 2006). The early-onset form typically 

starts to present before patients are two years old. A late-onset form is much rarer but presents 

with less severity than the early-onset form.  Patients with late-onset Leigh Syndrome also present 

with intellectual decline, headache and memory loss (Hong et al., 2020). Recently, 89 genes have 

been recognized to cause Leigh Syndrome (Rahman et al., 2017). The underlying cause is 

commonly mutations in genes that encode subunits or assembly factors of the OXPHOS system 

(Finsterer, 2008). Patients with the exact same mutations don’t necessarily present with the same 

symptoms, which accentuates this disease’s clinically heterogeneous nature. This is also typical 

of other mitochondrial disorders (Budde et al., 2003; Lacbawan et al., 2000; Munaro et al., 1997).  

At this stage, there is no cure for Leigh Syndrome. Treatment mostly involves antioxidants and 

OXPHOS complex cofactors, aimed at ameliorating symptoms and improving quality of life. Drugs 



 

28 

like riboflavin, thiamine, pyruvate, coenzyme Q10, l-carnitine, a-lipoic acid, creatine-monohydrate 

and vitamin B7 (biotin) are among those given to treat Leigh Syndrome. As a preventative 

measure, vitamins A and E can also be given for their antioxidant properties (Baertling et al., 

2014; Gerards et al., 2016). Recently, EPI-743 has shown promising results in the treatment of 

not only Leigh Syndrome patients, but other mitochondrial disorders as well. EPI-743 is a 

synthetic derivative of coenzyme Q10 and idebenone, or a para-benzoquinone analogue. This 

drug is believed to be approximately 1000 – 10 000 fold more potent than coenzyme Q10 or 

idebenone in protecting cells that were exposed to oxidative stress (Enns et al., 2012). In terms 

of a dietary intervention, an age and activity appropriate diet and energy intake are recommended. 

Drugs that impair mitochondrial function, such as valproate, barbiturates and tetracyclines, are to 

be avoided (Baertling et al., 2014).  

2.2.7 Metabolic alterations in Leigh syndrome 

Metabolic pathways that are commonly disrupted in mitochondrial disease include glycolysis, the 

TCA cycle, mitochondrial fatty acid β-oxidation, branched chain amino acid metabolism, and 

one-carbon metabolism. Classic markers of mitochondrial metabolic dysfunction include lactate 

and acylcarnitines (Legault et al., 2015). One principal repercussion of OXPHOS deficiencies is 

thought to be a disturbed redox balance (NADH/NAD+, FADH/FAD+). NADH is oxidized to NAD+ 

by CI and CI deficiency therefore results in an inability to oxidize NADH which is thought to lead 

to a redox imbalance and decline in NAD+ levels (Lee et al., 2019). Due to the involvement of 

these coenzymes in a range of cellular processes, disturbances in their ratios can affect numerous 

metabolic pathways. Pyruvate for example, is converted to acetyl-CoA by the pyruvate 

dehydrogenase complex and NAD+. As a result of the decreased NAD+ levels in mitochondrial 

disease this reaction is inhibited, and pyruvate levels are increased. Pyruvate is then converted 

to lactate by lactate dehydrogenase and NADH, which aids in recycling NAD+ which can then be 

used in glycolysis. The cytosolic redox state can therefore be indicated by the lactate/pyruvate 

ratio (Esterhuizen et al., 2017). The mitochondrial redox state is reflected by the 

acetoacetate/3-hydroxybutyric acid ratio, with 3-hydroxybutyric acid typically being increased in 

mitochondrial disease (Esterhuizen et al., 2017). Metabolic profiling of patients with Leigh 

Syndrome French Canadian variant revealed increased plasma levels of creatine, lactate, 

pyruvate, β-hydroxybutyrate, and decreased levels of glycocholate (Legault et al., 2015). 

Increased lactate was also reported in children with mitochondrial disease (Shatla et al., 2014). 

Metabolomics studies also commonly report increased TCA cycle intermediates, which is a result 

of the inhibition of three dehydrogenases involved in the TCA cycle as a result of increased NADH 

levels (Esterhuizen et al., 2017). Analysis of brain regions of a mitochondrial disease mouse 

model, revealed perturbations in branched chain amino acid metabolism (Terburgh et al., 2021). 
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Branched chain amino acids were increased, while by-products of their catabolism were 

decreased. Increased branched chain amino acids were also reported in a cohort of primary 

mitochondrial disease (Clarke et al., 2013). Terburgh et al. (2021) further reported increased 

levels of several long chain fatty acids. Investigation of skeletal muscle of the same mouse model 

displayed decreased levels of fatty acid acylcarnitines, trimethylglycine, methionine, and 

threonine (Terburgh et al., 2019). During phenylalanine and tyrosine metabolism, gut microbiota 

catalyse the formation of benzoic acid from cinnamic acid. Benzoic acid then undergoes glycine 

conjugation, a biotransformation reaction, to form hippuric acid, which is also reported to be 

disturbed in mitochondrial disease (Esterhuizen et al., 2017).   

2.3 Biotransformation 

The disturbed redox balance observed in mitochondrial disease, as well as the altered ATP 

production could potentially affect the capacity of patients to perform biotransformation reactions, 

as many of these reactions are directly and indirectly dependent on cofactors like ATP and NAD+. 

Furthermore, some of these biotransformation reactions are localised in the mitochondrion, as 

will be discussed in the sections that follow. 

Humans are exposed daily to a great deal of endogenous (e.g. bile acids) and exogenous (e.g. 

drugs, environmental chemicals and food preservatives) compounds through food, medicinal 

drugs, water, and air (Knights & Miners, 2011). These compounds are often lipophilic and would 

accumulate in the body which could in turn present as toxic, unless they are converted to some 

form that can be easily excreted (Grant, 1991). Biotransformation, or popularly also referred to as 

“detoxification”, is the process of converting lipophilic compounds to more water-soluble 

compounds that can be easily excreted in the urine and bile. This mainly takes place in the liver 

(Grant, 1991; Sevior et al., 2012). A schematic representation of these reactions is shown in 

Figure 2.3 while the enzymes and cofactors involved are shown in Table 2.3. The parenchymal 

cells of the liver, hepatocytes, are responsible for this biotransformation. Hepatocytes contain 

many mitochondria, indicating that the liver plays an important role in energy metabolism (Sevior 

et al., 2012). Drug biotransformation can also occur in mitochondria and plasma membranes 

(Ionescu & Caira, 2006). High levels of detoxifying enzymes are present in the small intestinal 

epithelium, serving as a first-defence against toxic compounds absorbed through the 

gastrointestinal tract (Goerres et al., 2006).  

There are two main biotransformation pathways which are commonly referred to as phase one 

and phase two biotransformation. When biotransformation renders a compound less toxic, the 

process is referred to as detoxification. In some cases, biotransformation renders a compound 

more toxic and the process is then referred to as metabolic activation (Buhler & Williams, 1988). 
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Metabolic activation is sometimes used in a clinical setting where an inactive drug, called a 

prodrug, is given to a patient and through its metabolic activation the drug is converted to an 

active form that has a therapeutic effect. This is employed when a prolonged or delayed response 

of a drug is required, when a local reaction is to be avoided, when there is poor absorption or site 

specificity, or even when the drug has undesirable organoleptic properties (Ionescu & Caira, 2006; 

Wu, 2009).  

 

Figure 2.3 Schematic representation of typical biotransformation pathways  

This scheme shows the typical pathway of biotransformation reactions. Biotransformation consists of two 
phases. Phase one reactions include oxidation, reduction, and hydrolysis. These reactions are mediated 
by cytochrome P450 enzymes. Products of phase one metabolism can undergo further metabolism through 
phase two biotransformation. There are several phase two reactions, each with its own set of enzymes that 
catalyse them. When the metabolites of phase one or two biotransformation are more polar and more water 
soluble, they are detoxified and can be excreted in the bile or urine. In some cases, these metabolites are 
bioactivated and are more reactive than the parent compound. These reactive metabolites can have several 
effects including protein modifications, DNA damage and ROS production.  
 
  

The importance of biotransformation is highlighted by the 

consequences of its deficiency and its use in treatment of 

several diseases. Many xenobiotics can reach toxic and 

even deadly levels if they are not metabolised (Croom, 

2012). Exposure to xenobiotics can disturb the microbiome 

(Lu et al., 2015). Loots et al. (2007) have suggested that 

the clinical symptoms of isovaleric acidaemia may partially 

be due to the depletion of amino acids required for 

detoxification reactions. Patients with coeliac disease have 

been found to have a relatively high risk for small intestinal 

Xenobiotics 

A term used to describe 

chemicals to which organisms 

are exposed, that are extrinsic 

to their usual metabolism. This 

includes environmental 

contaminants, medicinal drugs, 

pesticides and foreign chemical 

created by other organisms 

(Croom, 2012).  
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malignancies. This could be explained by the low activity of a detoxifying enzyme, uridine 

diphosphate glucuronosyltransferases (UGTs) in their small intestine, resulting in decreased 

detoxification of potential carcinogens and toxins ingested via food and medication (Goerres et 

al., 2006). Accumulation of several aromatic acids, like benzoic acid, 3-phelylpropionate and 

cinnamic acids can activate ROS production and inhibit activity of CI (Beloborodova et al., 2012). 

Xenobiotic carboxylic acids such as benzoic acid and salicylic acid, can be activated to xenobiotic-

CoAs by mitochondrial ATP-dependent acyl-coenzyme A synthetases (ACSM). Accumulation of 

these xenobiotic-CoAs can have toxic effects by sequestering carnitine and the cellular CoA pool, 

or by inhibiting important metabolic enzymes (Van der Sluis & Erasmus, 2016).   

Table 2.3 Typical phase one and phase two biotransformation reactions, enzymes, 

cofactors, and substrates. 

Type of 
biotransformation 
reactions 

Enzymes  Cofactors Examples of 
substrates 

Phase one cytochrome P450 Haeme androgens, 
cholesterol, 
oestrogens,  
several drugs, 
sterols, vitamins 

Acetylation N-acetyltransferases 
(NATs) 

acetyl-CoA amines, amino 
acid, hydrazine, 
sulphonamide 

Amino acid 

conjugation 

acyl-CoA 
synthetases; 
acyltransferases 

glycine, CoA benzoic acid, bile 
acids, carboxylic 
acids 

Glucuronidation UDP-
glucuronosyltransfer

ases (UGTs) 

UDP-glucuronic acid 
(UDPGA) 

alcohols, carboxylic 
acids, 
hydroxylamine, 
phenols 
sulfonamides 

Glutathione S-

conjugation 

glutathione S-

transferases (GSTs) 
glutathione (GSH) arene oxides, 

epoxides, 
hydroxylamine, 
nitro groups,  

Methylation methyltransferases 
(OMTs, SMTs, 
NMTs) 

S-
adenosylmethionine 
(SAM) 

amines, 
catecholamines, 
phenols 

Sulfoconjugation sulfotransferases 
(SULTs) 

phosphoadenosyl 
phosphosulphate 

(PAPS) 

alcohols, aromatic 
amine, 
neurotransmitters 
phenols, steroid 
hormones 
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Biotransformation is a dynamic process that can adapt to the internal milieu of hepatocytes. 

Exogenous drugs, endogenous steroid hormones and other xenobiotics can trigger changes in 

biotransformation (Sevior et al., 2012). Furthermore, biotransformation is subject to large 

inter-individual variabilities. Factors known to affect biotransformation in individuals include 

genetic variation, intra-individual factors, environmental factors and disease-state factors 

(Ionescu & Caira, 2006). Gender and age also play a role in variations seen in enzyme activity, 

but is not apparent in all biotransformation enzymes (Eker et al., 2020). Strassburg et al. (2002) 

for example, determined that activity of liver glucuronidation in children aged between one and 

two years were decreased compared to adults for a variety of drugs. Furthermore, several UGTs 

displayed sex-dependent expression in mouse tissue which could influence metabolism. Ugt2b1 

were predominantly expressed in male liver, while Ugt1a1 and Ugt1a5 showed predominant 

expression in females (Buckley & Klaassen, 2007). This is in contrast to expression levels of 

SULTs that do not show gender or age-dependent variations.  

Genetic variation: The presence of genetic variants in biotransformation genes, can affect the 

ability of an individual to metabolise drugs by causing variations in the activity of an enzyme. 

Some of these genetic variants can result in a reduced ability, a complete lack of activity, or in 

some cases in an enhanced activity, which can result in an unexpected toxic effect or the desired 

therapeutic effect (Ionescu & Caira, 2006). In glycine N-acetyltransferase (GLYAT) for example, 

characterisation of the kinetic mechanism of three 

haplotype variants showed that relative enzyme activity is 

negatively affected by a rare 156Asn>Ser, 199Arg>Cys 

variant which only displayed 9.8% of the kcat of the more 

abundant haplotype 156Asn>Ser. Ultimately, individuals 

with this haplotype might have a decreased ability to 

metabolise benzoate (Rohwer et al., 2021). Another 

example is 50 mutations causing the absence of or partial 

deficiency of UGT1A1, resulting in Crigler-Najjar syndrome (Jancova et al., 2010).  

The presence of genetic variants that affect the ability of individuals to metabolise drugs has led 

to a field known as pharmacogenetics, which is the study of how these genetic variations affect 

patients’ responses to drugs (Roses, 2000). Intra-individual factors: Physiological changes, 

pathological states and biological rhythms, for example hormonal balance, are thought to affect 

drug metabolism (Ionescu & Caira, 2006). Environmental factors: Environmental factors that can 

influence biotransformation include inter alia smoking; alcohol consumption; diet; exposure to 

chemicals and pollutants; and drug use (Ionescu & Caira, 2006). Consumption of 

vegetable-containing diets in humans for example, showed increased activity of UGT1A (Navarro 

Kcat (Catalytic rate constant) 

The maximal number of 

substrate molecules that form 

product per active site per 

second when the enzyme is 

saturated with substrate.  
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et al., 2009). Several studies showed dysregulated glucuronidation and phase one 

biotransformation activity in smokers, even former smokers, compared to non-smokers (Court, 

2010; Lee et al., 2006; O’Malley et al., 2014). It is also well known that environmental chemicals 

like polychlorinated biphenyls and pollutants are able to induce P450 enzymes (Katzung et al., 

2018). Long term ethanol treatment in Wistar rats resulted in dysregulated biotransformation with 

some enzymes like P450E1 being induced, while others including P4503A2 and P4502C13 were 

decreased (Van de Wiel et al., 1993). Disease factors: Considering that the liver is the primary 

biotransformation organ, any disease that affect its function can also affect the ability of the 

individual to perform biotransformation reactions. Liver disease, diabetes, some types of 

infections and thyroid dysfunction are known to affect drug metabolism (Ionescu & Caira, 2006; 

Maritim et al., 2000). Xenobiotics are moved across membranes by several transporters. The 

activity levels of these transporters can be inhibited or induced by drug-drug interactions (Sevior 

et al., 2012).  

2.3.1 Phase one biotransformation 

Phase one biotransformation reactions are considered a preparatory step for phase two reactions. 

These reactions typically add or expose a polar functional group like –NH2, SH or –OH by one of 

several reactions, including oxidation with cytochrome P450 (CYP450) enzymes, and reduction 

and hydrolysis reactions. The resultant metabolites are usually less lipid-soluble than the original 

compound, rendering them less able to penetrate tissues and less able to undergo renal tubular 

reabsorption. Phase one metabolites may still be active and can then be used as a substrate in 

phase two reactions. Compounds that already contain an -OH, -NH2 or COOH group, can directly 

enter phase two biotransformation (Ionescu & Caira, 2006; Katzung et al., 2018).  

Oxidation reactions are the most common type of biotransformation reactions and involve the 

incorporation of oxygen into the substrate. They comprise the following: dehydrogenation; 

side-chain hydroxylation; aromatic hydroxylation; deamination; sulphoxide formation; 

deamination; and N-, O-, and S-dealkylation. Reduction reactions are somewhat uncommon and 

include reduction reactions of nitro, nitroso, and azo groups. Esters and amides commonly 

undergo hydrolysis reactions during biotransformation (Ionescu & Caira, 2006).  

The most important enzymes involved in phase one biotransformation include monooxygenases; 

CYP450s; flavin-dependent monooxygenases (FMOs); hydrolases; and epoxide hydrolases 

(Croom, 2012). Some of these enzymes are found in mitochondria and cytosol of hepatocytes. 

CYP450 enzymes are regarded as the most important group of drug metabolising enzymes. They 

are involved in the metabolism of several endo- and exogenous compounds that include drugs, 

environmental chemicals and other xenobiotic compounds (Ionescu & Caira, 2006). CYP450s 
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contain a haeme group that is essential for their catalytic activity and become inactive when the 

orientation of the haeme is lost. In humans there are 14 families of CYP450 enzymes totalling 61 

genes. Polymorphisms found in these genes are especially important in the metabolism of 

environmental xenobiotics. CYP450 reactions involve reduction of one atom of molecular oxygen 

to water, with the second oxygen atom being incorporated into the substrate. Electrons are 

transferred from nicotinamide adenine dinucleotide phosphate (NADPH) (Croom, 2012; Sevior et 

al., 2012). A typical CYP450 reaction is shown in Equation 2.1. 

Equation 2.1 A typical CYP450 catalysed reaction 

𝑁𝐴𝐷𝑃𝐻 + 𝐻+ + 𝑂2  +  𝑅𝐻 →  𝑁𝐴𝐷𝑃
+  +  𝐻2𝑂 +  𝑅𝑂𝐻 

where: 

RH represents an oxidisable compound 

ROH represents a hydroxylated metabolite 

 

The second type of monooxygenases involved in phase one biotransformation reactions are 

FMOs which are mostly found in the liver. As CYP450, FMOs are microsomal enzymes that 

require NADPH and oxygen. They only catalyse oxygenation reactions in which electrons are 

directly transferred from NADPH. Currently, there are 5 types of FMOs (FMO1-FMO5) with 

different expressions, depending on tissue and species (Croom, 2012).   

There is a range of other phase one enzymes which includes epoxide hydrolases; prostaglandin 

synthases; alcohol and aldehyde dehydrogenases; amine oxidases; hydrolases; and proteases 

(Croom, 2012). After phase one biotransformation compounds can continue biotransformation 

through phase two.  

2.3.2 Phase two biotransformation 

Phase two biotransformation reactions are conjugation reactions that result in a covalent linkage 

between the functional group of the parent compound to a molecule that can enhance its water 

solubility. Therefore, conjugated metabolites are usually more hydrophilic than the original 

compound and are easily excreted via the kidneys.  In most cases, except for glutathione 

conjugation, the substrates for conjugation reactions are products of phase one reactions (Croom, 

2012). Hydrophilic groups are added to the parent compound before the conjugation reaction. 

Reactions of phase two biotransformation include methylation; glucuronidation; acetylation; 

sulfation; glutathione conjugation; and amino acid conjugation. Glycine, taurine and glutamic acid 
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are commonly used in amino acid conjugation reactions (Grant, 1991; Ionescu & Caira, 2006; 

Phang-Lyn & Llerena, 2020).  

Acetylation reactions 

Acetylation is the transfer of acetyl-coenzyme A (acetyl-CoA) to an amine, amino acid, hydrazine, 

or sulphonamide, through the action of an N-acetyltransferase (see Figure 2.4). The cofactor of 

these reactions, acetyl-CoA can be acquired from the glycolysis pathway, fatty acid or amino acid 

catabolism, or synthesis from acetate and CoA (Ionescu & Caira, 2006). The two isozymes 

encoded in the human genome are arylamine N-acetyltransferase 1 (NAT1) and arylamine 

N-acetyltransferase 2 (NAT2). NAT2 is mainly expressed in the liver and intestines, while NAT1 

is present in many tissues. Individuals are classified into slow, intermediate, and fast acetylators 

depending on their NAT2 haplotype. Fast acetylator phenotypes are encoded by four enzymatic 

variants including, the wild-type allele NAT2*4, and three allele groups – NAT2*11, NAT2*12 and 

NAT2*13. Slow acetylator variants are encoded by the allele groups NAT2*5, NAT*6, NAT2*7, 

and NAT2*14. Intermediate acetylators possess one fast and one slow acetylator allele (Conway 

et al., 2020).  The role of NATs in endogenous metabolism is unclear, except for the recent 

discovery of its action on spermidine (Conway et al., 2020; Jancova et al., 2010). There are certain 

differences in NATs between species. Human NAT1 is more similar to rodent NAT2 showing 82% 

identity at amino acid level and both enzymes having p-aminobenzoic acid as a selective 

substrate (Jancova et al., 2010).   

 

Figure 2.4 Acetylation of arylamine by NATs   
With the help of cofactor acetyl-CoA, N-acetyltransferase catalyses the reaction between a substrate with 
NH2 group to conjugate an acetyl group to it. Abbreviations: coenzyme A (CoA), substrate that undergoes 
biotransformation (R). 
 

Glucuronidation reactions 

Glucuronidation, which is conjugation with D-glucuronic acid, is considered the most common and 

most important conjugation reaction. It requires uridine-5’-diphospho-α-D-glucuronic acid 

(UDPGA) to provide glucuronic groups to oxygen, nitrogen, sulphur or carboxyl groups, and are 

catalysed by microsomal enzymes called UDP-glucuronosyltransferases (UGTs). Figure 2.5 

provides a schematic representation of typical glucuronidation reactions.  Human UGTs are 

divided into four classes, UGT1, UGT2A and UGT2B, UGT3, and UGT8 (Jancova et al., 2010). 

UGT1 mainly binds exogenic compounds, whereas UGT2 mainly binds endogenous compounds. 
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Endogenous compounds conjugated through this pathway include bile acids, fatty acids, thyroid 

hormones, bilirubin, fat-soluble vitamins, and hydroxysteroids (Jancova et al., 2010). 

Glucuronidation reactions also involve sulfotransferase and N-acetyltransferase enzymes 

(Goerres et al., 2006; Ionescu & Caira, 2006). UGT3A1 is a UDP 

N-acetylglucosaminyltransferase, while UGT8 plays a role in the nervous system (Jancova et al., 

2010). The liver is the major location of most of the human UGT proteins, although they show 

broad tissue distribution including the gastrointestinal tract, kidneys, brain and placenta (Jancova 

et al., 2010).  

 

Figure 2.5 Scheme of a typical glucuronidation reactions  

Synthesis of UDPGA from UDPG is mediated by UDPG dehydrogenase and NAD+. UDPGA is then used 
as a cofactor in glucuronidation reactions that are mediated by UDP-glucuronosyltransferase and a 
glucuronide is formed from the substrate.  Abbreviations: oxidised nicotinamide adenine dinucleotide 
(NAD+), reduced nicotinamide adenine dinucleotide (NADH), substrate that undergoes biotransformation 
(R), uridine diphosphate (UDP), uridine-5’-diphosphate-d-glucose (UDPG), 

uridine-5’-diphospho-α-D-glucuronic acid (UDPGA),  

 

Glutathione S-conjugation reactions 

Glutathione S-conjugation involves the conjugation of glutathione (GSH) with compounds 

containing electrophilic centres, by the action of a glutathione S-transferase (GST) enzyme (see 

Figure 2.6). GSTs are divided into two superfamilies: the soluble GSTs that are in the cytoplasm, 

nucleus, and mitochondria; and the membrane associated GSTs that are involved in arachidonic 

acid metabolism. Both superfamilies are distributed throughout the body and can be found in the 

liver, kidneys, heart, brain and several other tissues. In humans, GSTs are a family of proteins 

divided in five major classes namely, alpha, mu, pi, theta, and zeta (Jancova et al., 2010; Van 

Bladeren, 2000). Glutathione conjugation is an important mechanism in the detoxification of 

drinking water as it is involved in the metabolism of halogenated compounds. Pesticides such as 

dichlorodiphenyltrichloroethane and organothiocyanates are also metabolites that undergo 

glutathione conjugation (Croom, 2012). Endogenous compounds that are metabolised via this 

pathway include prostaglandins and steroids (Van Bladeren, 2000). Extracts from cruciferous 

vegetables and grapefruit have been shown to induce human GSTs in hepG2 cell lines, while 
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inhibitors include glutathione derivatives or substrate analogues (Jancova et al., 2010; Williamson 

et al., 1997).   

 

Figure 2.6  Scheme of the glutathione s-conjugation. 
Glutathione s-transferase mediates the conjugation of GSH to an endogenous or xenobiotic electrophilic 
compound to form a glutathione S-conjugate. Abbreviations: glutathione (GSH), substrate that undergoes 
biotransformation (R). 

 

Methylation reactions 

Methylation reactions are mediated by three groups of enzymes namely, O-, S-, and 

N-methyltransferases. It requires S-adenosyl-L-methionine (SAM) to provide the methyl group 

(see Figure 2.7). One type of O-methyltransferase is catechol o-methyltransferase (COMT). 

COMTs play an important role in catechol-dependent functions including cognition, 

cardiovascular function and pain processing (Jancova et al., 2010). COMTs are inhibited by 

several substrates. These include neurotransmitters, norepinephrine, epinephrine, dopamine as 

well as catechol oestrogens, catecholamine and drugs with catechol structures (Jancova et al., 

2010). In humans, two isoforms of COMT exist. The soluble S-COMT is expressed in the liver, 

blood and kidneys, while the membrane-bound MB-COMT is mostly found in the brain where it 

regulates extracellular dopamine levels in the prefrontal cortex (Qayyum et al., 2015).  The second 

group of methyltransferases is S-methyltransferases (SMTs), a major enzyme being the 

cytosolic enzyme thiopurine S-methyltransferase (TPMT). TPMT catalyse S-methylation of 

aromatic and heterocyclic sulfhydryl compounds (Jancova et al., 2010; Lennard, 2014). 

Substrates include thiopurine drugs like mercaptopurine and thioguanine. Currently, there are not 

any endogenous compounds known to be catalysed by TPMT (Lennard, 2014). High levels of 

TPMT are found in the liver, kidneys, and intestines, while decreased levels are found in the lungs 

and brain.  Several benzoic acid derivatives can inhibit TPMT, including salicylic acid. Inhibition 

of TPMT results in elevated thioguanine nucleotide, which in turn can cause life-threatening bone 

marrow toxicity or myelosuppression (Lennard, 2014; Weinshilboum et al., 1999). The third group 

of methyltransferases, N-methyltransferases (NMTs), are responsible for the metabolism of 

endogenous neurotransmitters and hormones (Weinshilboum et al., 1999). Phenylethanolamine 

N-methyltransferase (PNMT) for example, mediate the formation of epinephrine from 

norepinephrine. Other examples include histamine N-methyltransferase (HNMT) and 

nicotinamide N-methyltransferases (NNMT) that are highly expressed in the liver and gut. As its 
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name implies, HNMT catalyses the methylation of histamine. It can also catalyse methylation of 

other heterocyclic compounds structurally similar to histamine (Weinshilboum et al., 1999). The 

cytosolic enzyme NNMT catalyses methylation of nicotinamide to form 1-methyl-nicotinamide 

(Kannt et al., 2018). NNMT is expressed in several tissues, especially the liver and adipose tissue. 

Methyltransferases are also responsible for methylation of proteins, RNA and DNA, which will not 

be discussed as it goes beyond the scope of this study. 

 

Figure 2.7 Typical methylation reactions  

Methyl groups are added to substrates through mediation of methyltransferases and SAM.  Synthesis of 
SAM from methionine is catalysed by methionine adenosyltransferase and requires ATP. Abbreviations: 
adenosine triphosphate (ATP), substrate that undergoes biotransformation (R), S-adenosyl homocysteine 
(SAH), S-adenosyl-L-methionine (SAM).  

 

Sulfoconjugation reactions 

Sulfoconjugation is a major route for biotransformation reactions and is catalysed by a group of 

enzymes known as sulfotransferases (SULTs) (Lafaye et al., 2004). These enzymes typically 

mediate the transfer of sulfonate (SO3
-) from the cofactor 3’-phosphoadenosine 5’-phosphosulfate 

(PAPS) to the hydroxyl or amino group of a wide variety of acceptor molecules (see Figure 2.8). 

PAPS is the universal donor of the sulfonate moieties in sulfoconjugation reactions and its 

depletion can lead to reduced sulfoconjugation capacity (Jančová & Šiller, 2012). 

Sulfotransferases are broadly divided into the cytosolic and membrane-bound classes. Cytosolic 

SULTs mediate sulfoconjugation of steroids, bile acids, and neurotransmitters, as well as 

xenobiotics. Generally, sulfoconjugation of neurotransmitters will result in loss of functional 

activity. Membrane-bound SULTs are located in the Golgi apparatus and mediate 

sulfoconjugation of peptides, proteins, lipids, and glycosamoniglycans. SULTs are also 

responsible for bioactivation of several drugs and xenobiotics. Sulfoconjugation of several 

endogenous peptides, including gastrin, fibrinogen, insulin and proenkephalin promote their 

activity (Dudas et al., 2021; Kurogi et al., 2021; Roth, 1986; Wang et al., 2021). Four human SULT 

families are currently known and include SULT1, SULT2, SULT4 and SULT6 (Jancova et al., 

2010). SULT1A1, SULT1E1, and SULT2A1 are highly expressed in the liver, in contrast to 

SULT1A3 that is expressed in a wide variety of tissues other than the liver.  SULT4A1 is found in 

the human brain, while SULT6B1 is expressed in the kidneys (Jancova et al., 2010). There are 
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various differences in the SULTs of different species. SULT5A1 is found in mice and SULT3 in 

rabbits, while SULT1A2 has only been found in humans (Jancova et al., 2010). 

 

Figure 2.8 Scheme showing typical sulfoconjugation reactions  

Sulfoconjugation reactions are catalysed by sulfotransferases and require the cofactor PAPS. Synthesis of 
PAPS is a two-step reaction that requires ATP and is mediated by ATP sulphurylase and APS kinase. 
Abbreviations: adenosine diphosphate (ADP), adenosine 5’-phosphosulfate (APS), adenosine triphosphate 
(ATP), 3'-phosphoadenosine-5'-phosphate (PAP), 3’-phosphoadenosine 5’-phosphosulfate (PAPS), 
inorganic pyrophosphate (PPi), substrate that undergoes biotransformation (R). 
 

Amino acid conjugation reactions 

Amino acid conjugation is the conjugation of an amino acid with the carboxylic group of a 

xenobiotic (Ionescu & Caira, 2006). One of the focus areas of this study is amino acid conjugation 

and will, therefore, be discussed in further detail.  

2.3.3 Amino acid conjugation 

Amino acid conjugation is one of several biotransformation systems that convert endogenous and 

xenobiotic metabolites to more hydrophilic conjugates that can be excreted in urine (Badenhorst 

et al., 2013). Various types of aromatic acids can undergo amino acid conjugation. Contrariwise 

to other conjugation reactions, amino acid conjugation reactions involve a two-enzyme system. 

The enzymes that are involved in amino acid conjugation reside in mitochondria and conjugation 

consists of the following three reactions, (see Figure 2.9): 1) Activation of the carboxylic acid of 

the parent compound with ATP to form an acyl adenylate and pyrophosphate; 2) Formation of a 

high-energy CoA thioester intermediate from the bound acyl adenylate and CoA - this reaction is 

catalysed by an ACSM; and 3) Linkage of the activated acyl group to the acceptor amino acid 

resulting in regeneration of CoA through an acyl-CoA:amino acid N-acyltransferase (Knights & 

Miners, 2011; Knights et al., 2007). 

ACSM is one subfamily of the acyl-CoA synthetase (ACS) enzymes. The other subfamilies are 

ACSS and ACSL. ACSMs are the most important enzymes with regards to amino acid 

conjugation. They are located in the mitochondrial matrix and are involved in the activation of fatty 

acids and xenobiotics, suggesting that the formation of xenobiotic-CoAs have the potential to 

disturb mitochondrial function. In humans, several forms of ASCM enzymes have been identified 

(ACSM1, ACSM2A, ACSM2B, ACSM3, ACSM4, ACSM5 and ACSM6)  (Knights & Miners, 2011; 
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Van der Sluis & Erasmus, 2016). ACSM1 is expressed in 

the mitochondrial matrix and can act on C4-C11 acids and 

corresponding 3-hydroxy- and 2,3- or 3,4-unsaturated 

acids. ACSM1 have been linked to schizophrenia and 

major depressive disorders (Van der Sluis & Erasmus, 

2016). Two different loci of ACSM2 exist, namely ACSM2A 

and ACSM2B. ACSM2B primarily activates xenobiotics, 

and is expressed in the human liver. ACSM3 is expressed 

in human kidneys and liver and polymorphisms of its gene 

are associated with obesity, hypertension, and 

hypertriglyceridemia. In humans, ACSM4 is primarily 

expressed in the testis with polymorphisms associated 

with rapid AIDS progression in HIV-infected patients. Like 

ACSM3, ACSM5 is primarily expressed in the kidneys and 

liver. Little information is available on ACSM6 (Van der 

Sluis & Erasmus, 2016).  

 

The second step of amino acid conjugation requires 

transfer of the acyl group to the amino group of glycine, 

with the action of GLYAT. GLYAT is located in the 

mitochondrial matrix, especially in the liver and kidneys. Substrates for GLYAT include 

astemizole, brompheniramine, permethrin, triflusal and m-xylene (Knights & Miners, 2011).  

 

A limited number of substrates are conjugated with amino acids, including bile acids, herbicides, 

benzoates, salicylic acid and branched chain fatty acids (Knights & Miners, 2011). Several amino 

acids can participate in amino acid conjugation including, glycine, taurine, and glutamine, and 

would depend on the chemical class of the aromatic acid (Beyoğlu et al., 2012). Glycine is the 

principle amino acid involved in human amino acid conjugation (Knights & Miners, 2011).  

 

2.3.4 Glycine conjugation 

Glycine is the simplest amino acid with only a hydrogen atom as its side chain. It functions as a 

neurotransmitter, a one-carbon donor in the folate one-carbon metabolism, a regulator of gene 

expression, and a precursor of some molecules (Alves et al., 2019; Leung et al., 2020).  Dietary 

intake of glycine varies from ~1-3 g/day in adult males, depending on their dietary protein sources 

(Alves et al., 2019; Meléndez-Hevia et al., 2009). Glycine is mainly synthesised from serine 

through the serine hydroxymethyltransferase pathway, but can also be synthesised through the 

UNDERSTANDING ENZYME 
NOMECLATURE 

Families of acyl-CoA 

synthetases (ACSs) are 

named according to the length 

of the fatty acids that they 

activate (Knights & Miners, 

2011). 

ACSS – short chain (C2-C4) 

fatty acids that activate 

acetate, propionate or butyrate 

(Watkins et al., 2007) 

ACSM – medium chain (C4-

C12) fatty acids 

ACSL – long chain (C12-C20) 

fatty acids which activate 

palmitate and oleate (Watkins 

et al., 2007) 
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threonine dehydrogenase pathway and through the formation of sarcosine (Razak et al., 2017). 

Although it can be synthesised in the body, several studies show that it might not be sufficient for 

metabolic demand and growth in humans and other mammals including rodents, and have 

therefore been considered as a conditionally essential amino acid (Jackson et al., 1987; Li et al., 

2001; Persaud et al., 1996; Wang et al., 2013). Availability of glycine depends on its use in the 

glycine cleavage system, glycine conjugation pathway, and biosynthetic reactions (Leung et al., 

2020). The glycine cleavage system is localised in the mitochondrial matrix and is the major 

catabolism pathway of glycine (see Figure 2.9). It catalyses a reaction between glycine, 

tetrahydrofolate and NAD+ to form 5,10-methylene-tetrahydrofolate, ammonia, carbon dioxide 

and NADH. This reaction is reversible (Kikuchi & Hiraga, 1982; Leung et al., 2020).  

 

Figure 2.9 Overall metabolism of glycine   
This figure shows the synthesis of glycine (green), glycine conjugation (blue), glycine cleavage system 
(pink), and one carbon metabolism (orange). Abbreviations:  acyl-CoA synthetase medium chain family 
member 2 (ACSM2), adenosine diphosphate (ADP), adenosine monophosphate (AMP), amino 
methyltransferase (AMT), adenosine triphosphate (ATP), coenzyme A (CoA), glycine 
hydroxymethyltransferase (GHMT), glycine decarboxylase (GLDC), glycine N-acyltransferase (GLYAT), 
reduced nicotinamide adenine dinucleotide (NADH), oxidised nicotinamide adenine dinucleotide (NAD+), 
ammonia (NH3), inorganic phosphate (PPi), tetrahydrofolate (THF). 
 

For several years after its initial discovery there was a lack of interest in glycine conjugation, 

presumably because only a few drugs are conjugated to glycine (Knights et al., 2007). Recently 

however, interest was sparked again as new theories on its main role was proposed. Beyoğlu et 

al. (2012) recently proposed the glycine deportation system. They argued that rather than a 

detoxification pathway, the primary purpose of amino acid conjugation is a homeostatic 

neuroregulatory mechanism for the amino acids that are neurotransmitters of the central nervous 
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system. They provide several arguments for the glycine deportation system, one main argument 

being that amino acid conjugation does not leave aromatic acids much more water soluble, 

especially in comparison to glucuronic acid conjugation. For example, benzoic acid’s water 

solubility dramatically increases from 3.4 g/l to 263 g/l once conjugated with glucuronic acid. But, 

when conjugated to glycine, its solubility increased only to 3.8 g/l (Beyoğlu et al., 2012). The 

glycine deportation system has been counter-argued by Badenhorst et al. (2014), as they 

suggested that the primary purpose of this phenomenon was rather to enable animals to limit their 

consumption of foods rich in aromatic compounds. They also argued that glycine conjugation is 

part of the phenylpropionate catabolism pathway.   

Drugs such as salicylic acid and astemizole, insecticides like permethrin, and preservatives like 

benzoic acid are examples of xenobiotic compounds that undergo biotransformation through 

glycine conjugation (Knights & Miners, 2011; Knights et al., 2007). Glycine conjugation is 

influenced by a number of factors including the availability of CoA, glycine and ATP, variations in 

the two enzyme-coding genes, as well as the differential expression levels of ACSM2B and 

GLYAT (Badenhorst et al., 2014; Rohwer et al., 2021). The rate of glycine conjugation can 

influence the toxicity of xenobiotics by influencing the clearance of xenobiotics, because this 

pathway can be saturated. The limiting step of glycine conjugation depends on the substrate and 

can either be the formation of the acyl-CoA intermediate or the transfer of the amino acid. 

Substrate dependence is illustrated by conjugation of benzoic acid with glycine having a 20 times 

higher rate than that of conjugation of salicylic acid with glycine (Knights & Miners, 2011; Van der 

Sluis & Erasmus, 2016).  Furthermore, it seems that the capacity for glycine conjugation declines 

with advancing age (Knights & Miners, 2011).  

The glycine conjugation pathway is sometimes exploited in the treatment of metabolic disorders 

of neonates and infants. Acetylated amino acids are commonly observed in urine of patients with 

inborn errors of metabolism, primarily as a mechanism for detoxification. Isovaleric acidemia for 

example, is characterised by the presence of isovalerylglycine in the urine. Isovaleryl-CoA is 

removed as nontoxic isovalerylglycine and isovalerylcarnitine when glycine and L-carnitine 

supplementation is given to these patients (Loots et al., 2007). Nonketotic hyperglycinaemia 

(NKH) is a congenital enzymopathy where the glycine cleavage system has a reduced ability to 

catabolize glycine to CO2 and NH4
+. Patients with NKH present with elevated plasma and 

cerebrospinal fluid glycine. Therapy of NKH involves administration of sodium benzoate to remove 

excess glycine (Beyoğlu & Idle, 2012).  

Although glycine conjugation can detoxify a variety of compounds, dietary benzoates are 

seemingly its primary substrate (Badenhorst et al., 2013; Mawal & Qureshi, 1994). Benzoic acid 

is an aromatic acid that comprises a benzene ring and a carboxylic acid (see Figure 2.10). It is 
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naturally found in apricots, snap beans, mushrooms, and honey (Nair, 2001). The salts of benzoic 

acid, sodium benzoate and potassium benzoate, are commonly used as preservatives in food, 

such as jam, soft drinks and beer. Sodium benzoate is rapidly excreted in the urine through 

glomerular filtration and tubular secretion (Praphanproj et al., 2000). Preservatives are added to 

food products in order to prolong the shelf life and to delay nutritional losses as a result of 

microbial, enzymatic or chemical alterations. Sodium benzoate and potassium benzoate inhibit 

the growth of mould, yeast, and certain bacteria (Zengin et al., 2011). Concerns have been raised 

about the use of benzoates as preservatives for their link to childhood hyperactivity, asthma, 

angio-oedema and urticaria (Egger et al., 1985; Freedman, 1977; McCann et al., 2007; 

Michaelsson & Juhlin, 1973). More recently, consumption of beverages rich in sodium benzoate 

was associated with attention deficit hyperactivity disorder-related symptoms in college students 

(Beezhold et al., 2014). Despite these concerns, regulatory bodies still regard it safe to use in 

food products. Sodium benzoate is listed by the Food and Drug Administration (FDA) as a 

substance that is “Generally Regarded As Safe” when used as a preservative in the ranges of 

0.15-9%, depending on the food product (FDA, 2020). The Joint Food and Agricultural 

Organization of the United Nations and World Health Organization Expert Committee on Food 

Additives (JECFA) established an acceptable daily intake of benzoic acid and its salts of 0 to 5 

mg/kg body weight. They also have no safety concerns at current levels of intake when used as 

a flavouring agent (Nair, 2001). Benzoic acid and sodium benzoate are also used in cosmetic 

formulations and in the treatment of acute hyperammonaemia in patients with urea cycle disorders 

(Brusilow et al., 1984; Nair, 2001; Praphanproj et al., 2000).  

 

Figure 2.10 Structure of benzoic acid, sodium benzoate and potassium benzoate   
This figure shows the structure of benzoic acid and two of its salt, sodium benzoate and potassium benzoate 
that are commonly used as preservatives. 
 
 

As with other amino acid conjugations, glycine conjugation of benzoic acid is also a two-step 

reaction (see Figure 2.9). First, ACSM2B catalyses the reaction of benzoate and CoA to form 

benzoyl-CoA in the liver. This first step is ATP dependent and will release AMP and PP i. Next, 

GLYAT catalyses the reaction between benzoyl-CoA and glycine to form hippurate and release 
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CoA (Badenhorst et al., 2014; Knights, 1998). Currently, no metabolic defect in the glycine 

conjugation pathway has been described, indicating that it is an essential pathway (Van der Sluis 

et al., 2015). GLYAT is a key enzyme in glycine conjugation of acyl-CoA esters and is central to 

maintaining CoA homeostasis in the liver (Badenhorst et al., 2013). By preventing the depletion 

of CoA, the glycine conjugation pathway plays a vital role in homeostatic energy balance within 

the mitochondrion. As already mentioned, the availability of glycine can influence glycine 

conjugation. Low levels of glycine can result from the need to detoxify high levels of benzoate 

which is present in natural sources like milk and berries, 

dietary polyphenols, and xenobiotics including 

pharmaceuticals. Reduced glycine levels can increase 

acyl-CoA intermediates like xenobiotic-CoA esters which in 

turn cause depletion of CoA and inhibition of ACSM2B 

(Rohwer et al., 2021).  

2.4 Regulation of metabolic pathways  

Three main systems are responsible for regulation of 

metabolic pathways: 1) Regulation of gene expression that 

provides for longer term effects; 2) Posttranslational 

modifications that can affect protein stability or affect the 

balance between active and inactive enzymes relatively 

quickly; and 3) Allosteric regulation of enzymes to control 

the activity of an enzyme (Desvergne et al., 2006). 

2.4.1 Regulation of gene expression 

The concept of the central dogma of molecular biology 

holds that information flows from DNA to RNA through 

transcription, then from RNA to protein through translation 

to ultimately determine the cellular phenotype (Shapiro, 

2009). Gene regulation can depend on tissue type and 

environmental conditions (Clark & Pazdernik, 2013). 

Multiple transcription factors are required for activation of 

transcription of genes. They are divided into two categories: 

general transcription factors that help RNA polymerase to 

bind to the promotor, and specific transcription factors (also 

called activators) that increase the level of transcription in 

certain cell types or in response to signals (Clark & 

Transcription  

The process of synthesising 

RNA from a DNA template with 

DNA-dependent RNA 

polymerases (Garrett & 

Grisham, 2013). 

Translation 

Translation is the synthesis of 

amino acid sequences from 

mRNA (Garrett & Grisham, 

2013). 

Gene regulation  

The biological processes that 

promote the tight control of 

expression of genes to define 

cellular function and identity in 

living organisms (Tai et al., 

2013). 

Hormone response elements  

Specific DNA sequences in 

target genes to which hormone 

receptor complexes bind. This 

binding can activate or repress 

transcription. Hormone 

response elements are found 

relatively close to the core 

promotor or in enhancer 

regions (Mason et al., 2020).  
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Pazdernik, 2013; Mason et al., 2020). Activators are proteins that bind to DNA at sites called 

enhancers. Enhancers are binding sites for specific transcription factors and are able to act over 

a large distance by DNA bending and forming a loop to position the enhancer closer to the 

promotor. The activator proteins can now interact with the complex to increase the transcription 

rate (Mason et al., 2020).  

One type of specific transcription factors are nuclear receptors (NRs). They are a superfamily of 

receptors for hormones, fatty acids, cholesterol derivatives, bile acids, benzoate derivatives, and 

prostaglandins that act as ligand-inducible transcription factors. They are implicated in 

development, detoxification and homeostasis and are divided into six classes. Selected receptors 

and ligands of classes I-III are shown in Table 2.4. NRs bind to hormone response elements to 

regulate transcription. NRs have the ability to repress gene expression through the action of 

negative hormone response elements that bind the receptors and mediate negative regulation by 

the ligand. Unbound receptors will increase transcription while binding of a ligand will reverse the 

stimulation. This is especially important for feedback mechanisms, for example with thyroid 

hormones (Aranda & Pascual, 2001). NRs are roughly divided into endocrine NRs and orphan 

NRs. A subset of orphan NRs are involved in regulation of gene transcription of several phase 

one and two drug metabolizing enzymes and transporters in the liver. They are known as 

xenobiotic receptors and include pregnane X receptor (PXR), constitutive androstane receptor 

(CAR) and aryl hydrocarbon receptor (AhR) (Mackowiak & Wang, 2016).  

PXR is a nuclear receptor that is mainly involved in control of expression of genes of 

biotransformation enzymes and drug transporters. Moreover, PXR plays a key role in endobiotic 

metabolism as it regulates expression of genes that are involved in glucose, lipid, and bile acid 

metabolism. Furthermore, the PXR pathway plays a role in regulation of energy metabolism 

(Pavek, 2016). Expression of PXR is mostly limited to liver, intestines and kidneys, but can be 

expressed in other tissues.  Location is further dependent on the organism. Mouse PXR is located 

in the cytosol of liver cells, while human PXR is in the nucleus (Pavek, 2016). Examples of 

regulation by PXR in biotransformation include: Activation of PXR by rifampicin resulted in 

repression of SULT1E1 by displacing HNF4 bound to the PXR-responsive enhancer of 

SULT1E1 (Kodama et al., 2011). Upregulation of two CAR target genes, Ugt1a1 and Gsta1, were 

observed in Pxr-null mice, indicating that ligand-free PXR acts as a CAR suppressor (Saini et al., 

2005). 
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Table 2.4 Selected nuclear hormone receptors and their ligands 

Class Receptor Ligand4 

Class I Thyroid hormone 
receptor (TR) 

Thyroid hormone (T3) 

Retinoic acid receptor 
(RAR) 

Retinoic acid 

Vitamin D receptor (VDR) 1-25(OH)2 vitamin D3 

Peroxisome proliferator 
activated receptor 
(PPAR) 

Benzotriene B4, eicosanoids, polyunsaturated fatty 
acids 

Pregnane X receptor 
(PXR) 

Pregnanes, C21 steroids, glucocorticoids, 
anti-glucocorticoids 

Constitutive adrostane 
receptor (CAR) 

Androstanes; 1,4-bis[2-(3,5-
dichlororpyridyloxy)]benzene, 
dehydroepiandrosterone, dehydroepiandrosterone 
sulphate 

Liver X receptor (LXR) Oxysterols 

Farnesoid X receptor 

(FXR) 
Bile acids 

Class II Hepatocyte nuclear factor 

4 (HNF-4) 
Fatty acyl-CoA thioesters 

Retinoid X receptor 
(RXR) 

9-cis-retinoic acid 

Class III  Glucocorticoid receptor 
(GR) 

Glucocorticoids 

Androgen receptor (AR) Androgens 

Progesterone receptor 
(PR) 

Progestins 

Estrogen receptor (ER) Estradiol 

This table shows the classes and ligands of selected nuclear hormone receptors. 
 

CAR has a broad specificity for endogenous and exogenous ligands. It regulates expression of 

phase one and two enzymes and transporters of endogenous and exogenous molecules. 

Specifically, it can regulate CYPs, SULTs, UGTs, and GSTs. Through UGTs and membrane 

transporters it regulates bilirubin breakdown and haem reabsorption. Through UGTs and SULTs, 

it maintains hormone homeostasis (Chai et al., 2016).  

AhRs are inter alia, activated by xenobiotic polycyclic aromatic hydrocarbons and halogenated 

aromatic hydrocarbons as well as the endogenous compound - tryptophan photoderivative 

6-formylindolo[3,2-b]carbazole. AhRs are mostly involved in the regulation of metabolism of toxic 

 

4 This table was compiled from (Aranda & Pascual, 2001; Kanda et al., 2019) 
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compounds, immune responses and tumour promotion. When activated, AhRs increase 

expression of CYP and UGT1A genes (Mackowiak & Wang, 2016).  

Nuclear factor (erythroid-derived 2)-like 2 (NRF-2) belongs to the basic leucine zipper nuclear 

transcription factor family. It is expressed in the liver, intestines, kidneys, muscles and lungs. It is 

thought to play a pivotal role in defence mechanisms against xenobiotic related toxicity. Several 

phase two enzymes are regulated by NRF-2, including GSTs, SULTs, and UGTs. In contrast to 

the nuclear receptors discussed above, NRF-2 regulated transcription is not activated by 

ligand-receptor binding. By binding to NRF-2, Kelch-like ECH-associated protein 1 (KEAP1) 

retains NRF-2 in the cytoplasm. In conditions of oxidative stress, NRF-2 is released from Keap1 

and translocate to the nucleus to activate transcription of its target genes (Shen & Kong, 2009).   

The mechanism of gene expression regulation of acyl-CoA synthetase transferase enzyme is not 

well understood (Badenhorst et al., 2014). Regulation of human GLYAT is believed to occur at 

transcriptional level (Matsuo et al., 2012). Investigation of mRNA expression in male 

Sprague-Dawley rats that underwent dietary restriction showed upregulation of Glyat and other 

phase two enzymes, possibly through the NRF-2 pathway (Wen et al., 2013).  

2.4.2 Allosteric regulation 

The rate or activities of pathways are not only regulated by the expression of the genes involved, 

but also by the activities of the enzymes. Genetic variations of genes can alter the kinetic 

properties of enzymes (Van der Sluis et al., 2013). Human GLYATL2 for example, a paralogue of 

human GLYAT, is regulated by reversible acetylation on Lys19. Substitution of lysine at position 

19 with glutamine or arginine resulted in significantly decreased enzyme activity, showing the 

importance of lysine acetylation in regulation of the activity in this enzyme (Waluk et al., 2012). 

Allosteric regulation is a mechanism used by proteins to regulate activity and adaptability during 

signal transduction, catalysis, and gene regulation (Verkhivker et al., 2020). Allosteric regulation 

requires a regulatory trigger, for example the binding of a small molecule to a protein. These 

triggers can increase or decrease the activity of the protein, showing that regulation of gene 

expression is not the final factor that determines the activity of a pathway (Laskowski et al., 2009). 

Numerous regulation steps occur after transcription. Any of these regulations could affect the 

activity of the metabolic pathway, which is why it is important to validate gene expression data at 

protein concentration, enzyme activity, and/or metabolite level.  

2.5 The use of animal disease models  

Studies investigating the effect of mitochondrial dysfunction on biotransformation in mitochondrial 

disease patients are scarce or lacking. Such studies would ideally need to be done in liver 
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samples, but biopsies are very invasive, necessitating the use of disease animal models as a first 

line of investigation. A well phenotyped mitochondrial disease model is the Ndufs4 knockout 

mouse model, which presents with CI deficiency and a Leigh syndrome like phenotype.   

2.5.1 NDUFS4  

NDUFS4 is an 18-kDa subunit of CI that is located in the iron-sulphur protein fraction (Budde et 

al., 2000; Scacco et al., 2003). The NDUFS4 subunit 

appears to incorporate relatively late during CI assembly 

and is believed to affect the assembly, stability and 

activity of CI (Breuer et al., 2013; Valsecchi et al., 2010). 

Defects in NDUFS4 results in Leigh syndrome or a 

Leigh-like phenotype. The NDUFS4 gene is suggested 

to be a mutational hotspot as it is the site of several of the 

mutations that results in CI deficiency (Budde et al., 2003; Petruzzella & Papa, 2002). Absence 

of NDUFS4 results in a partially assembled sub-complex of 830 kDa and ultimately a partially 

assembled CI, where the NADH dehydrogenase electron influx part of CI is lost. Although CI is 

not fully assembled, some activity of CI still remain and activity can be tissue specific (Calvaruso 

et al., 2012).  

2.5.2 Whole body NDUFS4 knockout mouse model 

As mentioned, NDUFS4 plays a role in the assembly or maintenance of integrity of CI (Distelmaier 

et al., 2009; Kruse et al., 2008; Scacco et al., 2003). To study NDUFS4 mutations, Kruse et al. 

(2008) developed a whole body knockout mouse model, in which exon 2 of the Ndufs4 gene is 

deleted, causing a frameshift that prevents synthesis of a mature NDUFS4 protein. Exon 2 codes 

for the first 17 amino acids of the mature NDUFS4 protein and the last part of a mitochondrial 

targeting sequence. Heterozygous (Ndufs4+/-, HET) mice with a mixed 129/Sv x C57BL/6 genetic 

background were interbred to create Ndufs4+/-, wild-type (Ndufs4+/+, WT), and knockout 

(Ndufs4-/-, KO) mice, and are born close to the expected Mendelian ratio of HET:WT:KO – 

1.9:1.4:1.0. HET mice are indistinguishable from WT mice, while KO mice present with 

encephalomyopathy, hair-loss, retarded growth, blindness, cataracts, loss of motor skills and 

ataxia, which is similar to human CI deficiency (Kruse et al., 2008). Furthermore, KO mice die by 

postnatal day 55 (P55) and are infertile – which is why HET mice are used for breeding (JAX, 

2021). Interestingly, Kruse et al. (2008) found that even with deletion of Ndufs4, an intact version 

of CI can still form and suggested that this might be due to compensation by other proteins. This 

model is now widely used to investigate Leigh syndrome and mitochondrial complex I deficiency 

(Kayser et al., 2016; Papa et al., 2001; Terburgh et al., 2021; Valsecchi et al., 2013). 

Leigh-like syndrome 

Leigh-like syndrome is similar to 

Leigh syndrome, but also 

includes non-neurological 

abnormalities (Finsterer, 2008). 
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2.6 Problem statement 

From the literature discussed above the following is clear: mitochondrial complex I deficiency is 

one of the most common groups of inborn errors of metabolism that results in heterogeneous 

diseases like Leigh Syndrome which are difficult to treat. These patients have severely impaired 

energy production resulting in numerous downstream effects (Rahman & Rahman, 2018; 

Smeitink et al., 2001). Although mitochondrial disorders have been extensively studied, there is 

still a lot of gaps in the literature, for example, its effect on biotransformation. Biotransformation 

is an essential process used for the removal of endogenous and exogenous compounds before 

they accumulate to toxic levels. It is a complex system that is divided into phase one and phase 

two reactions. Several conjugation reactions with multiple enzymes are involved in phase two 

reactions (Katzung et al., 2018; Sevior et al., 2012). Many of these reactions are dependent on 

cofactors whose synthesis require other cofactors like ATP and NAD+. The latter are known to be 

decreased in patients with mitochondrial disease and could therefore possibly impair 

biotransformation in a mitochondrial disease model. In non-diseased individuals, there is already 

a lot of inter-individual variation with regards to biotransformation due to genetic, environmental, 

and disease factors (Ionescu & Caira, 2006).  Metabolism can further be influenced by regulation 

of gene expression, allosteric regulation, and the availability of cofactors (Badenhorst et al., 2013; 

Desvergne et al., 2006). The limited ATP levels of individuals with mitochondrial disorders could 

affect the activity and capacity of the biotransformation pathway by dysregulating any of those 

factors. To initiate an investigation on the effect of mitochondrial disorders on biotransformation, 

a primary pathway like glycine conjugation can be investigated. The whole body Ndufs4 knockout 

mouse model is a great model to study mitochondrial disorders like Leigh Syndrome.  It is 

commonly used for this purpose and has been well characterised (Kruse et al., 2008).  

2.7 Aim, research questions and objectives 

The aim of this study is to investigate differential expression of genes involved in phase two 

biotransformation in an Ndufs4 knockout mouse model. The following questions were set as 

guidelines to fulfil this aim: 

1. Is glycine conjugation differentially expressed in KO mice compared to WT mice, as an initial 

investigation of a primary phase two biotransformation pathway? 

2. Are changes in glycine conjugation expression, if any, also reflected in the remaining phase 

two biotransformation enzymes genes? 

To address these research questions, the following objectives were identified: 
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1. Characterise and select Ndufs4 knockout and wild-type mice for samples collection. 

2. Investigate the differential gene expression of glycine conjugation in KO compared to WT 

mouse liver samples using a targeted transcriptomics5 approach. 

3. Validate the differential gene expression of glycine conjugation on protein level. 

4. Identify the remaining enzymes and corresponding genes involved in phase two 

biotransformation from literature. 

5. Revisit the transcriptomics dataset to investigate the differential expression of genes involved 

in phase two biotransformation, as identified in Objective 4. 

The schematic illustration below maps the strategy followed during this study: 

 

Figure 2.11 Schematic representation of the experimental strategy followed for this study 
The aim of this study is to investigate differential expression of genes involved in phase two 
biotransformation in an Ndufs4 knockout mouse model. Characterisation and selection of mice samples 
entails breeding, identification, genotyping and determination of CI activity. Investigation of differential gene 
expression entails RNA isolation, quantification, and quality control, as well as several steps for 
transcriptomics. Validation of differential gene expression will entail determination of protein expression 
through SDS-PAGE and western blots, as well as determination of enzyme activity.  Genes involved in 
phase two biotransformation will be determined from literature and filtered to genes included in the 
transcriptome panel. The genes identified in objective 4 will be used to determine differential expression of 
remaining phase two biotransformation genes. Abbreviations: complex I (CI), glycine-N-acyltransferase 
(GLYAT), heat shock protein 60 (HSP60), heterozygous (HET), knockout (KO), polymerase chain reaction 
(PCR), sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE), Applied Biosystems™ 
Transcriptome Analysis Console (TAC), wild-type (WT). 

 

5 When using Ion Torrent™ technology, targeted transcriptomics refers to the use of an Ion Ampliseq™ 
panel that aims to target all mRNA. When using this approach, mRNA data on ~24 000 genes are produced.  
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CHAPTER 3 MATERIALS AND METHODS 

3.1 Introduction 

The objective of Chapter 3 is to describe the methods that were employed during this study, and 

to provide details of the materials used. The chapter is divided into six sections. First, the care, 

breeding and identification of the mice are discussed. Secondly, aspects relating to genotyping, 

characterisation and mice selection are dealt with. Thirdly, methods used for isolation of 

ribonucleic acid (RNA) and subsequent quality evaluations are explained. Fourthly, details about 

the principles and methods employed for transcriptomics are discussed. Fifthly, methods used to 

validate the transcriptomic data are described. Lastly, the chapter ends with a discussion of the 

statistical analyses used.  

3.2 Animal care, breeding, and identification  

This project has been approved by the North-West University Animal Care, Health and Safety 

Research Ethics Committee (NWU-AnimCareREC) with ethics approval number: 

NWU-00507-20-A5. 

Ndufs4 heterozygous (HET, Ndufs4+/-) mice6 were acquired from The Jackson Laboratory7 and 

used to breed wild-type (WT, Ndufs4+/+) and knockout (KO, Ndufs4-/-) mice as Ndufs4-/- are infertile 

and usually die before reaching sexual maturity (JAX, 2021; Kruse et al., 2008). The original whole 

genome SNP genotyping and detailed breeding strategy deployed for these mice upon arrival at 

this institution, have been described previously (Mereis, 2018).   

The animals were bred and housed under controlled conditions at the specific pathogen-free unit 

of the Vivarium of the Preclinical Drug Development Platform (PCDDP, SAVC reg. no. 

FR15/13458) of the NWU. Animals were housed in individually ventilated cages under constant 

temperature (22 ± 1°C), humidity (55 ± 10%) and light/dark cycles (12:12 hour). Mice were fed 

standard laboratory chow8 and had ad libitum access to water. Nutritional information of the 

laboratory chow is provided in Table 3.1. 

 

6 Mouse strain: B6.129S4-Ndufs4tm1.1Rpa/J; Stock nr: 027058. 
7 Bar Harbor, Maine, USA. 
8 Rodent Breeder, Cat. #NWU/RB2005 (LabChef, Nutritionhub, Stellenbosch, SA). 
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Table 3.1 Nutritional information of Rodent Breeder laboratory chow 

Declaration of ingredients 

Maize, wheat bran, soybean, soybean protein concentrate, fish meal, maize protein 
concentrate, molasses, sucrose, calcium carbonate, sodium chloride, calcium phosphate, 
approved acidulants, approved antioxidants, approved vitamins & minerals. 

Nutritional value 

 As sampled (g/kg) Dry matter (g/kg) 

Crude protein (min.) 200 240 

Moisture (max.) 10 - 

Crude oils and fats (min.) 50 53 

Linoleic acid (min.) 12 14 

Crude fibre (max.) 40 45 

Crude ash (max.) 70 75 

Ca:P ratio 1.1-2:1 1.1-2:1 

Calcium (Ca) (min.) 12 14 

Phosphorus (P) (min.) 7.5 8 

Vitamin A (min.) 16 000 (IU9/kg) 16 000 (IU/kg) 

Vitamin D (min.) 2 000 (IU/kg) 2 000 (IU/kg) 

Vitamin E (min.) 100 (mg/kg) 100 (mg/kg) 

This table shows the nutritional information of Rodent Breeder laboratory chow that was fed to the animals. 
It contains the declaration of ingredients as well as nutritional value in an “as sampled” and “dry matter” 
format expressed as g/kg values. Abbreviations: minimum (min.), maximum (max.). 
 

Upon weaning, postnatal day 21-23 (P21-P23), mice were marked with ear punches at specific 

positions on one or both ears. The site of the hole represented a specific number, and the 

combination of holes represented a unique identification number, ranging from 1-99 (Figure 3.1). 

Records on the animal’s unique litter numbers (1a -1z; 2a-2z, etc.) and date of birth were also 

kept. Tail snips were collected after identification of the mice and used to determine their genotype 

as part of the routine breeding and animal selection programme. Genotyping is fully described in 

Section 3.3.2.  

 

9 IU = international units. 
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Figure 3.1 Depiction of mouse ear numbering system used to identify mice  

Mice were identified by the position of the holes punched into their ears. The right ear represents numbers 
in tens (10-90) and the left ear numbers in ones (1-9). The sum of the values of the holes on both ears 
gives the identification number of the mouse. For example, mouse number 39 would have holes in position 
20 and 10 in their right ear, as well as position 8 and 1 in their left ear. 

3.3 Genotyping, characterisation, mice selection and tissue collection 

3.3.1 Mice selection 

To minimise sex-related variation during transcriptomics and protein analysis, only males were 

used in this study. The two transcriptomics groups consisted of eight WT and eight KO mice 

between the ages of 46-51 days. For enzyme analyses, females were included and analyses 

were performed on three WT and three KO mice that were 50 days old, an exception was one 

WT mouse that was 113 days old. Sodium dodecyl sulphate–polyacrylamide gel electrophoresis 

(SDS-PAGE) and western blots were performed on three WT and three KO male mice that were 

also used for transcriptomics. The genotype, age and sex of each mouse are shown in Table 3.2.  

Table 3.2 Genotype and age of mice used for transcriptomics and enzymatic analyses 

Animal ID Genotype Age (days) Sex Used for 

1 WT 49 Male 
Transcriptomics, SDS-PAGE,  

western blots 

4 WT 49 Male Transcriptomics 

44 WT 49 Male Transcriptomics 

61 WT 49 Male Transcriptomics 

64 WT 50 Male Transcriptomics 

77 WT 46 Male 
Transcriptomics, SDS-PAGE,  

western blots 

87 WT 46 Male Transcriptomics, SDS-PAGE,  
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Animal ID Genotype Age (days) Sex Used for 

western blots 

88 WT 46 Male Transcriptomics 

45 KO 49 Male Transcriptomics 

31 KO 50 Male 
Transcriptomics, SDS-PAGE,  

western blots 

32 KO 51 Male 
Transcriptomics, SDS-PAGE,  

western blots 

36 KO 51 Male Transcriptomics 

40 KO 49 Male Transcriptomics 

62 KO 48 Male 
Transcriptomics, SDS-PAGE,  

western blots 

76 KO 47 Male Transcriptomics 

86 KO 47 Male Transcriptomics 

21 WT 50 Male Enzyme activity 

28 WT 50 Female Enzyme activity 

33 WT 50 Female Enzyme activity 

27 KO 50 Female Enzyme activity 

30 KO 50 Female Enzyme activity 

4.5 KO 113 Male Enzyme activity 

This table shows the ID, genotype, age and sex of each mouse used in this study. Eight WT and eight KO 
male mice that were between 46-51 days old, were used for transcriptomic analysis. SDS-PAGE were 
performed on three WT and three KO (male) mice that were 46-51 days old. Enzyme activity analyses were 
performed on three WT and three KO mice that were 50 or 113 days old. The sample group included both 
males and females. Abbreviations: knockout (KO), sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE), wild-type (WT).  

 

3.3.2 Genotyping of mice 

Principle 

Tail snips were collected during identification of mice and tissue collection to be used for 

genotyping. The additional tail snips collected during tissue collection was to confirm that the 

correct mice were used. Mice could be genotyped by standard polymerase chain reaction (PCR) 

because the deletion of the second exon of the Ndufs4 gene results in a size difference between 

the three genotypes of the amplicons spanning the Ndufs4 gene. The  primers that correspond to 

the introns flanking exon two, were first described by (Valsecchi et al., 2012). During genotyping 

deoxyribonucleic acid (DNA) is first isolated from the tail snips before the purity and concentration 

is determined. Standard PCR is then used to amplify the DNA and the resultant products can be 

separated with agarose gel electrophoresis. The sizes of the DNA products are estimated by 
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separating a DNA ladder alongside the samples on the agarose gel. Genotypes are identified by 

the length of the fragments on the agarose gel. Ndufs4-/- samples will have one band 

corresponding to 429 bp, Ndufs4+/+ samples will have one band corresponding to 1229 bp and 

the Ndufs4+/- samples will have both bands.  

Method 

Genomic DNA (gDNA) was isolated from tail snips, using the Quick-DNA™ Miniprep Plus Kit10 

and following its solid tissue protocol. A 200 µL master mix containing 95 µL nuclease free water, 

95 µL solid tissue buffer and 1 mg/mL proteinase K for each sample was prepared. Of each tail 

snip, ± 3 mm were cut in a petri dish using a sterile scalpel. Each snip was then placed in its own 

sterile microcentrifuge tube. Master mix was added to each microcentrifuge tube containing a tail 

snip and vortexed for 10-15 seconds. The samples were then incubated in a heating block at 

55°C for 2.5 hrs for the tissue to solubilise before vortexing again for 10-15 seconds. Of the 

genomic binding buffer, 400 µL was added to the solubilised sample and vortexed for 10-15 

seconds. Insoluble debris was removed by centrifuging11 the samples. The aqueous supernatant 

was transferred to a Zymo-Spin™ IIX-XL Column in a collection tube and centrifuged. The 

collection tube with flow through was discarded and the Zymo-Spin™ IIX-XL Column was 

transferred to a new collection tube. Of the DNA pre-wash buffer, 400 µL DNA was added to the 

spin column which was then centrifuged. The collection tube was emptied, and 700 µL gDNA 

wash buffer was added to the spin column before centrifuging. This was followed by adding 200 

µL gDNA wash buffer to the spin column which was then centrifuged. The collection tube with 

flow-through was discarded and the spin column was transferred to a sterile 1.5 mL 

microcentrifuge tube. To elute the DNA, 25 µL DNA elution buffer (pre-heated to 65°C) was 

directly added on the matrix before it was incubated for five minutes at room temperature and 

centrifuged at ~16 000 x g for one minute. Elution was repeated once more to increase the DNA 

yield.  

Following this, the purity and concentration (ng/µL) of isolated DNA was determined using the 

NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer12. The principle behind the 

instrument is described in detail in Section 3.4.2. 

After determining the concentration, PCR amplification and agarose gel electrophoresis of 

isolated DNA followed. Sample and control DNA were diluted to 25 ng/µL and primer stocks were 

 

10 Cat. #D4069 (Inquaba Biotech™, Pretoria, SA). 
11 All centrifugation steps during DNA isolation were performed at 12 000 x g for one minute, unless stated 
otherwise. 
12 NanoDrop™ Technologies (Thermo Fisher Scientific™, USA). 
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diluted 10x in nuclease-free water. PCR master mixes containing the following reagents were 

prepared for each sample: 1x Phire Tissue Direct PCR Master Mix13, 0.5 µM NDUFS4 Rev14 

reverse primer, 0.5 µM NDUFS4 106015 forward primer (Table 3.3) and nuclease-free water.  

Table 3.3: Details of primers used for PCR 

Primer Primer sequence (5’ to 3’) Tm (°C) 

NDUFS4 1060 (Forward) AGC CTG TTC TCA TAC CTC GG 62.5 

NDUFS4 Rev (Reverse) TTG TGC TTA CAG GTT CAA AGT GA 59.2 

The sequences of the forward and reverse primers used for genotyping are shown with their melting 
temperatures. Abbreviations: melting temperature (Tm).  
 

Of the PCR master mix, 9 µL was mixed with 1 µL of the 25 ng/µL DNA. Samples were amplified 

in a T100™ thermal cycler16 with the protocol shown in Table 3.4. Control samples (Ndufs4+/+, 

Ndufs4-/-, and Ndufs4+/-) were also amplified. 

Table 3.4: PCR cycle conditions 

Step 1 2 3 4 5 6 

Temp (°C) 98 98 57.3 72 72 4 

Time (min) 05:00 00:05 00:05 00:20 01:00 ∞ 

Rep x1 x34 x1 - 

This table shows the PCR cycle conditions used in genotyping. It started with a five-minute incubation at 
98°C. The second condition consisted of 34 cycles of five seconds DNA denaturation at 98°C, five seconds 
at 57°C for primer annealing and 20 seconds incubation at 72°C for DNA extension. Next, amplicon 
completion was ensured by incubation for one minute at 72°C. The amplified product could be held infinitely 
at 4°C. Abbreviations: minutes (min), repeats (rep), temperature (temp). 

 

Agarose gel electrophoresis was used to separate the amplified product according to size. A 1% 

(w/v) agarose17 gel was prepared with 1x Bionic™ Buffer18 and 0.5 µg/mL ethidium bromide (EtBr).  

A DNA ladder was prepared by mixing GeneRuler 100 bp DNA ladder19 with GeneRuler loading 

dye and nuclease-free water in a 2:1:3 ratio. The prepared DNA ladder was diluted (1:3) before 

loading 10 µL of it along with 10 µL of diluted (1:3) PCR product onto the gel. The three control 

samples were also loaded onto the gel. To the gel, 40 V was applied for 10 minutes before 

 

13 Cat. #F170L (Thermo Fisher Scientific™, USA). 
14 Cat. #S3424 (Inqaba Biotech™, Pretoria, SA). 
15 Cat. #S3C81 (Inqaba Biotech™, Pretoria, SA). 
16 Cat. #1861096 (Bio-Rad, CA, USA). 
17 Cat. #8100-CONDA (Thermo Fisher Scientific™, MA, USA). 
18 Cat. #B6185 (Merck, Modderfontein, SA). 
19 Cat. # SM0241 (Thermo Fisher Scientific™, MA, USA). 
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increasing the voltage to 75 V for one hour. The gel was imaged with the ChemiDoc™ MP 

system20 and Image Lab™ software 21. 

3.3.3 Tissue collection 

Method 

Euthanisation via cervical dislocation and tissue collection was performed by a research animal 

technician from the PCDDP when the mice reached ages P45-51. Although only the liver was 

used in this project, various other tissues including that of the brain, heart, kidneys, muscle, 

pancreas and tail snips were also collected for other projects. These tissues were immediately 

snap-frozen in liquid nitrogen to stop metabolic activity. Thereafter, samples were stored at -80°C 

until required for analysis. All samples were clearly marked, and thorough records were kept of 

all samples.  

3.3.4 Enzyme analysis for determination of complex I activity 

The activities of the enzymes complex I (CI) and citrate synthase (CS) in liver tissues, harvested 

from three WT and three KO mice, were determined. For this, 600g supernatant samples - which 

is the supernatant remaining after a 10% (w/v) homogenate was centrifuged at 600g - were 

prepared from liver tissues, before determining protein content with a bicinchoninic acid (BCA) 

assay. Following this CI and CS activities were measured using kinetic spectrophotometric assays 

and their specific activities in each sample determined.   

Reagent preparation 

Method 

All solutions were prepared in water which was purified with a Milli-Q® IQ 700022 purification 

system, unless stated otherwise. Water purified with this system will be referred to as Milli-Q® 

water.  

 

20 Cat. #17001402 (Bio-Rad, CA, USA). 
21 Version 5.2.1 (Bio-Rad, CA, USA). 
22 Cat. #ZIQ7000T0 (Merck, Modderfontein, SA). 
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For preparation of the 600g supernatants, Zheng buffer was prepared from 210 mM mannitol23, 

70 mM sucrose24, 5 mM HEPES25 and 0.1 mM egtazic acid (EGTA) 26. The pH was set to 7.2 with 

1 M KOH27 and aliquots were stored at -80°C. 

For determining CS activity, 1 M Tris.HCl was prepared from trizma base28, with the pH set to 8.1 

with HCl, and stored in aliquots at -80°C.  

For determining CI activity, the following reagents were prepared fresh every six months and 

stored in aliquots at -80°C: 0.5 M KPi buffer was prepared from 0.5 M KH2PO4
29

 and 0.5 M K2HPO30 

until a pH of 7.6 was reached. A 10% (w/v) bovine serum albumin (BSA) 31 solution was prepared 

in Milli-Q® water, and 1 mM rotenone32 was prepared in dimethyl sulfoxide (DMSO) 33, coenzyme 

Q1 (10 mM) 34 was prepared in absolute ethanol. 

Preparation of 600g supernatants 

Principle 

Differential centrifugation at progressively higher speeds fractionates homogenates into its 

different components as a result of their size and density. Components typically sediment in order 

of high density to low density (Padh, 1992).  

The use of 600g supernatants for determining CI activity is preferred in this study over crude 

homogenate and isolated mitochondria. Isolated mitochondria have disadvantages over 600g 

supernatants in that it requires a larger quantity of fresh tissue, while 600g supernatants can be 

prepared from frozen tissue. Furthermore, different mitochondrial subpopulations could be 

selected during incomplete recovery of mitochondria, leading to  potential bias in the results 

(Spinazzi et al., 2012). Crude homogenates still contain unbroken cells, nuclei and other 

organelles that can decrease the sensitivity and reduce accuracy to determine specific activity.  

 

 

23 Cat. #M9546 (Merck, Modderfontein, SA). 
24 Cat. #84100 (Merck, Modderfontein, SA). 
25 Cat. #H3375 (Merck, Modderfontein, SA). 
26 Cat. #E4378 (Merck, Modderfontein, SA). 
27 Cat. #P5958 (Merck, Modderfontein, SA). 
28 Cat. #T1503 (Merck, Modderfontein, SA). 
29 Cat. #P5655 (Merck, Modderfontein, SA). 
30 Cat. #P2222 (Merck, Modderfontein, SA). 
31 Cat. #10775835001 (Merck, Modderfontein, SA). 
32 Cat. #R8875 (Merck, Modderfontein, SA). 
33 Cat. #C6164 (Merck, Modderfontein, SA). 
34 Cat. #C7956 (Merck, Modderfontein, SA). 
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Method 

The following steps were performed on ice to prevent activation of damaging phospholipases and 

proteases which could result in loss of activity (Spinazzi et al., 2012; Wieckowski et al., 2009). 

Frozen liver samples were thawed on ice and ±100 mg was cut on a clean, cold metal plate with 

a sterile blade. Samples were then cut as fine as possible before suspending it in an ice-cold 

Zheng buffer to 10% (w/v).  A Potter-Elvehjem homogeniser35 was placed in ice water and used 

to homogenise the samples with a motor-driven tissue homogeniser. The homogenate was 

transferred to a new microcentrifuge tube and centrifuged at 600g for 10 min at 4°C to pellet the 

cell debris and nucleus. The supernatant was transferred to a clean, marked microcentrifuge tube 

and stored at -80°C. Disruption of the mitochondrial membranes is required, especially for 

determination of CI activity, to make the substrates accessible to the enzymes. This is performed 

by freeze-thawing the supernatants twice in liquid nitrogen and water.  

BCA protein assay 

Principle 

Total protein content was determined with the BCA assay to normalise enzyme activity. BCA 

assays were first described by Smith et al. (1985) and consists of two reactions. In the first 

reaction, Cu2+ is reduced to Cu+ when it reacts with peptide bonds in alkaline solutions. In the 

second reaction, Cu+ reacts with two BCA molecules to form a purple complex that absorbs at 

562 nm. The absorbance is directly proportional to the protein content of the sample.  

Method 

BCA assays were performed using a BCA protein assay kit36 according to the manufacturer’s 

instructions. A BCA:CuSO4 solution was freshly prepared in a 50:1 ratio. Duplicate reactions of a 

BSA standard series (0 to 20 µg; in 4 µg increments) were prepared in a 96-well plate. For each 

sample, duplicate 20 µL reactions containing 2 µL of the 600g supernatant and 18 µL Milli-Q® 

water were added to the plate.  Of the BCA reagent, 200 µL was simultaneously added to samples 

and standards, before they incubated for 30 minutes at 37°C. Absorbance was read at 562 nm 

with the BioTek Synergy™ HT Multi-Detection Microplate Reader37 and Gen5™ Data Analysis 

Software38. A correlation coefficient (R2) of >0.99 was deemed acceptable. Least mean squares 

linear regression was used to determine protein content per well (µg), before determining the 

 

35 10 mL Glass/Teflon® Tight Fitting Potter-Elvehjem Homogeniser (Glas-Col, IN, USA). 
36 Cat. #BCA-1 (Merck, Modderfontein, SA). 
37 Cat. #7091000 (BioTek Instruments, VT, USA). 
38 Version 1.11.5 (BioTek Instruments, VT, USA). 
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protein concentration (see Equation 3.1) by dividing the protein content by the volume of sample 

added to each well (µL). 

Equation 3.1 Determination of protein concentration 

Protein concentration (µg/µL) =  
Protein content (µg)

sample volume added (µL)
 

Citrate (Si)-synthase 

Principle 

CS is a key regulatory mitochondrial enzyme which plays an important role in the tricarboxylic 

acid (TCA) cycle where it catalyses the condensation of oxaloacetate (OAA) and CoA to form 

citrate (Siu et al., 2003). Furthermore, CS activity is a marker of abundance of mitochondria in a 

cell (Mogensen et al., 2006; Spinazzi et al., 2012) and can be measured spectrophotometrically 

(Siu et al., 2003). The activities of enzymes of the respiratory chain is often normalised to the 

activity of CS, because partial respiratory enzymatic dysfunction associated with compensatory 

mitochondrial proliferation can be overlooked if enzyme activities are only normalised to protein 

content (Spinazzi et al., 2012). Measurement relies on two reactions. The first being the reaction 

of acetyl-CoA with OAA to form citrate and free CoA (Equation 3.2), where CS is the catalyser.  

Equation 3.2 The first reaction required for measurement of CS activity.  

acetyl-CoA + OAA  
citrate synthase
→             citrate + CoA+H++H2O 

In the second reaction, the release of free CoA is coupled to 5,5’-dithio-bis(-2-nitrobenzoic acid) 

(DTNB) to form 5-thio-2-nitrobenzoic acid (TNB), as shown in Equation 3.3. The concentration of 

TNB can be measured spectrophotometrically at 412 nm. 

Equation 3.3 The second reaction required for measurement of CS activity.  

CoA + DTNB  →   TNB 
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Method 

The following reagents were prepared fresh for determination of CS activity: 1 mM DTNB39, 10% 

(v/v) triton X-10040, 3 mM acetyl-CoA41 and 2 mM OAA42. DTNB was prepared in 1 M Tris.HCl. 

Triton X-100 was prepared in Milli-Q® water and OAA was prepared in 0.1 M Tris.HCl. 

Three WT and three KO samples were analysed in triplicate and were thawed on ice water (where 

necessary). OAA was pre-heated at 40°C in a water bath, while a master mix containing the 

reagents shown in Table 3.5 for each reaction, were prepared.  

Table 3.5 Reagents for CS master mix 

Reagent 1x (µL) [end] 

Milli-Q® water 106.5  

DTNB (1 mM) 20 0.1 mM 

triton X-100 (10%) 0.5 0.025% 

acetyl-CoA (3 mM) 20 0.3 mM 

Total 147  

A 147 µL mastermix containing Milli-Q® water, 0.1 mM DTNB, 0.025% triton X-100 and 0.3 mM acetyl-CoA 
were prepared for each reaction. Abbreviations: 5,5’-dithio-bis(-2-nitrobenzoic acid) (DTNB).  
  

Of the mastermix 147 µL, and 5 µL of the 600g supernatant from each sample were added to the 

wells of a 96-well plate. The plate was incubated for 10 minutes in the Synergy™ HT 

Multi-Detection Microplate Reader. Thereafter, 0.5 mM preheated OAA was added to each 

reaction and a linear rate increase was recorded at 412 nm for five minutes at one-minute intervals 

(1). R2 values > 0.99 was deemed acceptable. CS activity was calculated with Equation 3.4.  

  

 

39 Cat. #D8130 (Merck, Modderfontein, SA). 
40 Cat. #T9284 (Merck, Modderfontein, SA). 
41 Cat. #10101907001 (Merck, Modderfontein, SA). 
42 Cat. #O4126 (Merck, Modderfontein, SA). 
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Equation 3.4 Determination of CS activity 

UCS  =
𝜈1̅̅ ̅

휀412
 x 

𝑉𝑟

𝑉𝐸𝑓 x
𝐶𝑃
1000

 

where: 

UCS is the CS activity in µmol/min/mg 

1̅̅ ̅ is the average linear rate increase of the triplicate wells 

ε412 is the molar extinction coefficient for TNB as determined for 200 µL reactions (7 465 Abs/mM) 

𝑉𝑅 is the reaction volume in mL (0.2 mL) 

𝑉𝐸𝑓 is the effective sample volume added to the reaction (0.5 µL) 

𝐶𝑃 is the protein concentration in µg/µL 

 

Complex I activity 

Principle 

CI (NADH-ubiquinone oxidoreductase) catalyses the transfer of electrons from NADH to 

coenzyme Q10. The electrons produced during oxidation of NADH by CI, reduce decylubiquinine 

to finally deliver the electrons to an alternative terminal electron acceptor, 2,6-dichloroindophenol 

sodium salt hydrate (DCIP). Spectrophotometric measurements at 600 nm can follow reduction 

of DCIP. Reduction of DCIP is mostly as a result of CI activity, as decylubiquinine does not accept 

electrons produced by other NADH dehydrogenases (Janssen et al., 2007). Except for CI, several 

other NADH oxidising dehydrogenases are present in tissue homogenates, resulting in high 

rotenone-insensitive NADH oxidation rates that ultimately interfere with the sensitivity of the CI 

assay. Specificity of the CI assay is therefore determined through rotenone sensitivity 

measurements (Janssen et al., 2007). Specific activity of CI is calculated by subtracting activity 

with rotenone from total CI activity (without rotenone).  

Method 

On the day of analysis, 2 mM NADH43 and 5 mM DCIP44 were prepared fresh in Milli-Q® water.  

DCIP was heated for 20 minutes at 30°C to dissolve. 

For each sample, triplicate reactions for rotenone and DMSO were prepared. The optimal volume 

of liver homogenate was determined in advance to be 1 µL, based on specific activity vs. protein 

 

43 Cat. #N4505 (Merck, Modderfontein, SA). 
44 Cat. #D1878 (Merck, Modderfontein, SA). 
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content comparisons. For each reaction, master mixes containing the reagents mentioned in 

Table 3.6 were prepared: 

Table 3.6 Master mixes used for determining CI activity 

Reagent 1x (µL) [end] 

KPi buffer (0.5 M) – pH 7.6 10 25 mM 

coenzyme Q1 (10 mM) 1.4 70 µM 

BSA (10%) 7 0.35 % 

DCIP (5 mM) 2.4 60 µM 

Milli-Q® H2O 103.2  

Total 124  

Master mixes used for determining CI activity were prepared and contained KPi buffer, coenzyme Q1, BSA, 
DCIP and Milli-Q® H2O. Abbreviations: Bovine serum albumin (BSA), dichloroindophenol sodium salt 
hydrate (DCIP).  
 

To each well, 50 µL DMSO or rotenone, 1 µL homogenate and 120 µL master mix was added. 

Reactions incubated for 10 minutes at 37°C before 0.2 mM NADH (pre-heated to 37°C) was 

added to start the reactions. The linear rate decrease (1) was recorded at 600 nm for five minutes 

at one-minute intervals. R2 values > 0.99 for υ1 and υ2 were deemed acceptable. Rotenone 

sensitive velocity was calculated (see Equation 3.5) and used to determine the CI activity as 

shown in Equation 3.6. CI activity was normalised to CS activity by using Equation 3.7. 

Equation 3.5 Rotenone sensitive velocity 

𝜈3 =  𝑣1̅̅̅̅ − 𝑣2̅̅̅̅  

where: 

𝑣1̅̅̅̅  is the mean velocity of replicate wells in the absence of rotenone 

𝑣2̅̅̅̅  is the mean velocity of replicate wells in the presence of rotenone 

𝜈3 is the rotenone sensitive velocity 
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Equation 3.6 CI activity 

UCI = 
 𝜈3

𝜀600
 𝑥 

𝑉𝑟

𝑉𝐸𝑓  𝑥  
𝐶𝑃
 1000

 

where: 

UCI is the CI activity in µmol/min/mg 

3 is the rotenone sensitive velocity as calculated in Equation 3.5 

600 is the molar extinction coefficient for DCIP as determined for 200 µL reactions 

(12 712 Abs/mM) 

𝑉𝐸𝑓 is the effective sample volume added to the reaction (0.5 µL) 

𝐶𝑃 is the protein concentration of the sample in µg/µL 

 

Equation 3.7 Normalised CI activity 

Normalised UCI = UCI x 
1000

UCS
 

where: 

Normalised UCI is the activity of CI normalised to the activity of CS in nmol/min/UCS. 

3.4 RNA isolation, quantification, and quality determination 

RNA was isolated from eight WT and eight KO liver samples and quantified using a 

spectrophotometer and fluorometer. RNA quality was determined with bleach agarose gel 

electrophoresis.  

3.4.1 Isolation of RNA 

Principle 

RNA was isolated with the MagMAX™-96 Total RNA Isolation Kit45, which utilises a magnetic 

bead-based purification method. Samples are disrupted in a guanidinium thiocyanate (GTC), 

based solution (Chirgwin et al., 1979) to simultaneously solubilize cellular membranes and 

inactivate nucleases. The magnetic beads employed in this kit are able to bind nucleic acids which 

are then magnetically captured while cell debris and contaminants are washed out.  The magnetic 

beads have a nucleic acid binding surface that binds nucleic acids. The addition of salts like GTC 

greatly enhances adsorption of nucleic acids onto the magnetic beads’ surface (Sun et al., 2014). 

 

45 Cat. #AM1830 (Thermo Fisher Scientific™, MA, USA). 
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This enhancement is likely due to GTC functioning as a bridge between nucleic acids and 

magnetic beads. Anions are present on the surfaces of magnetic beads and nucleic acids. The 

water layer on the surfaces of magnetic beads and nucleic acids are dehydrated by the high 

concentration of saline ions. The formation of hydrated ions prompts the magnetic beads to 

adsorb nucleic acids (He et al., 2017). The bead-nucleic acid components are then magnetically 

captured while cell debris and contaminants are washed out. The nucleic acids are then treated 

with deoxyribonuclease (DNase) to remove gDNA. Addition of a low salt elution buffer will release 

the purified RNA from the beads (Kovačević, 2016). The beads are then magnetically captured 

so that the supernatant containing the purified RNA can be transferred to a nuclease-free 

container. The eluted RNA is suitable for real-time quantitative reverse transcription PCR 

(qRT-PCR), microarray analysis, northern blotting, and ribonuclease protection assays. 

Method 

Special precautions were taken while working with RNA, such as preventing contamination with 

ribonuclease (RNase) as well as preventing tissue samples from thawing. Before isolation of RNA, 

all equipment including pipettes, scalpels and surfaces were cleaned with a 10% bleach solution 

to remove contaminating RNase. Only RNase-free pipette tips were used during RNA isolation. 

Tissue samples were kept at -80°C up to RNA isolation when they were transferred to a liquid 

nitrogen container. From the container samples were transferred to a cold vapour environment 

for handling. The cold vapour environment was created with an ice chest containing dry ice. The 

metal plate used to partition the tissue, as well as the scalpels and forceps were pre-chilled on 

dry ice or in liquid nitrogen. After partition, the tissue was immediately stored back in liquid 

nitrogen to ensure that RNA could be re-isolated from the same sample if the RNA quality was 

insufficient. The same samples were used for ethical reasons by keeping the number of mice that 

were sacrificed as low as possible. 

RNA isolation was performed according to the kit manufacturer’s protocol. For each sample, 

100-µL lysis/binding solution was freshly prepared by adding 0.1 M ß-mercaptoethanol to the lysis 

binding solution. The bead mix was also freshly prepared by mixing RNA binding beads and a 

lysis/binding enhancer in a 1:1 ratio. All mixing steps were done by an orbital shaker46 at ~250 

revolutions per minute (rpm).  

The lysis/binding solution was added to ~five mg snap-frozen tissue and homogenised in a Potter-

Elvehjem tissue homogeniser with a rotor-stator homogeniser47.  Homogenised tissue was 

transferred to a 96-well processing plate and 60 µL of 100% isopropanol was added to each 

 

46 Cat. #542-40010-00-3 (Heidolph Instruments, Schwabach, Germany). 
47 Cat. #501-11000-00-2 (Heidolph Instruments, Schwabach, Germany). 
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sample before mixing the plate for one minute.  The bead mix was briefly vortexed before adding 

20 µL to each sample which was then mixed for five minutes. The plate was moved to a magnetic 

stand to capture the RNA binding beads for two to three minutes. The supernatant was aspirated 

and discarded before removing the plate from the magnetic stand. Next, a 150 µL wash solution 

1 containing isopropanol, was added to each sample and the plate mixed for one minute. The 

RNA binding beads were then captured for one to two minutes before discarding the supernatant 

and removing the plate from the magnetic stand. Thereafter, 150 µL wash solution 2 was added 

and the plate mixed for another two minutes before capturing the beads. During this time, 

TURBO™ DNase was prepared by mixing one-part TURBO™ DNase with 49 parts MagMAX™ 

TURBO™ DNase Buffer. After capturing the beads, the supernatant was discarded, and the plate 

removed from the magnetic stand. Immediately hereafter, 50 µL of the prepared DNase was 

added to each sample and the plate mixed for 10-15 minutes at room temperature. During this 

step, nucleic acids were released from the RNA binding beads and gDNA was degraded. To 

rebind the RNA to the beads, 100 µL of RNA rebinding solution was added to each sample before 

mixing the plate for three minutes. The RNA binding beads were magnetically captured, the 

supernatant discarded, and the plate removed from the magnetic stand. Next, the RNA was 

washed twice by adding 150 µL wash solution 2, the plate mixed for one minute, before 

magnetically capturing the RNA binding beads and discarding the supernatant each time. After 

washing the RNA, the beads were dried, and excess ethanol removed by mixing the plate for two 

minutes. Finally, the RNA was eluted by adding 50 µL elution buffer to each sample, mixing it for 

three minutes and magnetically capturing the beads. The purified RNA in the supernatant was 

aliquoted in nuclease-free PCR tubes and either snap-frozen in liquid nitrogen or kept on ice for 

downstream analyses.  

3.4.2 Quantification of RNA with the NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer  

Principle 

The Nanodrop™ Spectrophotometer is able to directly measure the quantity and quality of nucleic 

acid or protein samples and only requires 0.5 µL – 2 µL sample. The small sample volumes are 

held in place between two optical fibres with surface tension, and a xenon flash lamp is used to 

pass light through the top optical fibre and down through the liquid column to be detected by the 

internal spectrometer (Thermo Fisher Scientific., 2010).  

Nucleic acids, RNA, single-stranded DNA (ssDNA), and double-stranded DNA (dsDNA) all absorb 

at 260 nm while proteins, phenol and other contaminants absorb near 280 nm. The ratio of 

absorbance at 260 nm and 280 nm can be used to assess the purity of DNA or RNA (Nanodrop 
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Technologies, 2007). RNA is generally accepted as pure with a 260/280 ratio of ~2.0, a bit higher 

than the accepted ratio of 1.8 for DNA, due to the higher 260/280 ratio of uracil compared to 

thymine. Pure nucleic acids are accepted as pure with 260/230 values that are in the range of 

2.0 – 2.2. 

Absorbance measured by the Nanodrop™ Spectrophotometer is converted to concentrations 

(ng/µL) through a modified Beer-Lambert equation that is shown in Equation 3.8 (Thermo Fisher 

Scientific., 2010). 

Equation 3.8 Beer-Lambert equation 

c = (A*ε)/b 

where: 

c is the nucleic acid concentration in ng/µL 

A is the absorbance in AU 

ε is the wavelength-dependent extinction coefficient in ng-cm/µL (dsDNA: 50 ng-cm/µL; ssDNA: 

33 ng-cm/µL; RNA: 40 ng-cm/µL) 

b is the pathlength in cm  

 

Method 

After elution, the RNA was directly quantified with the NanoDrop™ One spectrophotometer. The 

elution buffer used during RNA isolation was used as a blanking buffer. Duplicate measurements 

of 2 µL sample was performed to determine the RNA concentration and purity at 260 nm. Milli-Q® 

water was used to clean the pedestals between each sample. RNA was deemed pure with a 

A260/A280 ratio of ~2.0.  

3.4.3 Quantification of RNA and DNA with the Qubit® Fluorometer 

Principle 

The Qubit® Fluorometer uses Qubit® assays containing a molecular probe dye that only emits 

fluorescent signals when bound to specific target molecules, making it a very accurate and 

sensitive method for the quantitation of DNA and RNA.  Unlike ultraviolet absorbance-based 

methods, the Qubit® assays can differentiate between RNA and DNA in one sample, making it a 

much more selective method for nucleic acid quantitation. Purity of samples can also be 

determined with the Qubit® Fluorometer by using the Qubit® dsDNA HS Assay Kit48 in addition to 

 

48 Cat. #Q32851 (Thermo Fisher Scientific™, MA, USA). 



 

68 

the Qubit® RNA HS Assay Kit49. These measurements are more accurate than the A260/A280 

ratio. gDNA contamination was deemed acceptable when it was lower than 10% of RNA. A similar 

method was employed for RNA and DNA quantification, but two different kits were used.  

For RNA quantification: The Qubit® RNA HS Assay kit can accurately quantify low abundance 

(between 250 pg/µL and 100 ng/µL) RNA samples and requires 1-20 µL of sample. It is suitable 

for quantification of total RNA, ribosomal RNA, or large messenger RNA. Two standards are used 

during the assay, 1) Qubit® RNA HS Standard #1 (0 ng/µL) and 2) Qubit® RNA HS Standard #2 

(10 ng/µL). Working solutions for RNA quantitation were prepared with Qubit® RNA HS Reagent 

and Qubit® RNA HS Buffer. 

For DNA quantification: The Qubit® dsDNA HS Assay Kit is highly selective for dsDNA over RNA 

and can accurately quantify DNA from 10 pg/µL to 100 ng/µL.  This assay requires 1-20 µL sample 

input. As with the Qubit® RNA HS Assay kit, this kit also uses two standards: 1) Qubit® dsDNA 

HS Standard #1 (0 ng/µL) and 2) Qubit® dsDNA HS Standard #2 (10 ng/µL). Working solutions 

for DNA quantitation are prepared with Qubit® dsDNA HS Reagent and Qubit® dsDNA HS Buffer. 

Method 

Qubit® working solution (200 µL/sample) was freshly prepared by diluting the Qubit® HS Reagent 

1:200 in Qubit® HS Buffer. For the each of the two standards, 190 µL working solution was mixed 

with 10 µL standard. For each sample, 199 µL working solution was mixed with 1 µL sample.  

Samples and standards were briefly vortexed and incubated for two minutes before analysing on 

the Qubit® Fluorometer. The concentration of the sample was calculated with Equation 3.9.  

Equation 3.9 Calculation of concentration of sample from Qubit® Fluorometer 

Concentration of sample=QF value × 
200

χ
 

where: 

QF value is the value given by the Qubit® Fluorometer 

Χ is the volume of sample added to the assay tube (µL) 

  

 

49 Cat. #Q32852 (Thermo Fisher Scientific™, MA, USA). 
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3.4.4 Determination of RNA integrity/purity 

Principle 

An essential part of RNA-based research is working with non-degraded RNA. RNA integrity is 

commonly affected by RNases, enzymes that quickly degrade RNA, which are found in the air, 

on human skin and in various human bodily fluids.  RNA quality was determined with a bleach 

agarose gel electrophoresis, using a standard TAE-based agarose gel containing pure bleach 

(Aranda et al., 2012). High quality RNA is suggested by two distinct bands with gel 

electrophoresis. The 28S rRNA, which runs at 4.7 kb, and the 18S rRNA which runs at 1.9 kb.  

Poor quality RNA is suggested by smeared bands or a 28S:18S band intensity ratio below 2:1 

(Aranda et al., 2012).   

Method 

A 1% (w/v) agarose gel in a TAE-buffer containing 0.06% (v/v) bleach50 and EtBr with a final 

concentration of 5 µg/ml was prepared. All electrophoresis equipment was decontaminated with 

10% bleach beforehand. Samples were prepared with 1x TAE-buffer, 1x DNA loading dye51 and 

300-500 ng RNA and loaded on the gel. Of the GeneRuler DNA Ladder Mix52, 0.2 µg was also 

loaded on the gel. RNA was then separated according to their size by way of electrophoresis: 

1 V/cm for 10 minutes, followed by 3 V/cm for 70 minutes. The gel was imaged on the ChemiDoc 

MP imager using Image Lab™ software.  

3.5 Transcriptomics 

Transcriptomics is the study of the complete set of RNA transcripts with high-throughput methods. 

For this study, a targeted transcriptomics approach was chosen and was performed using Ion 

AmpliSeq™ technology in combination with Ion Torrent sequencing. The overall workflow is 

shown in Figure 3.2. The first step was to synthesise complementary DNA (cDNA) from RNA. 

Next, libraries and templates were prepared, and sequencing chips were loaded with the 

template. Following chip loading, sequencing was done with an Ion S5™ Sequencer. Finally, 

primary and secondary data analyses were performed. 

 

50 Keltrade, Parys, South Africa. 
51 Cat. #R0611 (Thermo Fisher Scientific™, MA, USA). 
52 Cat. #SM0333 (Thermo Fisher Scientific™, MA, USA). 
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Figure 3.2 The overall sequencing workflow used during this study 
The first step in the sequencing workflow was cDNA synthesis. The following steps were library and 
template preparation, which were performed on the Ion Chef™. After template preparation where the chips 
were loaded with Ion Sphere™ Particles (ISP’s), the chips were sequenced. The last step was primary and 
secondary data processing. Abbreviations: complementary DNA (cDNA).  
 

3.5.1 cDNA synthesis 

Principle 

Reverse transcription PCR (RT-PCR) is the process used to synthesise cDNA from an RNA 

template through the use of an RNA-directed DNA polymerase, reverse transcriptase (Best & 

Roberts, 2014). Reverse transcription reactions also require oligonucleotide primers, nucleotides, 

RNase inhibitors and a reaction buffer. Several different types of oligonucleotide primers can be 

used. Oligo(dT) primers anneal to the poly(A) tails found on most mRNA molecules. A second 

type of primer, random hexamer primers, is a mixture of random hexanucleotide primers that 

anneal throughout the RNA, ensuring that non-polyadenylated RNAs are also reverse transcribed 

(Best & Roberts, 2014).  

cDNA was synthesised from RNA by using a SuperScript™ IV VILO™ Master Mix53 kit. This kit 

consists of a 5x master mix that contains a reverse transcriptase, a RNase inhibitor, helper 

proteins, stabilizer proteins, oligo (dT)18, random hexamer primers, MgCl2, and deoxynucleotide 

triphosphates (dNTPs). The kit also has a control master mix that does not contain the reverse 

transcriptase enzyme and is used to verify that the RNA sample does not contain gDNA.  

Method 

RNA was diluted to 3.3 ng/µL before preparing PCR reactions. Two PCR reactions were prepared 

for each sample; one to synthesise cDNA and one control reaction that did not contain reverse 

transcriptase. The 15 µL PCR reactions contained 40 ng RNA and either 3 µL Superscript™ IV 

VILO™ Master mix or SuperScript™ IV VILO™ No RT Master Mix. One cycle of the following 

conditions was applied to the PCR reactions: Primer annealing for 10 minutes at 25°C, reverse 

transcription at 50°C for 10 minutes, and reverse transcriptase inactivation at 85°C for five 

minutes. cDNA was stored at -20°C until needed.  

 

53 Cat. #11756050 (Invitrogen™, Thermo Fisher Scientific™, MA, USA). 
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3.5.2 Library preparation 

Principle 

Whole genome or whole exome sequencing results in overwhelmingly large data sets that are 

laborious to process. A novel approach, targeted 

transcriptome sequencing, aims to address the need for 

faster sequencing that results in more manageable 

datasets. This is done by sequencing specifically chosen 

areas of the transcriptome. Ion AmpliSeq™ is an example 

of this type of technology and uses PCR primers to amplify 

the specific areas of interest through a highly multiplexed 

amplification method (Li, Turner, et al., 2015).  

Fundamentally, an Ion AmpliSeq™ panel consists of a pool 

of oligonucleotide primer pairs that are each designed to 

amplify a specific region of the genome (Kim, 2017). After 

PCR amplification of the specific regions, remaining 

primers are partially digested to prepare the ends of the 

amplicons for attachment of adapters. Barcodes and 

adapters are then ligated to the libraries before all libraries 

are pooled and ready for template preparation. Figure 3.3 

shows the position of the barcodes and adapters in relation 

to the amplicons. 

The Ion AmpliSeq™ Transcriptome Mouse Gene Expression Panel is a ready-to-use 

IonAmpliSeq™ panel that consists of 47 860 primers. This panel is able to measure the gene 

expression levels of 23 930 RefSeq genes of which 20 767 are well annotated and the remaining 

3 163 are coding and non-coding genes that have provisional annotations based on the Genome 

Reference Consortium Mouse Reference 38 (GRCm38). The average length of the amplicons 

are 150 bases (Thermo Fisher Scientific., 2020). The Ion AmpliSeq™ Transcriptome Mouse Gene 

Expression Panel is available in a Chef-Ready kit54, containing all the reagents and materials 

required for and automated library preparation on the Ion Chef™ instrument.  

  

 

54 Cat. #A36412 (Ion Torrent™, Thermo Fisher Scientific™, MA, USA). 

Barcodes 

These are shorts sequences of 

known bases that are ligated to 

the template cDNA, before the 

samples are pooled. Each 

sample gets its own barcode 

which is used to identify the 

sample from which a particular 

read is derived after 

sequencing.  

Adapters 

These are short sequences of 

bases that are ligated to the 

ends of cDNA. They are 

complementary to the bases 

attached to the ISPs and are 

used to bind the cDNA template 

to the ISPs.  



 

72 

 

Figure 3.3 Barcodes and adapters ligated to an amplicon   
This figure shows the placement of barcodes and adapters. Barcodes are ligated to the template bases on 
the 5’ end, while P1 adapters are ligated on the 3’ end. Adapted from (Thermo Fisher Scientific., 2019).  
 

Method 

Library preparation was performed using the Ion AmpliSeq™ Transcriptome Mouse Gene 

Expression Core Panel, Chef-Ready Kit and according to the manufacturer’s protocol. Two library 

preparation runs were performed with eight samples each time. Briefly, a sample set was created 

on Torrent Suite™ Software55. During creation of a sample set, details about the samples including 

a descriptive name, their position on the PCR plate and their barcode, are entered into the 

software. The cDNA was then diluted to 0.8 ng/µL before adding 15 µL to the wells of an Ion 

Code™ PCR plate. For each run, an Ion Code™ PCR plate was loaded with the cDNA of eight 

samples. The Ion Chef™ was loaded with the primer pools, Ion Code™ PCR plate containing the 

cDNA and other necessary reagents and materials contained in the Ion AmpliSeq™ 

Transcriptome Mouse Gene Expression Core Panel, Chef-Ready Kit, to prepare the barcoded 

libraries. Amplification settings were set to 13 cycles and a 16 minutes anneal/extension time, as 

recommended by the manufacturer for 6 145-24 576 primer pairs per pool. The barcoded libraries 

were equalised to 100 pM by the Ion Chef™ during the library preparation (Carino et al., 2019) 

and stored at 4°C until required for template preparation.  

3.5.3 Template preparation 

Principle 

To ensure a detectable signal during sequencing, the amplicons need to be amplified further 

through template preparation. On the Ion Torrent system, template preparation entails the 

preparation of template-positive Ion Sphere™ Particles (ISPs) through emulsion PCR (emPCR). 

ISPs are 3-micron diameter beads that are covered in specific adapter sequences complementary 

to adapters attached to the amplicons (Quail et al., 2012). emPCR is a version of PCR where an 

aqueous phase PCR mixture and an oil phase containing surfactants are emulsified to form water-

in-oil droplets. Millions of oil droplets each containing one amplicon attached to one ISP (except 

for polyclonal ISPs) and the reagents required for PCR, are produced and undergo PCR to 

replicate the amplicon sequence all over the ISP, essentially resulting in millions of isolated 

 

55 Version 5.12.2 (Thermo Fisher Scientific™, MA, USA). 
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microreactors (Siu et al., 2021). ISPs containing templates are then enriched through a magnetic 

bead-based process before they are loaded onto a 

semiconductor chip. The depth of each well allows 

occupation of only one bead (Rothberg et al., 2011). The 

loaded chip is then ready for sequencing.  

The Ion 540™ Kit - Chef56 enables automated template 

preparation and chip loading on the Ion Chef™. The Ion 

Chef™ allows for template preparation of two libraries and 

hence loading of two chips, simultaneously. In comparison 

to manual loading, use of the Ion Chef™ results in 

increased efficiency in preparing and loading templates 

from short tandem repeat libraries and reduced variability 

of loading templates from SNP libraries (Mogensen et al., 2015). Ion 540™ Chips can generate 

60-80 million reads from eight samples and contain ~150 million addressable wells (Thermo 

Fisher Scientific., 2019). 

 

Method 

Template preparation was performed with the Ion 540™ Kit – Chef according to the 

manufacturer’s protocol. A planned run was first set up on the Torrent Suite™ Software by 

entering sample information, reference files, barcodes, and instrument details. The number of 

flows was set to 500 as required by the manufacturer for 200-base-read sequencing. Next, both 

libraries were diluted to 70 pM, as recommended by the manufacturer for Ion AmpliSeq™ 

Transcriptome Mouse Gene Expression libraries. Of the diluted libraries, 25 µL were added to 

each of the Ion Chef™ Library Sample tubes, before the necessary materials and reagents, 

including two Ion 540™ chips, were loaded onto the Ion Chef™. After selection of the data 

destination, the template preparation run was started, which took about 13 hours. When the 

template preparation was finished, one of the loaded chips was immediately sequenced and the 

second chip was stored in a chip storage container at 4°C until the sequencing of the first chip 

was finished. The second chip warmed to room temperature for 20 minutes before sequencing of 

the first chip was finished.   

 

56 Cat. #A30011 (Thermo Fisher Scientific™, MA, USA). 

Polyclonal ISPs 

These are beads that contain 

more than one type of amplicon. 

Data from these beads will be 

discarded as it is not possible to 

know which amplicon 

contributed to the signal during 

sequencing. The risk for 

polyclonal beads is higher when 

the concentration of the libraries 

is too high. 
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3.5.4  Sequencing 

Principle 

The Ion Torrent platform uses a sequencing strategy 

known as sequencing by synthesis, or more specifically, 

semiconductor sequencing (see Figure 3.4). A bead (ISP) 

covered in thousands of copies of the same DNA 

template, is added to a single reaction well of a 

semiconductor chip. The four nucleotides are flowed over 

the chip, one at a time, and a standard elongation reaction 

is performed. As with natural chemistry, an H+ ion and 

pyrophosphate are released when a nucleotide is 

incorporated. For each H+ ion that is released, the pH of 

the surrounding solution is changed with 0.02 pH units, 

which is detected by an integrated complementary 

metal-oxide-semiconductor (CMOS) and an ion-sensitive 

field-effect transistor (ISFET) sensor (Goodwin et al., 

2016).  The change in pH is converted to a voltage and 

then to a digital form that can be processed by a 

computer. In the case of homopolymers, there will be a 

proportional increase in pH change detected as multiple 

bases are incorporated. Unincorporated nucleotides are 

then washed out of the wells to ensure that only one 

nucleotide is responsible for the signal before the next 

nucleotide is flowed over the chip.  

Method 

The Ion S5™ Sequencer was first initialized before a chip can be sequenced. This was typically 

started ~one hour before the Ion Chef™ was finished with chip loading. Initialization required 

installation of the reagents needed for a sequencing run. A new W2 Solution bottle, Ion S5™ 

Sequencing Reagents cartridge and Ion S5™ Cleaning Solution was installed and the waste 

reservoir was emptied. An old chip was loaded into the Ion S5™ and the initialization run was 

started. Once the initialization and chip loading procedures were completed, the old chip used for 

initialization was replaced by a newly loaded chip. The Ion S5™ automatically retrieved the 

information of the chips that were loaded with ISPs from the server. The second chip was loaded 

~ 2.5 hours after the first chip.  

CMOS 

An integrated circuit design that 

is printed on a microchip that 

contains different types of 

semiconductor transistors  

(Goodwin et al., 2016).  

ISFET 

A type of transistor that is 

sensitive to changes in ion 

concentration (Goodwin et al., 

2016). The change is the pH of 

the well during nucleotide 

incorporation, which induces a 

change in the surface potential 

of the metal-oxide-sensing 

layer, which in turn causes a 

change in the potential of the 

source terminal of the 

underlying field-effect transistor 

(Rothberg et al., 2011) 

Homopolymers 

These are consecutive 

repetitions of a base. For 

example, in CAGGT, the GG’s 

are the homopolymers. 
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Figure 3.4 Semiconductor sequencing as performed on the Ion Torrent platform   
During semiconductor sequencing, a semiconductor chip containing reaction wells loaded with one ISP per 
well are sequenced. Nucleotides are flowed over the chip one at a time to perform a standard elongation 
reaction. When a nucleotide is incorporated, a H+ is released which changes the pH of the surrounding 
solution and is detected by a CMOS and ISFET sensor. The change in pH is converted to a voltage and 
then to a digital form that can be processed by a computer. Abbreviations: complementary metal-oxide-
semiconductor (CMOS), ion-sensitive field-effect transistor (ISFET). Adapted from (Goodwin et al., 2016). 

3.5.5 Data processing 

Data obtained after sequencing needs to be processed and typically involves primary, secondary, 

and tertiary processing, as shown in Figure 3.5.  

 

Figure 3.5 The data processing workflow for Ion Torrent transcriptomics   
Primary and secondary data processing was performed with Ion Torrent Suite™ Software. Primary data 
analysis (blue) entailed signal processing, base calling and scoring base quality. During secondary data 
processing (pink), the reads were aligned to the reference genome before creation of SAM/BAM files. 
Adapted from (Pereira et al., 2020). 



 

76 

 

Primary data analysis entails signal processing, base calling and scoring base quality (Pereira et 

al., 2020). During signal processing, the signal detected by the sensor due to base incorporation 

is converted to voltage. The raw voltage data is sent to the server as a DAT file. An acquisition 

file containing the raw signal measurement of each well is generated for each nucleotide flow. 

These raw signal measurements are then transformed into incorporation measures and stored in 

WELLS files. A base-caller module performs the final step, base calling. The base caller module, 

through a series of algorithms adjusting for signal droop and normalization, determines the most 

likely base sequences (Pereira et al., 2020). The next step in data processing is quality control. 

Quality scores of the base call express errors in sequencing and is illustrated with Phred scores. 

A Phred score of Q10 refers to a base having a one in ten probability of being incorrect, while a 

Q30 score refers to a probability of an incorrect base being one in 1000 (Pereira et al., 2020). 

Sequences are further analysed through demultiplexing, a process separates the sequencing 

reads from pooled libraries into separate files according to each sample’s barcode (Pereira et al., 

2020). Demultiplexing is followed by adapter trimming where adapter sequences are removed 

from the ends of the reads to avoid their interference with mapping the reads to the reference 

genome (Kong, 2011).  

Secondary analysis constitutes read alignment against the reference genome, in this case, the 

AmpliSeq Mouse Transcriptome v1. Read alignment is the assembly of the millions of cDNA 

fragments by aligning it to a known reference genome. For this, an algorithm specifically optimized 

for Ion Torrent, the Torrent Mapping Alignment Program (TMAP) tries to locate a position in the 

reference sequence that matches the read. TMAP first roughly aligns the reads against the 

reference genome before refining the alignment to compensate for Ion Torrent specific biases 

such as homopolymer alignment (Pereira et al., 2020). TMAP also performs post-alignment 

processing to remove duplicate reads, perform intensive local realignment, and recalibrate the 

Phred-scaled quality score (Pereira et al., 2020). The output files after alignment are the binary 

alignment map (BAM) and sequence alignment map (SAM) files.  

Torrent Suite™ Software was used to plan the runs for library and template preparation, 

sequencing, as well as primary and secondary analysis of the data.   

The quality of an Ion AmpliSeq™ sequencing run can be evaluated by the following metrics: Total 

bases, ISP loading density, total reads, read lengths, read length histogram, and key signal 

(Thermo Fisher Scientific., 2019). See Table 3.7 for definitions and expected values. 
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Table 3.7 Quality control metrices for Ion AmpliSeq™ sequencing 

Metric Definition Expected values for good quality data 

Total bases 

The number of filtered and 
trimmed base pairs. It 
represents the throughput as 
Giga-base pairs. 

For an Ion 540™ chip, with 150 base read 
library, 9-12 Gb is expected.  

Throughput = number of reads * library 
size. 

ISP loading 
density 

The percentage of 
addressable wells on the chip 
that contain Ion Sphere™ 
particles.    

Generally loading of ≥80% is considered 
optimal 

Total reads 
Total number of trimmed and 
filtered reads, independent of 
length 

For an Ion 540™ chip, the total number of 

reads is expected to be 60-80 million. 

Read length 
and read 
length 
histogram 

The length of called reads in 
base pairs. The histogram 
reflects the size distribution of 
the library without the Ion 
adapter sequences. 

The histogram shape should resemble the 
library size (150 bp for Ion AmpliSeq™ 
Transcriptome Mouse Gene Expression 
Core Panel) distribution trace without 
adapter sequences closely.   

Key signal 
The average signal for ISPs 

that match the library key.  

A higher starting key signal signifies a 
lower impact of signal droop and less 3’ 
trimming. 

This table defines the different quality control metrics of an Ion AmpliSeq™ sequencing run and gives 
examples of values for good quality data.  

3.6 Validation 

Sequencing results were validated by performing SDS-PAGE and western blots as well as 

determining activity of the GLYAT enzyme. 

3.6.1 SDS-PAGE and western blot 

Principle 

SDS-PAGE is an electrophoresis technique to separate proteins according to their size. Samples 

are denatured by heating to unfold the proteins and thereby surrounding them with sodium 

dodecyl sulphate (SDS) molecules. Treatment of proteins with SDS in the presence of 

β-mercaptoethanol causes SDS to bind to hydrophobic regions of the protein to provide a net 

negative charge. The negative charge will cause the proteins to migrate to the positive pole during 

electrophoresis (Hnasko & Hnasko, 2015). The molecular weight of the protein determines its 

electrophoretic movement in the acrylamide gel, with lower molecular weight proteins moving 

faster. Molecular weight markers with known molecular weights are also loaded with the samples. 

The second step involves transfer of proteins from an SDS-PAGE gel onto a membrane, for 

example a polyvinylidene difluoride (PVDF) membrane, through electrophoresis (Rajput & 
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Sharma, 2011). The third step, identification of the protein, is performed by incubating the 

membrane with proteins with a primary antibody reactive to the protein of interest. Secondary 

antibodies which are labelled to allow detection via luminescence, are then added to interact with 

the first immobilized antibody, before the protein bands are detected by adding substrates that 

provide the luminescent signal used to detect the protein (Hnasko & Hnasko, 2015).  

All imaging steps were performed using the ChemiDoc™ MP system and Image Lab™ software. 

SDS-PAGE 

Method 

This assay was performed according to an optimised in-house protocol, based upon the method 

of Laemmli (1970). As described in Section 3.3.4, 600g supernatants were prepared and the 

protein concentrations were determined with BCA. 

An SDS-PAGE gel was cast using a Mini-PROTEAN® Tetra Cell57 and 10% TGX Stain-Free™ 

FastCast™ Acrylamide 1 Starter kit58, according to the manufacturers’ protocol.  Briefly, 0.05% 

ammonium persulphate (APS)59 and N,N,N’,N’-tetramethylethylenediamine (TEMED)60 were 

added to a stacking and 10% resolving solution, directly before casting to initiate polymerization 

of acrylamide. After polymerization of the gel, 1x running buffer consisting of 10x 

Tris/Glycine/SDS61 diluted with Milli-Q® water, was added to the module containing the gel. 

Samples for loading were prepared to contain 30 µg protein, 1x Laemmli sample buffer62 with 355 

mM β-mercaptoethanol63, and Milli-Q® water before being boiled for 5 min at 100°C. Samples and 

a molecular weight marker were loaded, at 20 µL into the wells of the gel before applying 200 V 

for approximately 25 minutes. The gel with separated proteins was imaged with a Stain-Free Gel 

protocol. 

  

 

57 Bio-Rad, CA, USA. 
58 Cat. #1610182 (Bio-Rad, CA, USA). 
59 Cat. #A3678 (Merck, Modderfontein, SA) 
60 Cat. #T7024 (Merck, Modderfontein, SA) 
61 Cat. # 1610732 (Merck, Modderfontein, SA) 
62 Cat. #1610737 (Bio-Rad, CA, USA). 
63 Cat. #M3148 (Merck, Modderfontein, SA) 
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Western Blot 

Method 

For western blots, a Mini TransBlot® Turbo Transfer Pack64 with a 0.2 µm PVDF membrane and 

TransBlot® Turbo Transfer System65 was used according to an optimised in-house protocol. 

Briefly, the blotting sandwich was assembled so that the gel was stacked on top of the PVDF 

membrane and between two layers of ion reservoir stacks. The blotting sandwich was placed in 

a cassette with cathodes at the top and anodes at the bottom. The separated proteins were 

electroblotted to the PVDF membrane for 30 min at a current of 1.0 A. Using the molecular 

marker66 as a guide, the blot was cut between 50 and 37 kDa so that incubation of the control and 

test antibodies could be done separately, as a precautionary measure to avoid interference of 

antibodies. The blots were imaged using a Stain Free Blot protocol, before placing it in a blocking 

buffer (1x TBS with 1% casein)67 for 90 min. A waving platform shaker was used to gently agitate 

the blots at 26 rpm during the subsequent incubation steps. The blots incubated overnight at 4°C 

with the primary antibodies in 1x TBS with 1% casein. The primary antibody for detection of 

GLYAT was a rabbit polyclonal antibody, reactive against rat GLYAT68, in a 3:2500 dilution. The 

primary antibody for detection of the control protein, heat shock protein 60 (HSP60), was a rabbit 

polyclonal antibody69, reactive to HSP60 in a 1:20 000 dilution.  

The following day the blots were washed three times in washing buffer, consisting of 1x TBS70 and 

0.1% Tween2071, for five minutes at a time. The blots were then probed with secondary antibody 

for 90 min at a dilution of 1:10 000. The secondary antibody was a horse radish 

peroxidase-conjugated goat antibody72 reactive to rabbit and used for the GLYAT and HSP60 

blots. Thereafter, the blots were washed again three times for five minutes at a time in washing 

buffer, before performing a five-minute washing step in final washing solution containing 1x TBS. 

The gel was incubated for one minute in Clarity™ Western ECL Substrate mix73, which contained 

a 1:1 mix of peroxide and luminol enhancer. A Chemi Hi Resolution protocol was used to image 

the blot. Finally, the blot was rinsed with Milli-Q® water and air dried on Whatman Filter paper.  

 

64 Cat. #1704156 (Bio-Rad, CA, USA). 
65 Cat. #1704155 (Bio-Rad, CA, USA). 
66 Cat. #1610377 (Bio-Rad, CA, USA). 
67 Cat. #1610782 (Bio-Rad, CA, USA). 
68 Cat. #NBP1-54714 (Novus Biologicals, CO, USA). 
69 Cat. #ab46798 (Abcam, Cambridge, United Kingdom). 
70 Cat. #1706435 (Bio-Rad, CA, USA). 
71 Cat. #822148 (Merck, Modderfontein, SA).  
72 Cat. #ab97051 (Cambridge, United Kingdom). 
73 Cat. #1705060 (Bio-Rad, CA, USA). 

https://www.google.com/search?rlz=1C1VFKB_enZA702ZA702&q=Cambridge&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME0ySC43VOIAsS3NLYq0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWDmdE3OTijJT0lN3sDICALVAxwFTAAAA&sa=X&ved=2ahUKEwjLjuSQwp_yAhVIecAKHTaXDTcQmxMoATAqegQIPBAD
https://www.google.com/search?rlz=1C1VFKB_enZA702ZA702&q=Cambridge&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME0ySC43VOIAsS3NLYq0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWDmdE3OTijJT0lN3sDICALVAxwFTAAAA&sa=X&ved=2ahUKEwjLjuSQwp_yAhVIecAKHTaXDTcQmxMoATAqegQIPBAD
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3.6.2 GLYAT enzyme activity 

Principle 

The activity of GLYAT can be determined spectrophotometrically from a reaction consisting of 

benzoyl-CoA, glycine and DTNB. This assay is based on the principle of DTNB being reduced by 

the liberated thiol group of CoA to form TNB that absorbs at 412 nm, as described in Section 3.3.4.  

Method 

For this assay, 600g supernatants were used and protein content was determined as described 

in Section 3.3.4. 

A 1 mM DTNB solution was prepared in 1 M Tris.HCl. In addition, 1 mM benzoyl-CoA and 1 M 

glycine (pH set to 8.0 with 0.5 M NaOH) was prepared in Milli-Q® water. The optimal volume of 

sample was determined to be 2 µL based on comparisons between specific activity and protein 

content comparisons.  

Reaction mixtures for determining GLYAT activity are described in Table 3.8. DTNB, glycine, 

Milli-Q® water and homogenate were added to each well and incubated for 10 minutes, before 

the benzoyl-CoA was added. The linear rate increase (1) was recorded at 412 nm for 5 minutes 

at one-minute intervals. GLYAT activity was calculated with Equation 3.10 and normalised 

according to Equation 3.11. UCS was determined as described earlier (Section 3.3.4). 

Table 3.8 Reagents for determining GLYAT activity 

Reagent 1x (µL) [end] 

DTNB, Tris pH 8 20 0.1 mM 

glycine 40 200 mM 

Milli-Q® water 100  

Diluted homogenate (1:10) 20 2 µL 

10 mM benzoyl-CoA 20 0.1 mM 

Total 200  

Reaction mixtures to determine GLYAT activity contained DTNB, glycine, Milli-Q® water, sample, and 
benzoyl-CoA. Abbreviations: 5,5’-dithio-bis(-2-nitrobenzoic acid) (DTNB). 
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Equation 3.10 Determination of GLYAT activity 

UGlyat  =
𝜈1̅̅ ̅

휀412
 x 

𝑉𝑟

𝑉𝐸𝑓 x
𝐶𝑃
1000

 

where: 

UGlyat is the GLYAT activity in µmol/min/mg 

1̅̅ ̅ is the average linear rate increase of the triplicate wells 

ε412 is the molar extinction coefficient for TNB as determined for 200 µL reactions (7 465 Abs/mM) 

𝑉𝑅 is the reaction volume in mL (0.2 mL) 

𝑉𝐸𝑓 is the effective sample volume added to the reaction (2 µL) 

𝐶𝑃 is the protein concentration in µg/µL 

 

Equation 3.11: Normalised GLYAT activity 

Normalised UGlyat = UGlyat x 
1000

𝑈𝐶𝑆
 

where: 

Normalised UGlyat is the activity of GLYAT normalised to the activity of CS in nmol/min/UCS. 

3.7 Statistical analyses 

The following section describes how statistical analyses were performed for enzyme activity and 

gene expression data. An overview of the procedure is shown in Figure 3.6. 
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Figure 3.6 Schematic representation of statistical analyses performed   
This figure gives an overview of the statistical analyses performed on enzyme activity and gene expression 
data. Abbreviations: chip (CHP), complex I (CI), false discovery rate (FDR), glycine N-acyltransferase 
(GLYAT), principal component analysis (PCA), reads per million (RPM).  

3.7.1 Enzyme activity 

Statistical analyses were performed using IBM SPSS®74 and Microsoft Excel® 75. Three technical 

and three biological repeats were analysed for each of the two genotypes. Technical and 

biological replicates of enzyme analysis data were visually inspected for prominent outliers via 

boxplots and Tukey’s method and removed if detected. Enzyme activity for each biological 

replicate was calculated as the mean of the technical replicates. Activity of enzymes were 

normalised to activity of CS. (see Equation 3.1 to Equation 3.7 for CI activity and Equation 3.10 

and Equation 3.11 for GLYAT activity). Levene’s test was performed to test for homogeneity of 

variance between genotypes. Independent t-tests were performed to determine whether the 

changes between the two genotypes were statistically significant. P-values smaller than 0.05 

were considered statistically significant.  

 

74 Version 27.0.0.0 (IBM Corporation, NY, USA) 
75 Microsoft Excel for Microsoft 365, Version 2008 (Microsoft Corporation, WA, USA) 
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3.7.2 Gene expression 

Statistical analyses of gene expression data were performed using Ion Torrent Suite™ Software, 

MetaboAnalyst 5.0, Applied Biosystems™ Transcriptome Analysis Console (TAC)76, and 

Microsoft Excel®. Chip (CHP) files containing gene-level information were downloaded from 

Torrent Suite™ Software after it performed primary and secondary data analysis (described in 

Section 3.5.5). These files provide information about the absolute normalised reads as log2 reads 

per million (RPM). Samples with very low reads as determined by the Torrent Suite™ Software 

were not included in further analyses. Heatmaps were plotted and principal component analysis 

(PCA) performed in MetaboAnalyst with log2RPM values to visually detect outlier samples.  

 

CHP files for each sample, except outliers, were imported to TAC to determine the mean log2RPM 

per group, p-values and fold change for 23 930 genes. For the initial investigation only two genes, 

Acsm2 and Glyat were analysed. For the expanded investigation, a list of genes involved in phase 

two biotransformation were determined from the literature. This list was further filtered to those 

present in the Ion AmpliSeq™ panel, resulting in a final list of 117 genes to be investigated. In 

TAC, genes that were not of interest were filtered out and a comma delimited (CSV) file containing 

the mean log2RPM for each sample, p-values, and fold change were exported. TAC calculated 

the bi-weight average for each group using Tukey’s bi-weight average of the expression levels. 

The one step Tukey’s bi-weight method gives an estimate amount of variation in the data, similar 

to how standard deviations estimates the amount of variation for an average (Affymetrix, 2007). 

Fold changes were calculated in TAC. Equation 3.12 a) shows the equation used to calculate fold 

change of upregulated genes, while Equation 3.12 b) was used to calculate fold change for 

downregulated genes. Effect sizes were calculated in Microsoft Excel® with Equation 3.13.  

 

For the expanded investigation, other statistical tests were also performed. PCA was performed 

on the log2RPM data, using MetaboAnalyst. Multiple testing correction was calculated for the 

selected group of genes (Li et al., 2008). False discovery rate (FDR) adjusted p-values were 

calculated in Microsoft Excel®. FDR p-values were calculated using the Benjamini Hochberg 

Step-Up FDR-controlling procedure (Benjamini & Hochberg, 1995). Genes with effect sizes >0.8 

and p-values <0.05 were considered statistically significant.  Lastly, log2 standard deviations were 

adjusted to proportional standard deviations according the procedure described by Livak and 

Schmittgen (2001), and is shown in Equation 3.14. 

 

 

76 Version 4.0.2.15 (Applied Biosystems, MA, USA) 
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Equation 3.12: Fold change 

a) 

Fold change =  2Bi-weight Avg KO signal (log2) - Bi-weight Avg WT signal (log2) 

 

b) 

Fold change =  (2Bi-weight Avg WT signal (log2) - Bi-weight Avg KO signal (log2)) − 1 

 

 

Equation 3.13: Effect size 

Effect size =  
log2RPMKO avg - log2RPMWT avg

standard deviation
 

 
 

Equation 3.14: Additive formula for error propagation 

𝛿𝑄 =  √(𝛿𝑎)2  +  (𝛿𝑏)2 + . . . +(𝛿𝑦)2 + (𝛿𝑧)2   

 

where: 

a, b are positive measurements  

y, z are negative measurements  

δ is the error associated with each measurement 
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CHAPTER 4 RESULTS AND DISCUSSION   

4.1 Introduction 

This chapter, structured into four parts, will present and discuss the results obtained during this 

study. The first part will present and discuss disease model validation and sample quality 

evaluation data. This entails validation of the animal model and quality evaluation of the isolated 

RNA and sequencing data. The second part presents the gene expression, protein confirmation 

and enzyme activity results obtained for the genes involved in the glycine conjugation pathway. 

The third part continues to the gene expression results of remaining genes involved in the phase 

two biotransformation pathway. The chapter concludes with part four that summarises and 

discusses the results, in the context of the research questions posed for this study.  

4.2 Part 1: Disease model validation and sample quality evaluation 

4.2.1 Introduction 

To ensure the quality of samples analysed and the results obtained, quality control measures 

were put in place during various time points of data collection. The first quality control measure 

was to ensure the validity of the Ndufs4 mouse model by confirming the genotype of the mice and 

assessing the enzyme activity of CI in WT and KO mice (Section 4.2.2). The second quality control 

measure was to evaluate the quality of the RNA isolated from mouse tissue with three distinct 

measurements (Section 4.2.3): 

• Spectrophotometric measurements to determine RNA concentrations and purity of RNA 

samples. 

• Fluorometric measurements to more specifically determine RNA concentrations of RNA 

samples. 

• Agarose gel electrophoresis to evaluate the integrity of RNA in samples.  

The third and final data quality control measure was to assess the quality of the gene expression 

data (Section 4.2.4).  

4.2.2 Disease model validation 

To validate the genotype of mice, DNA was isolated from tail snips and amplified with standard 

PCR containing a forward and reverse primer pair. The sizes of the resultant products were 

determined by separation with agarose gel electrophoresis, and imaging with the ChemiDoc™ 

MP system and Image Lab™ software. Ndufs4-/- samples were expected to have one observed 
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band at 429 bp, Ndufs4+/+ samples were expected to have one band observed at 1229 bp and 

the Ndufs4+/- samples were expected to have both those bands. A non-specific band at 831 bp 

was sometimes present in Ndufs4+/- samples.  Figure 4.1 is an electrophoresis image of typical 

results obtained with genotyping. The genotype of all samples was confirmed before use in any 

of the analyses which serve to validate the model.  

A table containing the age, sex and genotype of the animals used in this study is shown in Table 

3.2. Eight WT and eight KO male mice between the ages of 46-51 days were used for 

transcriptomic analysis, six thereof were also used for SDS-PAGE and western blot analysis. Six 

more WT and KO mice were used for enzyme activity analysis.  

 

Figure 4.1 Electrophoresis image showing the DNA bands obtained during genotyping 
This image shows typical results obtained after PCR amplification and EtBr-stained gel electrophoresis of 
isolated DNA. The DNA ladder allowed relative quantification of the size of the bands of the samples. Three 
controls, one for each genotype was also loaded on to a gel. Ndufs4-/- samples were expected to have one 
band at 429 bp (highlighted in pink), Ndufs4+/+ samples were expected to have one band at a 1229 bp and 
the Ndufs4+/- samples were expected to have both those bands. In some instances, a non-specific band at 
831 bp also forms for Ndufs4+/- samples.  
  

To confirm a defective OXPHOS caused by the knockout of the Ndufs4 gene, the maximal activity 

of CS and mitochondrial CI was determined in the liver samples of WT and KO mice. Three 

technical and three biological repeats were analysed for each genotype, and CI activity was 

normalised to activity of CS (see Section 3.3.4). For CI activity, equal variances could be 

assumed, and an independent samples t-test was performed. Results for the enzyme activity of 

CI is shown in Table 4.1 and Figure 4.2.  
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Table 4.1 Enzyme activity of CI in liver normalised to CS for WT and KO mice 

 WT mean ± SD KO mean ± SD p-value 

CS (µmol/min/mg) 0.16 ± 0.01 0.22 ± 0.01 <0.01 

CI (nmol/min/UCS) 123 ± 9.20 33 ± 11.23 <0.001 

Enzyme activities for CS and CI of WT (n=3) and KO (n=3) mice normalised to protein content and CS, 
respectively. Enzyme activities are shown as the mean activities ± SD. Levene’s Test showed that equal 
variances could be assumed. Statistical significance between WT and KO samples was determined with 
an independent samples t-test. Abbreviations: complex I (CI), citrate synthase (CS), knockout (KO), 
standard deviation (SD), µmol/min/mg citrate synthase activity (UCS), wild-type (WT).  

 

  

Figure 4.2 CI activity of WT and KO mouse liver samples normalised to CS activity   
KO mice had significantly decreased CI activity, compared to WT mice, p<0.001. Abbreviations: complex I 
(CI), citrate synthase (CS), knockout (KO), µmol/min/mg citrate synthase activity (UCS), wild-type (WT). 
 

As expected, CI activity was significantly (~73%) lower in the liver samples of KO mice compared 

to that of WT mice (33 vs 123 nmol/min/UCS, p<0.001). Decreased CI activity in KO has been 

previously shown (Calvaruso et al., 2012; Jin et al., 2014; Kruse et al., 2008). These results 

confirm a deficient CI and validates the disease model.  

The genotype of all mice used in further analyses were confirmed with PCR and agarose gel 

electrophoresis as either WT or KO before use in any analysis.  

4.2.3 RNA quality control 

As a second measure to ensure good quality data, the quality of the isolated RNA was determined 

by measuring its concentration and purity using a NanoDrop™ One spectrophotometer. RNA 

concentrations ranged between 25.4 and 159.6 ng/µL. Purity of RNA was assessed through the 



 

88 

A260/A280 ratio. Samples were deemed pure if they had a A260/A280 ratio between 1.8 and 2.5. 

NanoDrop™ values for each sample can be found in Appendix C. 

RNA concentration was further evaluated using a Qubit® Fluorometer. Fluorometric 

measurements are more specific than spectrophotometric measurements since it can distinguish 

between RNA and DNA and thereby do not overestimate the concentration of RNA. For all 

samples, RNA concentrations measured with a Qubit® Fluorometer ranged between 

19.2 - 266.7 ng/µL. Complete results are shown in Appendix C. 

  

Figure 4.3 Representative image of gel from bleach agarose electrophoresis used to 
assess RNA integrity 

This is a representation of typical results obtained for a bleach agarose gel electrophoresis. The number 
above each row indicates the sample number. A DNA ladder was used as a control to ensure the 
electrophoresis did take place in the case of no samples showing any bands and would therefore not 
correlate with the sizes of the RNA bands. Sample 76 shows the 28S:18S intensity ratio of 2:1 of the top 
and bottom band which indicated good quality RNA. Contamination is indicated in samples 1, 31, 32, and 
40 by the bright bands at the top of the well (blue blocks) and the bright smears from the wells to the 28S 
bands. Abbreviations: blank (B), ladder (L), ribosomal RNA (rRNA). 
 

Ensuring that RNA samples are not degraded and of high quality is cardinal to RNA-based 

research. RNA integrity can be assessed with highly sensitive technologies like the 2100 

Bioanalyzer or with more cost-effective options like bleach agarose gel electrophoresis  (Aranda 

et al., 2012). Isolated RNA samples were analysed on agarose bleach gels to assess their 

integrity and purity. The presence of two distinct bands as described in Section 3.4.4 on the gel 

suggested high quality RNA. Smeared bands or a 28S:18S band intensity below ~2:1 indicated 
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poor quality RNA possibly due to RNA degradation, and the 

samples were then not used for downstream applications. 

Bright bands at the top of the wells indicated gDNA 

contamination or other impurities like proteins and carrier 

molecules (Thermo Fisher Scientific.). A representative gel is 

shown in Figure 4.3.  

The samples with the highest quality were chosen for 

RNA-sequencing, resulting in all samples used having RNA 

concentrations >18 ng/ul, A260/A280 ratios >1.8 and 28S:18S 

ratios at 2:1 or above.  

In conclusion, three measures were put in place to assess the 

quality of RNA before using it to synthesise cDNA. RNA 

concentration was measured with two distinct methods, RNA 

purity was determined with the A260/A280 ratios and integrity 

was assessed with bleach agarose gel electrophoresis. 

Samples that did not meet the acceptable ranges, were not 

used for further applications.  

4.2.4 Gene expression data quality control 

There are several bioinformatic tools that can be used to 

analyse RNA-sequencing data. Some of these tools are 

specifically designed to monitor the quality of the data and 

could be platform specific. Popular quality control checks for 

raw reads include analysis of GC content, and detection of 

overrepresented k-mers and duplicate reads. A good indicator 

of sequencing accuracy and the presence of gDNA 

contamination is the percentage of mapped reads, which can 

be monitored during read alignment. Reproducibility of 

sequencing data is sometimes checked among technical 

repeats. Determination of reproducibility among biological 

repeats is more challenging, but can usually be monitored through PCA (Conesa et al., 2016). 

These types of quality control practices can be challenging especially considering the high level 

of bioinformatics skill required.  The use of an Ion AmpliSeq™ panel, a whole transcriptome, 

targeted gene quantification methodology, is another way to overcome many of the complexities 

of RNA-sequencing (Li, Turner, et al., 2015). The Ion Torrent platform gives a report on the quality 

Total bases 

The number of filtered and 

trimmed base pairs. 

ISP loading density 

The percentage of 

addressable wells on the 

chip that contain Ion 

Sphere™ particles.    

Total reads 

Total number of trimmed and 

filtered reads, independent of 

length. 

Read lengths and 

histogram 

The length of called reads in 

base pairs. The histogram 

reflects the size distribution 

of the library without the Ion 

adapter sequences. 

Key signal 

The average signal for ISPs 

that match the library key. A 

higher starting key signal 

signifies a lower impact of 

signal droop and less 3’ 

trimming.  
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control metrics at the end of a sequencing run. The quality of an Ion AmpliSeq™ sequencing run 

can be evaluated by six metrics: Total bases, ISP loading density, total reads, read lengths, 

read length histogram, and key signal (Thermo Fisher Scientific., 2019). An example of the 

output of these metrics is shown in Figure 4.4.  

The 16 liver samples were analysed on two Ion 540™ chips. Total bases ranged from 8.22 - 8.7G. 

The percentage of wells on the chips that contained ISPs were 89% and 92%, respectively. Each 

chip had an average coverage of >1000x and >80 million reads (10 – 15 million reads per sample). 

The aligned reads accounted for 99% of the total reads. The total number of bases over all 

positions that align with an error rate of ≤ 2% (AQ17) were 7.4 -7.8 billion bases. The mean read 

length for both chips was 102 bp and the read length histogram showed good distribution.  

 

Figure 4.4 An example of some of the sequencing quality control metrices  

Several sequencing quality control measures that are given in the Ion Torrent report are shown and 
highlighted in the green boxes. They include chip loading, total bases, key signal, read length, and total 
reads. 
 
 

Two KO samples had very low quality data, with less than 630 000 reads per sample, and were 

thus removed from the group. Furthermore, visual inspection of a heatmap and PCA plot showed 

three additional outliers that consisted of two WT samples and one KO sample (see Figure 4.5). 
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The two WT samples were numbers 101 and 102, while the KO sample was number 121. WT 

sample 102 grouped with the KO samples, while WT sample 101 had clear differences in 

comparison to the other WT samples. The PCA plot also shows that sample 121 is an outlier (see 

Appendix D for a more complete demonstration of these differences). These three samples were 

removed before downstream analyses and the final two groups consisted of five KO samples and 

six WT samples.   

  

 

Figure 4.5 2D PCA scores plot and heatmap before outlier removal 
a) The 2D PCA plot of 117 genes shows good separation between the WT and KO groups, especially on 
PC1 which explained ~50% of the variance between the two groups. The PCA plot also shows that samples 
102 and 121 are outliers. Note that six KO and eight WT samples are shown and that some dots are 
overlapping. b) The heatmap and dendrogram for all samples show two obvious outliers. WT sample 102 
grouped with the KO samples, while WT sample 101 had clear differences in comparison to the other WT 
samples. Abbreviations: knockout (KO), principal component (PC), principal component analysis (PCA), 
wild-type (WT).  
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4.2.5 Summary and conclusions  

The genotypes of all samples were confirmed as either WT, HET, or KO before use in downstream 

applications. CI activity was significantly reduced in Ndufs4 KO mice (33 vs 123 nmol/min/UCS, 

p<0.001), although not completely absent. This is in line with the findings of Calvaruso et al. 

(2012) that revealed formation of respiratory supercomplexes allow formation of active CI in these 

mice.  

The concentrations of RNA ranged between ~25-160 ng/µL and was considered sufficient for 

further analysis. The NanoDrop™ One spectrophotometer has some limitations including 

overestimation of concentrations due to the instrument not being able to distinguish between 

double-stranded and single-stranded nucleic acids. Therefore, RNA concentrations were also 

measured fluorometrically. These concentrations ranged between ~19-267 ng/µL and was 

considered acceptable for downstream analysis. Only samples that presented with a 28S:18S 

intensity ratio of 2:1, no significant smears and no gDNA contaminations when assessed with 

agarose gel electrophoresis, were selected for further analyses. Lastly, quality control is an 

important step of gene expression analyses (Li, Nair, et al., 2015). Several aspects of the data 

were considered during quality control. These include total bases, ISP loading density, total reads, 

read lengths and key signal. Two KO samples were excluded because of low quality data. Another 

three samples were excluded as statistical outliers. Therefore, the data for five KO and six WT 

samples were of sufficient quality to continue with downstream data analyses.  

4.3 Part 2: Phase two biotransformation: the glycine conjugation pathway 

4.3.1 Introduction 

Glycine conjugation is a principle amino acid conjugation pathway that converts endogenous and 

xenobiotic metabolites to more hydrophilic conjugates that can be excreted in the urine. The 

glycine conjugation pathway was chosen as initial investigation point because it specifically takes 

place in mitochondria and, therefore, is a simple pathway for investigation of phase two 

biotransformation in a model of mitochondrial disease. The glycine conjugation pathway requires 

two enzymes, Acsm2 and Glyat (Rohwer et al., 2021). The expression of both genes was 

analysed as a starting point to investigate the effect of a mitochondrial deficiency on 

biotransformation in the liver of an Ndufs4 KO mouse model. 

4.3.2 Gene expression of the glycine conjugation pathway 

The RNA-sequencing data of five KO and six WT mice was statistically analysed using the Applied 

Biosystems™ Transcriptome Analysis Console (TAC) platform, Microsoft Excel® and 
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MetaboAnalyst. Both Acsm2 and Glyat showed significantly decreased expression in liver 

samples of KO mice compared to WT mice (see Figure 4.6 and Table 4.2), suggesting 

downregulation of the glycine conjugation pathway in KO mice.  

 

Figure 4.6 Boxplots showing log2RPM of glycine conjugation pathway genes between 
KO and WT samples   
KO mice had no expression of Acsm2 in contrast to WT mice (FC = -3.68, p-value <0.0001). Glyat had 
reduced expression in KO mice compared to WT mice (FC = -1.67, p-value <0.0001). Abbreviations: 
knockout (KO), reads per million (RPM), wild-type (WT).  
 

The fold change analysis is useful to compare the changes between the averages of two groups. 

Fold change values for genes involved in glycine conjugation is shown in Table 4.2. Fold changes 

of -2 or 2 are generally accepted as differentially expressed, although this value is largely disputed 

and chosen arbitrarily (Braeuning et al., 2006; Laurent et al., 2013). For this study, genes that 

were statistically significantly expressed according to p-values and effect size, even with fold 

changes between -2 and 2, were kept in the list, as it was still significantly altered. Acsm2 was 

substantially and significantly downregulated in Ndufs4 KO mouse liver (FC = -3.68, p-value 

<0.0001), while Glyat showed a slighter yet statistically significant downregulation (FC = -1.67, 

p-value <0.0001).  
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Table 4.2 Mean log2RPM, fold change and statistical significance values of glycine 

conjugation genes in KO vs WT samples 

Gene Mean log2RPM Fold change 
(FC) 

p-value Effect size 

 KO WT    

Acsm2 0.00 1.88 -3.68 1.88 x10-5  -3.19 

Glyat 8.28 9.08 -1.67 4.00 x10-4 -2.39 

Mean log2 (RPM), fold change, p-values, and effect size values of the glycine conjugation pathway genes. 
Acsm2 and Glyat expression showed significant downregulation in KO samples. Abbreviations: knockout 
(KO), reads per million (rpm), wild-type (WT). 
 

The transcriptomic data showed significant changes in the glycine conjugation pathway. 

Expression of both the Acsm2 and Glyat genes were decreased in the KO mice, but suggestions 

that this pathway is downregulated in this mouse model should be made with caution at this stage. 

It is well known that abundance of messenger RNA (mRNA) only partially predicts abundance of 

protein (Vogel & Marcotte, 2012). In fact, the correlation between mRNA and protein abundance 

seems to lie at around 40%. This medium correlation is largely the result of several biological 

factors including post-transcriptional and post-translational regulation, and to a lower extent due 

to methodological constraints or experimental noise (Maier et al., 2009; Taylor et al., 2013; Vogel 

& Marcotte, 2012). The rate of production and degradation of mRNA and proteins largely 

determine the abundance of the molecules. The rate of mRNA production is much lower than 

proteins (two copies mRNA per hour versus dozens of copies protein per mRNA per hour). The 

half-life of mRNAs is also decreased compared to proteins (~3-7 hours versus ~46 hours). 

Furthermore, the regulation of protein abundance is dependent on the role of the protein. 

Housekeeping or structural proteins would have a longer lifetime than regulatory proteins that 

have to ramp up their production or degradation in reaction to a stimulus (Vogel & Marcotte, 2012). 

Considering this medium mRNA-protein correlation, it is crucial to validate gene expression 

results at a protein level.  

4.3.3 Protein-level investigation of the glycine conjugation pathway 

To verify if the changes observed in gene expression translated to protein level, SDS-PAGE and 

western blots were used to assess the relevant concentration of GLYAT in KO mice compared to 

WT mice. Ideally, ACSM2 protein levels would also be assessed, but due to time and financial 

constraints only GLYAT was analysed during this study. As discussed in Section 3.6.1, 600g 

supernatants of three mouse livers per genotype were used in SDS-PAGE and western blots. 

The supernatants were separated by SDS-PAGE, electroblotted to a PVDF membrane, and 

probed with primary antibodies reactive to GLYAT and to HSP60 (a mitochondrial housekeeping 

protein) that served as a control. After incubation with a secondary antibody, the bands were 
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detected through chemiluminescence and Image Lab™ software. Bands that corresponded to the 

expected molecular weight of the two proteins were identified by comparing them to a molecular 

weight marker that was also subjected to electrophoresis with the samples. The HSP60 protein 

is 60kDa and GLYAT is 34kDa.  

Results are shown in Figure 4.7. Several issues hindered obtaining conclusive results. The first 

issue is that the control protein, HSP60, was detected only in five of the six samples. As the 

intensity of GLYAT is quantified relative to HSP60, it could not be done for the KO sample that 

did not show HSP60. This sample did show expression of GLYAT, thereby excluding the 

possibility that no sample was loaded (also confirmed by examining SDS-PAGE gel, see 

Appendix E). It might have been caused by a bubble at ~60 kDa impeding transfer of proteins to 

the membrane, or by poor binding of the antibodies to this sample. The second and more 

problematic issue was that GLYAT antibodies reactive to mice could not be acquired from 

distributors in South-Africa. It was therefore decided that an antibody reactive to rats would be 

the next best solution. GLYAT was detected in all six samples, but quantification was further 

hampered because the intensity of GLYAT was very low. This is likely due to the fact that the 

primary antibody used for detection of GLYAT is reactive to rats, and not specifically to mice. 

Furthermore, it seemed that although HSP60 is a control protein, it was not expressed similarly 

between WT and KO mice. HSP60 expression appears to be increased in KO samples. One 

obvious reason is inconsistent loading of samples. It is possible that the protein concentration of 

samples was wrongly determined and led to the amount of protein actually loaded to the 

SDS-PAGE gel not being 30 µg. Pipetting errors during preparation of the samples used for 

loading and the actual loading could also result in inconsistent loading. Inconsistent loading is 

further supported by differences in expression of HSP60 between the three WT samples, and 

between the three KO samples, and finally confirmed by analysis of the image of the SDS-PAGE 

gel which showed clear differences in protein levels between samples (see Appendix E).  

Protein expression of GLYAT was not further investigated due to time constraints, therefore the 

results remain inconclusive. 
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Figure 4.7 Western blot of HSP60 and GLYAT   
HSP60 and GLYAT were detected in WT and KO samples. Bands of the molecular weight marker could be 
seen at 75 kDa and 25 kDa and were used as a reference to ensure the bands seen are HSP60 at 60 kDa 
and GLYAT at 34 kDa. Abbreviations: knockout (KO), molecular weight marker (L), wild-type (WT). 

4.3.4 Enzyme activity of glycine conjugation pathway 

Activity of the GLYAT enzyme was measured to see if the changes observed in gene expression 

would translate to an enzymatic level. The activity of GLYAT was spectrophotometrically 

determined in three technical and biological repeats as described in Section 3.6.2 and normalised 

to activity of CS. Results are shown in Table 4.3 and Figure 4.8.  

Gene expression results from Section 4.3.2, showed decreased expression of Glyat in KO mice, 

suggesting that enzyme activity might also be reduced in KO samples. As anticipated, normalised 

activity of the GLYAT enzyme in liver samples were significantly (~50%) lower in KO mice 

compared to WT mice (36.2 vs 75.9 nmol/min/UCS, p<0.001). This serves as a further indication 

that the glycine conjugation pathway is less active in Ndufs4 KO mice than in WT mice.   

Table 4.3 Enzyme activity of GLYAT in liver normalised to CS for WT and KO mice 

 WT mean ± SD KO mean ± SD p-value 

GLYAT activity 
(nmol/min/UCS) 

75.9 ± 10.2 36.2 ± 5.2 <0.001 

Enzyme activity for GLYAT of WT (n=3) and KO (n=3) mice normalised to CS. Enzyme activities are shown 
as the mean activities ± SD. Levene’s Test showed that equal variances could be assumed. Statistical 
significance between WT and KO samples was determined with an independent t-test. Abbreviations: 
citrate synthase (CS), knockout (KO), standard deviation (SD), µmol/min/mg citrate synthase activity (UCS), 
wild-type (WT).  
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Figure 4.8 GLYAT activity of WT and KO mouse liver samples normalised to CS   
The normalised activity of GLYAT was significantly lower in KO mice compared to WT mice. (p-value 
<0.001). Abbreviations: citrate synthase (CS), knockout (KO), µmol/min/mg citrate synthase activity (UCS), 
wild-type (WT).   

 

4.3.5 Summary and conclusions 

Gene expression of enzymes involved in glycine conjugation was investigated between Ndufs4 

KO and WT mice. This served as an initial investigation of phase two biotransformation of a 

primary, mitochondrial contained pathway. Gene expression and enzyme activity investigations 

of glycine conjugation in Ndufs4 mice liver samples indicated significantly decreased activity of 

this pathway in KO mice. Protein expression results were inconclusive, mainly due to issues in 

obtaining primary antibodies reactive to mice. This downregulation of glycine conjugation is likely 

due to limited ATP supply in these mice that cannot provide the ATP required in these pathways 

(further discussed in Section 4.5, below). Since several other phase two biotransformation 

pathways are also ATP-dependent (discussed in Section 2.3.2), the question remains if these 

pathways would also be affected by the Ndufs4 KO. To determine if these changes are reflected 

in the remaining phase two biotransformation pathways, gene expression analyses was 

expanded to seven other phase two biotransformation pathways.  

4.4 Part 3: Phase two biotransformation: remaining conjugation pathways 

4.4.1 Introduction 

Phase two biotransformation consists of conjugation reactions resulting in metabolites with 

increased water solubility that can easily be excreted. The main types of phase two reactions 

include acetylation, amino acid conjugation, glucuronidation, glutathione conjugation, methylation 
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and sulfoconjugation. The enzymes that are mainly involved in these reactions are 

N-acetyltransferases (NATs), acyl-CoA synthetases, amino acid acyltransferases, 

UDP-glucuronosyltransferases (UGTs), glutathione S-transferases (GSTs), methyltransferases, 

and  sulfotransferases (SULTs) (Jancova et al., 2010).   

4.4.2 Gene expression of remaining conjugation pathways 

Literature review of phase two biotransformation pathways revealed involvement of the genes in 

the remaining phase two pathways. Next, this list was limited to include the genes present in the 

Ion AmpliSeq™ panel used for gene expression analysis, resulting in a final list of 117 genes that 

could be further investigated. Details of the genes identified from literature and included in the 

panel are available in Appendix F.   

PCA was performed on the log2 transformed RPM data. PCA is an unsupervised method that is 

used to reduce the dimension of datasets while maintaining as much of the statistical information 

as possible (Jolliffe & Cadima, 2016). Figure 4.9 shows the 2D PCA scores plots for selected 

phase two biotransformation genes of Ndufs4 KO and WT mice. Samples naturally grouped 

together in accordance with their genotype and the two genotypes showed good separation. PC1 

and PC2 respectively explained 82.7% and 5.7% of the variation, suggesting that the variation in 

gene expression data were mostly contributed by genotype-related variation. KO samples were 

more spread out than the WT samples, showcasing the higher levels of variation in the KO group.  
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Figure 4.9 2D scores plot of WT and KO mice liver samples with phase two 
biotransformation gene expression  

There was good separation between the two genotypes with PC1 accounting for most of the variation at 
82.7%. Abbreviations: two-dimensional (2D), knockout (KO), principal component (PC), wild-type (WT).  

 
 
The top 50 features according to effect sizes (d>0.8) and p-values (p<0.05) were identified. Fold 

changes and Benjamini-Hochberg FDR adjusted p-values were also calculated. Results are 

shown in Table 4.4 and Figure 4.10 to Figure 4.16. Genes that showed decreased expression in 

KO mice compared to WT mice, were found in all seven enzyme groups investigated. Several 

genes showed increased expression in KO mice compared to WT mice and included genes from 

the following enzyme groups: N-acetyltransferases, acyl-coenzyme A synthetases, amino acid 

acyltransferases, glutathione S-transferases, and sulfotransferases. The fold changes for genes 

that showed increased expression in KO mice ranged between 1.1 - 585.1. Fold changes for 

genes showing decreased expression in KO mice, ranged between -1.3 to -15.8. For the top 50 

features, p-values ranged between 5.08 x10-9 to 0.05, while Benjamini-Hochberg corrected 

p-values ranged between 5.94 x10-7 and 0.11. Effect size values were mostly very far from the 

cut-off value of 0.8/-0.8 and ranged between -0.86 and -4.85 for genes showing decreased 

expression in KO mice, and ranged between 0.94 and 11.78 for genes showing increased 

expression in KO samples.  
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Table 4.4 Details of top 50 genes identified by significant p-values and effect sizes 

Upregulated genes  

Gene Name of protein Enzyme group Fold-
change 
(FC) 

p-value FDR  Effect size 
D-value  

Gnpnat1 glucosamine 6-phosphate n-
acetyltransferase 

N-acetyltransferases 1.32 0.02 0.06 1.00 

Hgsnat heparan-alpha-glucosaminide n-

acetyltransferase 
N-acetyltransferases 2.08 4.04 x10-5 3.38 x10-4 3.79 

Acsl3 long-chain-fatty-acid-CoA ligase 3 acyl-CoA synthetases 2.64 0.03 0.08 1.77 

Acsm3 acyl-coenzyme A synthetase acsm3, 
mitochondrial 

acyl-CoA synthetases 1.73 0.03 0.07 1.93 

Dgat2 diacylglycerol o-acyltransferase 2 amino acid acyltransferases 1.37 0.05 0.11 1.10 

Gstt2 glutathione S-transferase theta-2 glutathione S-transferases 1.53 0.02 0.05 1.17 

Mgst3 microsomal glutathione S-
transferase 3 

glutathione S-transferases 2.92 3.00 x10-4 1.95 x10-3 3.10 

Chst2 carbohydrate sulfotransferase 2 sulfotransferases 1.82 0.05 0.11 1.26 

Gal3st1 galactosylceramide sulfotransferase sulfotransferases 1.75 1.90 x10-3 8.55 x10-3 1.60 

Ndst1 bifunctional heparan sulfate n-
deacetylase/n-sulfotransferase 1 

sulfotransferases 1.67 0.02 0.05 1.64 

Ndst2 bifunctional heparan sulfate n-
deacetylase/n-sulfotransferase 2 

sulfotransferases 1.21 0.03 0.07 1.12 

Sult1a1 sulfotransferase 1a1 sulfotransferases 2.05 7.00 x10-4 4.10 x10-3 2.67 

Sult1c2 sulfotransferase 1c2 sulfotransferases 5.10 3.22 x10-6 7.53 x10-5 5.22 

Sult1d1 sulfotransferase 1 family member d1 sulfotransferases 2.73 1.12 x10-5 1.46 x10-4 4.03 

Sult1e1 sulfotransferase 1e1 sulfotransferases 10.44 1.98 x10-6 5.79 x10-5 4.57 

Sult2a1 sulfotransferase 2a1 sulfotransferases 288.90 1.66 x10-8 9.71 x10-7 8.35 

Sult2a2 bile salt sulfotransferase 2 sulfotransferases 585.05 5.08 x10-9 5.94 x10-7 11.78 
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Upregulated genes  

Sult2a3 sulfotransferase sulfotransferases 19.12 1.26 x10-6 4.91 x10-5 4.26 

Sult2a4 sulfotransferase sulfotransferases 4.06 7.87 x10-6 1.28 x10-4 3.61 

Sult2a5 sulfotransferase sulfotransferases 27.80 4.72 x10-6 9.20 x10-5 3.84 

Sult2a6 sulfotransferase sulfotransferases 1.11 0.04 0.10 0.94 

Sult3a1 amine sulfotransferase sulfotransferases 3.15 9.40 x10-3 0.03 1.18 

 

       

Downregulated genes 

Gene Name of protein Enzyme group Fold-
change 
(FC) 

p-value FDR  Effect size  

Nat8 n-acetyltransferase 8 N-acetyltransferases -1.59 0.01 0.04 -1.03 

Nat8f2 n-acetyltransferase family 8 member 

2 
N-acetyltransferases -5.06 1.68 x10-5 1.97 x10-4 -3.84 

Natd1 protein natd1 N-acetyltransferases -1.38 1.60 x10-3 8.14 x10-3 -2.47 

Acsl1 long-chain-fatty-acid-CoA ligase 1 acyl-CoA synthetases -1.60 0.01 0.05 -1.48 

Acsl6 long-chain-fatty-acid-CoA ligase 6 acyl-CoA synthetases -1.45 5.90 x10-3 0.02 -1.54 

Acsm1 acyl-coenzyme A synthetase acsm1, 
mitochondrial 

acyl-CoA synthetases -2.07 5.44 x10-5 4.24 x10-4 -3.39 

Acsm2 acyl-coenzyme A synthetase acsm2, 
mitochondrial 

acyl-CoA synthetases -3.68 1.88 x10-5 2.00 x10-4 -3.19 

Acss2 acetyl-coenzyme A synthetase, 
cytoplasmic 

acyl-CoA synthetases -2.53 1.60 x10-3 8.14 x10-3 -2.23 

Glyat glycine n-acyltransferase amino acid acyltransferases -1.67 4.00 x10-4 2.46 x10-3 -2.39 

Mogat1 2-acylglycerol o-acyltransferase 1 amino acid acyltransferases -1.94 0.02 0.06 -2.16 

Mogat2 2-acylglycerol o-acyltransferase 2 amino acid acyltransferases -1.52 0.01 0.05 -1.65 

Ugt2b1 udp-glucuronosyltransferase glucuronosyltransferases -3.61 2.79 x10-5 2.72 x10-4 -4.40 
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Downregulated genes 

Ugt2b34 udp-glucuronosyltransferase glucuronosyltransferases -1.25 0.04 0.09 -1.15 

Ugt2b36 udp-glucuronosyltransferase glucuronosyltransferases -1.45 1.70 x10-3 8.29 x10-3 -2.04 

Ugt2b37 udp-glucuronosyltransferase glucuronosyltransferases -4.63 0.01 0.05 -1.77 

Ugt2b38 udp glucuronosyltransferase 2 

family, polypeptide b38 
glucuronosyltransferases -15.74 3.89 x10-5 3.38 x10-4 -4.85 

Ugt2b5 udp-glucuronosyltransferase 2b5 glucuronosyltransferases -2.41 8.77 x10-6 1.28 x10-4 -4.23 

Ugt3a1 udp-glucuronosyltransferase 3a1 glucuronosyltransferases -2.05 4.80 x10-3 0.02 -1.72 

Gsta3 glutathione S-transferase a3 glutathione s-transferases -1.50 0.02 0.05 -1.44 

Gstk1 glutathione S-transferase kappa 1 glutathione s-transferases -1.82 0.04 0.09 -1.87 

Gstm2 glutathione S-transferase mu 2 glutathione s-transferases -2.34 1.90 x10-3 8.55 x10-3 -2.90 

Gstm4 glutathione S-transferase mu 4 glutathione s-transferases -2.11 2.50 x10-3 0.01 -3.00 

Gstm6 glutathione S-transferase mu 6 glutathione s-transferases -2.01 4.30 x10-3 0.02 -1.55 

Mgst1 microsomal glutathione S-
transferase 1 

glutathione s-transferases -1.70 1.30 x10-3 7.24 x10-3 -2.41 

Comt catechol o-methyltransferase methyltransferases -2.99 3.00 x10-4 1.95 x10-3 -3.43 

Tpmt thiopurine s-methyltransferase methyltransferases -1.39 0.03 0.08 -1.02 

Hs3st6 heparan sulfate glucosamine 3-o-
sulfotransferase 6 

sulfotransferases -2.07 3.60 x10-3 0.02 -2.69 

Sult2a8 sulfotransferase sulfotransferases -2.50 0.01 0.04 -0.86 

Sult5a1 sulfotransferase sulfotransferases -7.71 1.00 x10-4 7.31 x10-4 -3.21 

This table shows the top 50 genes identified to be of statistical significance (p-val <0.05 and effect size >0.8). Fold changes, p-values, FDR values, and effect sizes 
are shown along with the names for the genes. Abbreviations: False detection rate corrected p-values (FDR).   
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Figure 4.10 Boxplots showing log2 reads per million values for N-acetyltransferases genes of KO and WT samples 
This figure shows the log2RPM values for five N-acetyltransferases that were statistically differentially expressed between WT and KO mice (effect size > 0.8 and 
p-value <0.05). Boxes represent the interquartile range, with the whiskers representing the first quartile and third quartile respectively. The median is represented by 
the line in the centre of the box. Dots represent the individual samples. Abbreviations: knockout (KO), reads per million (RPM), wild-type (WT).   
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Figure 4.11 Boxplots showing log2 reads per million values for acyl-CoA synthetase genes of KO and WT samples 
This figure shows the log2RPM values for seven acyl-CoA synthetases that were statistically differentially expressed between WT and KO mice (effect size > 0.8 and 
p-value <0.05). Boxes represent the interquartile range, with the whiskers representing the first quartile and third quartile respectively. The median is represented by 
the line in the centre of the box. Dots represent the individual samples. Abbreviations: knockout (KO), reads per million (RPM), wild-type (WT). 
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Figure 4.12 Boxplots showing log2 reads per million values for amino acid acyltransferase genes of KO and WT samples 
This figure shows the log2RPM values for four amino acid acyltransferases that were statistically differentially expressed between WT and KO mice (effect size > 0.8 
and p-value <0.05). Boxes represent the interquartile range, with the whiskers representing the first quartile and third quartile respectively. The median is represented 
by the line in the centre of the box. Dots represent the individual samples. Abbreviations: knockout (KO), reads per million (RPM), wild-type (WT).    
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Figure 4.13 Boxplots showing log2 reads per million values for UDP-glucuronosyltransferase genes of KO and WT samples 
This figure shows the log2RPM values for seven glucuronosyltransferases that were statistically differentially expressed between WT and KO mice (effect size > 0.8 
and p-value <0.05). Boxes represent the interquartile range, with the whiskers representing the first quartile and third quartile respectively. The median is represented 
by the line in the centre of the box. Dots represent the individual samples. Abbreviations: knockout (KO), reads per million (RPM), wild-type (WT).   
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Figure 4.14 Boxplots showing log2 reads per million values for glutathione S-transferase genes of KO and WT samples 
This figure shows the log2RPM values for eight glutathione S-transferases that were statistically differentially expressed between WT and KO mice (effect size > 0.8 
and p-value <0.05). Boxes represent the interquartile range, with the whiskers representing the first quartile and third quartile respectively. The median is represented 
by the line in the centre of the box. Dots represent the individual samples. Abbreviations: knockout (KO), reads per million (RPM), wild-type (WT).    
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Figure 4.15 Boxplots showing log2 reads per million values for methyltransferase genes of KO and WT samples  
This figure shows the log2RPM values for two methyltransferases that were statistically differentially expressed between WT and KO mice (effect size > 0.8 and 
p-value <0.05). Boxes represent the interquartile range, with the whiskers representing the first quartile and third quartile respectively. The median is represented by 
the line in the centre of the box. Dots represent the individual samples. Abbreviations: knockout (KO), reads per million (RPM), wild-type (WT).  
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Figure 4.16 Boxplots showing log2 reads per million values for sulfotransferases genes of KO and WT samples  
This figure shows the log2RPM values for 18 sulfotransferases that were statistically differentially expressed between WT and KO mice (effect size > 0.8 and p-value 
<0.05). Boxes represent the interquartile range, with the whiskers representing the first quartile and third quartile respectively. The median is represented by the line 
in the centre of the box. Dots represent the individual samples. Abbreviations: knockout (KO), reads per million (RPM), wild-type (WT).       
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Acetylation reactions are mediated by N-acetyltransferases (NATs) and five of these genes were 

identified in the top 50 features. Expression of three of these genes was downregulated, and 

includes Nat8f2, Nat8, and Natd1. The two genes that showed upregulated gene expression in 

Ndufs4 KO mice were Hgsnat and Gnpnat1. With only one more gene being downregulated than 

upregulated, a conclusive trend of gene expression of these genes in the Ndufs4 KO mice cannot 

be stated. Amino acid conjugation reactions are catalysed by an ATP-dependent acid:CoA 

synthetase and an acyl-CoA:amino acid N-acyltransferase. The 11 acyl-CoA synthetases and 

amino acid acyltransferases genes that were included in the list of top 50 features were: Acsl1, 

Acsl3, Acsl6, Acsm1, Acsm2, Acsm3, Acss2, Dgat2, Glyat, Mogat1, and Mogat2. Except for 

Acsl3, Acsm3, and Dgat, all genes showed decreased expression in the Ndufs4 KO mice 

compared to WT mice (p-values ranged from 1.88 x10-5 to 0.05). Glucuronidation reactions 

showed significant decreased gene expression in KO mice compared to WT mice, in all seven of 

the genes that were included in the list of top 50 genes (p-values ranged from 3.89 x10-5 to 0.04). 

These genes were: Ugt2b1, Ugt2b34, Ugt2b36, Ugt2b37, Ugt2b38, Ugt2b5, and Ugt3a1. 

Glutathione S-conjugation reactions are catalysed by glutathione S-transferases (GSTs). 

These genes predominantly showed significant downregulated gene expression in the Ndufs4 

KO mice compared to WT mice (p-values ranged from 3.00 x10-4 to 0.04). The genes that showed 

downregulated differential gene expression were: Gsta3, Gstk1, Gstm2, Gstm4, Gstm6, and 

Mgst1. The two upregulated genes were: Gstt2 and Mgst3. Methylation reactions are catalysed 

by methyltransferase enzymes. Only two methyltransferase genes were included in the top 50 

features and both had decreased gene expression in Ndufs4 KO mice. The two genes were Comt 

(p-value: 3 x10-4) and Tpmt (p-value: 0.03). Sulfoconjugation genes showed significant 

upregulated gene expression in Ndufs4 KO mice compared to WT mice (p-values ranged from 

5.08 x10-7 to 0.05). A total of 18 sulfoconjugation genes were identified in the top 50 features of 

which 15 were upregulated. The upregulated sulfoconjugation genes were: Chst2, Gal3st1, 

Ndst1, Ndst2, Sult1a1, Sult1c2, Sult1d1, Sult1e1, Sult2a1, Sult2a2, Sult2a3, Sult2a4, Sult2a5, 

Sult2a6, and Sult3a1. The three downregulated genes were Hs3st6, Sult2a8, and Sult5a1.  

4.4.3 Summary and conclusions 

Initial investigation of phase two biotransformation through the glycine conjugation pathway, 

revealed significant downregulation in transcriptomic and enzymatic data. To investigate if 

downregulation of remaining phase two biotransformation pathways were apparent in these 

energy deficient mice, the transcriptomics dataset was revisited to determine gene expression of 

seven phase two biotransformation pathways. Gene expression of genes coding for 

N-acetyltransferases, acyl-CoA synthetases, amino acid acyltransferases, 

glucuronosyltransferases, glutathione S-transferases, methyltransferases, and sulfotransferases 
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were analysed. 2D score PCA plots showed that samples naturally grouped with their genotypes. 

The first two principal components explained 88.4% of the variation which suggested that 

genotype-related variation was the largest contributor to variation in gene expression data. The 

top 50 significantly differentially expressed (d>0.8 and p<0.05) genes were identified. 

As expected, most of the phase two biotransformation pathways were downregulated, possibly 

as a mechanism for these energy deficient mice to preserve energy for more crucial processes. 

An unexpected finding was that sulfotransferases that were substantially upregulated. As a 

summary, Table 4.5 shows the trends that the different phase two enzymes underwent in the 

Ndufs4 KO mice.  

Table 4.5 Gene expression trends of different groups of phase two biotransformation 

genes in Ndufs4 KO mice 

Phase two 
biotransformation 

reactions 

Group of enzymes Cellular 
localisation77,78 

Trend of 
change 

Acetylation N-acetyltransferases Mitochondria - 

Amino acid 
conjugation 

acyl-CoA synthetases Mitochondria, 
cytosol, 

microsomes 

 

amino acid 

acyltransferases 

Glucuronidation glucuronosyltransferases Microsomes  

Glutathione S-
conjugation 

glutathione S-
transferases 

Cytoplasm, 
microsomes, 
mitochondria, 

nuclei 

 

Methylation methyltransferases Cytosol, 
microsomes 

 

Sulfoconjugation sulfotransferases Mitochondria, 
cytosol 

 

Most of the groups of phase two biotransformation genes underwent downregulation in Ndufs4 KO mice, 
the exception being sulfotransferases that had an overwhelming majority of genes that were upregulated. 
N-acetyltransferases had a similar number of genes that were up and downregulated, so no conclusive 
statement can be made about the trend of change in KO mice.  

 

77 (Penner et al., 2012) 
78 (Sevior et al., 2012) 
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4.5 Part 4: Summative discussion in context of research questions 

4.5.1 Introduction 

The following section entails discussion and biological interpretation of the results obtained during 

this study.  

Leigh syndrome is a progressive neurodegenerative disorder and the most common disorder of 

the OXPHOS system in children. As NDUFS4 is a subunit of mitochondrial CI of which defects 

result in Leigh syndrome, a whole body Ndufs4 knockout mouse model has been of great value 

to investigate the pathology of Leigh syndrome and mitochondrial CI deficiency in general. These 

studies cover a plethora of life-sustaining processes related to the mitochondrion, but significantly 

less so for biotransformation (Chen et al., 2002; McBride et al., 2006; Penner et al., 2012; Sevior 

et al., 2012). Biotransformation is mostly known for its role in metabolising xenobiotic compounds 

to water-soluble compounds that can be excreted in the urine and bile before they accumulate to 

toxic levels in the body (Dancygier, 2010; Sevior et al., 2012). Biotransformation is divided into 

two phases and each phase has its own set of enzymes. Beyond its role in detoxification of 

xenobiotics, phase two enzymes play a crucial role in binding, transporting and inactivation of 

endogenous compounds like hormones and bile acids, which ultimately contribute to homeostasis 

(Testa, 2008). The aim of this study was to investigate differential expression of genes that are 

involved in phase two biotransformation in an Ndufs4 KO mouse model. The first research 

question asked whether glycine conjugation, a primary pathway of phase two biotransformation, 

is differentially expressed in Ndufs4 KO mice compared to WT mice. 

4.5.2  Assessment of the glycine conjugation pathway as a first step toward 

investigation of phase two biotransformation in Ndufs4 KO mice  

Glycine conjugation is part of amino acid conjugation reactions as discussed in Section 2.3.4. It 

requires ACSM2 and GLYAT enzymes to conjugate glycine to endogenous and exogenous 

compounds (Rohwer et al., 2021). Transcriptomic and enzyme activity analysis revealed 

downregulation of the glycine conjugation pathway in Ndufs4 KO mice compared to WT mice. 

Acsm2 and Glyat genes had decreased expression and the GLYAT protein had reduced 

enzymatic activity in the Ndufs4 KO mice compared to WT mice. As discussed in Section 2.3.4, 

several factors can influence glycine conjugation in humans including, the availability of CoA, 

glycine and ATP, and the differential expression of ACSM2 (Badenhorst et al., 2014; Rohwer et 

al., 2021). Acsm2 underwent significant downregulation in the Ndufs4 KO mice with fold changes 

of -3.68, a p-value of 1.88 x10-5, and effect size of -3.19. Furthermore, Acsm2 expression was 

barely detected in KO mice. The limited ATP in these mice is a possible contributing factor to the 
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downregulation of the glycine conjugation pathway through activating retrograde signalling 

pathways. Mitochondria are connected to the nucleus through retrograde signalling, which 

enables cells to regulate changes in gene expression in response to its physical state (Kleine & 

Leister, 2016; Trendeleva & Zvyagilskaya, 2018). In mammals, the exact mechanisms for these 

signalling pathways are not well understood but changes in metabolism can activate specialised 

transcription factors to elicit changes in gene expression (van der Knaap & Verrijzer, 2016). 

Molecules like ATP and ADP; as well as NAD+ and NADH are known to function as molecular 

signals to retrograde signalling pathways (Bohovych & Khalimonchuk, 2016; Cardamone et al., 

2018). Increased NAD+ levels, for example, correlate with increased SIRT1 mediated 

deacetylation and activation of PCG-1, which in turn coactivates a set to transcription factors to 

promote glyconeogenesis (Houtkooper et al., 2010). Downregulation of Acsm2 could further 

potentially explain the downregulation seen in Glyat as well, because less CoA-thioester 

intermediates would form as a result of the downregulation of Acsm2. Less CoA-thioester 

intermediates are then available for conjugation with glycine, which in turn could result in less 

GLYAT enzymes required in this pathway.  

Thus, in answer to the first research question, glycine conjugation was found to be significantly 

downregulated in Ndufs4 KO mice. To further address the aim, the investigation was expanded 

to the second research question that asked whether the changes seen in glycine conjugation was 

also reflected in remaining phase two biotransformation genes. 

4.5.3 Expanded investigation of phase two biotransformation genes in Ndufs4 KO mice 

compared to WT mice  

Literature was consulted to determine the remaining phase two biotransformation enzymes and 

corresponding genes. The identified genes were cross-referenced with the genes analysed in the 

Ion AmpliSeq™ panel and resulted in a list of 117 genes to investigate. The list of genes is shown 

in Appendix F and consisted of genes from the following enzyme groups: N-acetyltransferases, 

acyl-CoA synthetases, amino acid acyltransferases, glucuronosyltransferases, glutathione 

S-transferases, methyltransferases and sulfotransferases. Figure 4.17 shows an overview of the 

differential gene expression of the top 50 genes through log2 fold changes.  
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Figure 4.17 Log2 fold changes for top 50 genes in liver samples   
|Log2 fold change| ≥ 1 is equivalent to a fold change of ≥2. Log2 values of the fold change was calculated 
so that a fold change will have the same distance to the zero baseline regardless of whether it is up or 
downregulated. Different colours represent the seven main conjugation pathways investigated. 
 

Downregulation of phase two biotransformation 

Acetylation reactions are mediated by NATs where they catalyse the transfer of an acetyl group 

from acetyl-CoA to the free amino group of the substrate. The function of NATs in endogenous 

metabolism is still unclear (Boukouvala & Fakis, 2005; Jancova et al., 2010). The two forms of 

NAT known in humans are NAT1 and NAT2 (Jancova et al., 2010). Murine NAT2 is the functional 

homologue of human NAT1 and is found in a variety of tissues. Substrates for human NAT include 

p-aminobenzoic acid, p-aminosalicylic acid and p-aminobenzylglutamate. NAT1 on the other 

hand is only found in the liver and intestine. Human NAT2 is responsible for detoxification of 

isoniazid, hydralazine and sulphonamides (Boukouvala & Fakis, 2005). Almost equal amounts of 

Nat genes were upregulated and downregulated, making a conclusive statement on the regulation 

of this group of enzymes challenging. Current knowledge does not indicate a significant role for 

NATs in metabolism of endogenous compounds. They rather play a role in biotransformation of 

drugs and carcinogens (Tsirka et al., 2018). Ndufs4 KO mice used in this study were not subject 

to treatment of any kind and therefore did not need to metabolise any drugs, which could possibly 

explain the few genes that were downregulated. 

As described in Section 2.3.3, amino acid conjugation consists of two mitochondrially located 

enzymatic processes which are catalysed by an ATP-dependent acid:CoA synthetase and an 
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acyl-CoA:amino acid N-acyltransferase (Knights et al., 2007). The first reaction relies on CoA and 

ATP when a high-energy CoA thioester intermediate is formed. The second reaction involves 

transfer of the acyl group to the amino group. It can be expected that a mouse model of ATP 

deficiency would display downregulation of a pathway that is dependent on ATP. Acyl-CoA 

synthetases and amino acid acyltransferases were investigated as part of amino acid conjugation. 

Most genes involved in this pathway showed significant downregulation in KO mice compared to 

WT mice. As with the glycine conjugation pathway, limited availability of ATP can target retrograde 

signalling pathways, to initiate adaptive gene regulation and explain why these genes are 

downregulated in Ndufs4 KO mice.  

Glucuronidation is considered the most important phase two detoxification pathway in 

vertebrates (Jancova et al., 2010; Ritter, 2000). They are catalysed by UGTs localized in the 

endoplasmic reticulum. These reactions require a cofactor, uridine-5’-diphospho-α-D-glucuronic 

acid (UDPGA), to provide the glucuronic group that is transferred to a substrate that contains 

oxygen, nitrogen, sulfur or carboxyl functional groups (Testa, 2008; Yang et al., 2017). Enzymes 

of this pathway are not only crucial to the detoxification of drugs, carcinogens and environmental 

chemicals, but are also involved in the metabolism of endogenous compound including bile acids, 

fatty acids, thyroid hormones, bilirubin, fat-soluble vitamins, and hydroxysteroids (Jancova et al., 

2010; Jančová & Šiller, 2012; Rowland et al., 2013). Metabolism of these endogenous 

compounds by UGTs is important to regulate their involvement in cell growth and differentiation. 

Some of the substances of glucuronidation can also undergo sulfoconjugation by SULTs (Ouzzine 

et al., 2014). Metabolites that have undergone glucuronidation mostly have reduced biological 

activity in comparison to the parent compound (Allain et al., 2020). Glucuronidation reactions 

require efflux transporters on the cell surface which in turn can affect the formation rate by 

controlling the efflux of glucuronides from the cells (Yang et al., 2017).  In humans, expression of 

UGTs are regulated by a number of factors including, epigenetic regulation of chromatin structure, 

transcription factors especially HNF1α in liver and other ligand-activated transcription factors, and 

steroid hormones (Rowland et al., 2013). Transcriptomic analysis revealed that all seven of the 

differentially expressed glucuronidation genes were significantly downregulated in Ndufs4 KO 

mice compared to WT mice. These genes were predominantly from the UGT2b subfamily. In 

mice, UGT2B and UGT3A subfamilies are mainly expressed in the liver and intestine (Kurita et 

al., 2017). Disturbed expression of UGTs can influence the response of cells to endogenous and 

exogenous factors, as well as progression in common malignancies (Allain et al., 2020). One 

potential explanation of the downregulation of this pathway is that these mice are not exposed to 

many environmental chemicals or drugs. They live in sterile and controlled conditions in a vivarium 

and are therefore possibly not that reliant on biotransformation reactions to detoxify exogenous 

compounds. A second explanation is that during synthesis of the cofactor, UDPGA, NAD+ is 
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required but insufficient (see Figure 2.5). In this case, production of UDPGA would be hindered 

by the NAD+-dependent UDPG dehydrogenase, resulting in insufficient UDPGA for 

glucuronidation and ultimately causing downregulation of this pathway. CI is responsible for 

oxidation of NADH to NAD+. It is proposed that the deficient CI activity in these mice results in an 

NADH:NAD+ ratio that is disturbed to the left, since the NADH produced in the TCA cycle cannot 

be oxidised to NAD+ by CI. This redox imbalance is thought to affect several enzymes that are 

dependent on NAD+. Moreover, it is now also well documented, notably from recent metabolomics 

studies (Esterhuizen et al., 2017), that the redox state is significantly impacted by CI deficiency. 

These alterations in NAD+/NADH levels are able to target retrograde signalling pathways which 

can alter gene expression, as explained in Section 4.5.2.  

Glutathione S-conjugation reactions (shown in Figure 2.6), which are catalysed by GSTs, 

protect cellular macromolecules from reactive electrophiles by conjugating GSH to endogenous 

and exogenous electrophilic compounds (Townsend & Tew, 2003). Some endogenous 

compounds like prostaglandins and steroids are metabolized via this pathway (Van Bladeren, 

2000). It can provide some defence against oxidative stress and might be involved in the 

metabolism of arachidonic acid and steroid derivatives (Jančová & Šiller, 2012). Furthermore, it 

is the first step in the mercapturic acid pathway that is also involved in the elimination of toxic 

compounds (Townsend & Tew, 2003). Glutathione S-conjugates are more often excreted in bile 

than urine, due to their large size and amphipathic characteristics (Cooper & Hanigan, 2018). 

Transcriptomic analysis of this pathway revealed that most genes are downregulated, especially 

those of the mu family.   

One reason to why expression of glutathione S-conjugation genes is reduced in Ndufs4 KO mice, 

is possibly provided by the synthesis of the cofactor, GSH, which requires ATP. GSHs are 

tripeptides that bind to endogenous compounds to regulate their activity and facilitate transport 

over membranes. GSHs are also responsible for maintenance of the cellular redox state and 

transport of cysteine. They are  also a cofactor in some enzymatic reactions (Cooper & Hanigan, 

2018). GSHs further ensure the maintenance of protein structure. They regulate protein synthesis 

and degradation, and protect against oxidative damage (Wang & Ballatori, 1998). Homeostasis 

of GSH is maintained through two processes: recycling from oxidised glutathione (GSSG) and 

synthesis through the glutamyl cycle. Recycling of GSH consists of an oxidation-reduction 

pathway. In this pathway, GSH is oxidised to GSSH through GSH peroxidase and requires H2O2. 

GSSG can then be reduced to GSH through glutathione reductase and NADPH as a cofactor. 

GSHs are synthesised in the cytosol of almost all cells through an ATP-dependent two-step 

reaction. The two reactions are shown in Figure 4.18. The first reaction, which is also the rate 

limiting step, is mediated by glutamate cysteine ligase where L-glutamate and L-cysteine 
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combines to form γ-glutamyl-L-cysteine. In the second step which also requires ATP, glycine 

combines with γ-glutamyl-L-cysteine and under mediation of GSH synthetase forms GSH (Lu, 

2009). ATP supply is a limiting factor in the synthesis of GSH (Aquilano et al., 2014).  If the limited 

ATP in these mice results in decreased production of GSH, this can once again limit a phase two 

biotransformation pathway by limiting the available GSH for glutathione S-conjugation reactions. 

Although, this hypothesis is challenged by studies that measured total cellular glutathione content 

in patient fibroblasts with NDUFS4 mutations (Verkaart et al., 2007) and skin fibroblasts of 

patients with nuclear-inherited isolated CI deficiency (Iuso et al., 2006), without finding any 

significant decrease. In contrast, perturbed glutathione metabolism was seen in 

neurodegeneration-prone brain regions of Ndufs4 KO mice (Coetzer, 2020). Perturbed GSH 

concentrations are also seen in neurodegenerative diseases (Liu et al., 2004). GSH also serves 

as an antioxidant and is under normal physiological conditions present in concentrations 10-100 

folds higher than the oxidised species (Aquilano et al., 2014). The redox ratio between GSH and 

GSSG serves as an indicator of the redox environment. The redox state of GSH:GSSG is 

disturbed to the right under conditions of oxidative stress, which could serve as another 

explanation of how reduced levels of GSH could contribute to downregulation of glutathione S-

conjugation pathways. (Zitka et al., 2012).  

 

Figure 4.18 Synthesis of GSH requires ATP  

Synthesis of GSH is a two-step reaction that requires two moles of ATP per mole of GSH. The first reaction 
is mediated by glutamate cysteine ligase and the second reaction by GSH synthase. Abbreviations: 
adenosine diphosphate (ADP), adenosine triphosphate (ATP), glutathione (GSH).  
 

Methylation reactions are mediated by methyltransferase enzymes that are classified into three 

groups according to the position of the substrate: O-, S-, and N-methyltransferases. A scheme of 

a typical methylation reaction is shown in Figure 2.7. These enzymes rely on 

S-adenosyl-L-methionine (SAM) to provide a methyl group to the reaction. The two 

methyltransferase genes identified to be differentially expressed in Ndufs4 KO mice were Comt 

and Tpmt. Both genes showed decreased expression in Ndufs4 KO mice compared to WT mice.  

The limited supply of ATP in these mice could once again result in limited production of a cofactor 

in a phase two biotransformation pathway, resulting in downregulation of the pathway.  In this 

case, synthesis of the cofactor for methylation reactions, SAM, is dependent on ATP (see Figure 

2.7). SAM, relies on the methionine cycle for its formation from methionine through methionine 

adenosyltransferase (Mentch & Locasale, 2016). This cofactor is also involved in the one-carbon 
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metabolism that has recently been found to be perturbed in the brain of these mice (Coetzer, 

2020). Considering that there is currently no known use for TPMT for endogenous metabolism, 

and as discussed previously that these mice did not receive any drugs, downregulation of Tpmt 

might be because there is not any use for it in these mice.  

Upregulation of phase two biotransformation 

Substantial upregulation of sulfoconjugation pathway genes were demonstrated in Ndufs4 KO 

mice. Of the 18 Sult genes that were included in the list of top 50 differentially expressed genes, 

15 were upregulated. Of the upregulated Sults, Sult2a1, Sult2a2, Sult2a3, Sult2a5, and Sult1e1 

had very high fold changes, ranging from 10.44 to 585.05. Expression of mice Sult2a genes are 

dependent of age and sex. In adult mice for example, they are expressed in a strong 

female-specific manner (Kocarek et al., 2008). This is supported in the current study where only 

males were used and Sult2a1-Sult2a5 showed almost non-existing expression in the WT mice.  

One of the factors possibly contributing to the upregulation of Sults is the activation of CAR, a 

nuclear receptor that is activated by stress. Through regulation of Ugts and Sults, CAR maintains 

hormone homeostasis (Chai et al., 2016).  Balyan et al. (2019) reported that male 

Sprague-Dawley rats placed under repeated restrain stress had upregulated Sult1a1 in liver and 

several other tissues. CAR is known to increase SULT1A1, SULT2A1 and other SULTS’ 

expression, although this could be sex-specific (Alnouti & Klaassen, 2008; Mueller et al., 2015; 

Saini et al., 2004). Stress furthermore causes a release of a gluccocorticoid, corticosterone, which 

has also been shown to enhance genetic expression of Sult1a1 in rat hepatic cells (Fang et al., 

2003). Considering that dysfunctional mitochondria have been implicated in increased stress, it 

is possible that this stress contributes to the upregulation of Sults in the Ndufs4 KO mice 

(Emmerzaal et al., 2020; Morava & Kozicz, 2013). The mechanism by which physical stress can 

result in upregulation of Sults, more specifically Sult2a1, could further be illustrated by 

examination of one of its pathways. Dehydroepiandrosterone (DHEA), a precursor for 

testosterone and estrone, can undergo sulfoconjugation to form its inactive form, 

dehydroepiandrosterone 3-sulfate (DHEA-S) through the action of SULT2A1 (see Figure 4.19). 

The reverse reaction is mediated by a steroid sulfatase. Opstad (1992) investigated regulation of 

androgenic steroids of male cadets undergoing continuous physical military operations for several 

days. It was shown that prolonged physical stress in combination with energy and sleep 

deprivation can alter serum levels of DHEA and DHEA-S and attributed this to an increase in 

sulfotransferase activity and/or reduced activity of steroid sulfatase. Furthermore, DHEA and 

DHEA-S act as ligands for many nuclear receptors, including CAR, pregnane X receptors and 

PPARα (Prough et al., 2016). Thus, physical stress and energy depravation could potentially 

result in activation of CAR which in turn causes upregulation of expression of many 
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sulfotransferase genes, including Sult2a1. The increased conjugation of these androsterones 

might serve as a way to increase the levels of testosterone and estrone in other tissues by 

transporting the sulphated form (which is more soluble) from the liver to the relative tissues. 

 

Figure 4.19 Possible mechanism for upregulation of Sult2a1 
Energy deprivation and physical stress can activate CAR to increase expression of Sult2a1. Abbreviations: 
constitutive androstane receptor (CAR), dehydroepiandrosterone (DHEA), dehydroepiandrosterone 
3-sulfate (DHEA-S). 
 

The three downregulated sulfotransferases genes, Hs3st6, Sult2a8, and Sult5a1, had significant 

fold changes ranging from -2.07 to 7.71. The recently identified SULT2A8 is suggested to be a 

major bile acid metabolising enzyme in mice (Wang et al., 2021). Metabolism of bile acids is an 

important process as the detergent-like properties of bile acids can disrupt plasma and 

mitochondrial membrane lipids at high concentrations. Furthermore, accumulation of bile acids in 

humans can lead to a liver disease known as cholestasis where the flow of bile from the liver is 

blocked (Kamath et al., 2020). Disturbed energy metabolism has been implicated in cholestasis. 

Accumulation of bile acids can affect mitochondria by hampering activities of the enzyme 

complexes, affecting mitochondrial membrane potential and ATP levels (Arduini et al., 2012). 

Another notable effect of long term cholestasis is depletion of GSH in liver mitochondria due to 

down regulation of GSH synthetic enzymes (Serviddio et al., 2004), serving as another factor that 

might contribute to downregulation of glutathione S-transferases as discussed in the biological 

interpretation of glutathione S-conjugation. Interestingly, the cofactor, PAPS, is synthesised from 

ATP and requires another ATP molecule during the second step of its synthesis (see Figure 2.8). 

Limited ATP in these mice might contribute enough to limit the expression of these three SULT 

genes, but not the majority of it.  

4.5.4 Summary and conclusions  

As could be expected, most of the phase two biotransformation pathways were downregulated in 

Ndufs4 KO mice. In a mouse model where there is limited ATP supply, energy must be conserved 

for critical and life-supporting processes. Although biotransformation reactions are very important, 
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it seems that these reactions are not prioritised in Ndusf4 KO mice. Downregulation of gene 

expression might be a mechanism to preserve energy that would otherwise be required to 

produce cofactors. Alternatively, it might be a consequence of the redox imbalance resulting in 

decreased levels of NAD+ which affect gene regulation, thereby inhibiting some of the 

biotransformation pathways in which it is involved. Several cofactor synthesis requires NAD+ or 

ATP which is known to be limited in these mice. Furthermore, these mice live in sterile, controlled 

conditions and do not receive any treatment for their condition. Biotransformation reactions are 

especially important for the metabolism of exogenous and xenobiotic compounds. It might be that 

these mice simply downregulate the protein expression of biotransformation enzymes because 

they do not require its use that often and they would rather allocate resources to more essential 

processes. 

An unexpected result of this study was sulfoconjugation genes that were highly upregulated. 

SULTs are involved in the metabolism of a large range of endogenous compounds including 

steroids, hormones, and neurotransmitters, which upon sulfoconjugation become either activated 

or lose their activity. A major factor contributing to the upregulation of these genes, might be 

increased stress as a result of mitochondrial dysfunction. 

Overall, the data strongly suggests that phase two biotransformation pathways are highly affected 

by mitochondrial dysfunction.  
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CHAPTER 5 SUMMARY AND CONCLUSIONS 

5.1 Introduction 

Mitochondria are at the centre of a multitude of cellular processes. Inside the inner mitochondrial 

membrane lies the OXPHOS system where most of the cell’s energy is produced. Disruption of 

the OXPHOS system will inevitably have numerous downstream effects, for example patients with 

Leigh syndrome present with failure to thrive, psychomotor retardation and eventual death (Budde 

et al., 2003; Cooper et al., 2006). Biotransformation is an essential process responsible for 

metabolism of endogenous and xenobiotic compounds either by metabolising a parent compound 

to its active form or by excreting the compound before it accumulates to toxic levels. Several 

biotransformation reactions are directly or indirectly dependent on cofactors which are affected in 

mitochondrial disease,  like ATP and NAD+. Some of these reactions are also localised in the 

mitochondrion. Biotransformation of drugs can vary greatly between individuals and knowing how 

a patient will metabolise a certain drug, can aid in giving them the correct dose and treatment. 

The downstream effects of a mitochondrial disorder on biotransformation are still unclear. 

Knowledge of the capacity of these patients to perform biotransformation reactions, will not only 

provide researchers with insight into the disease mechanism and the toxicity potential of 

endogenous and xenobiotic compounds, but could potentially aid in developing effective 

treatment. Currently there are no approved curative medications or treatment for treating inherited 

mitochondrial disease. Therapeutic strategies focus on improving quality of life and mitigating 

symptoms (Gerards et al., 2016). Drug treatments mostly include compounds known for their 

antioxidant properties or cofactors of the OXPHOS system like coenzyme Q10, biotin, riboflavin, 

vitamins, and L-carnitine (Baertling et al., 2014). Development of drugs for mitochondrial disease 

is an ongoing process with some relatively new compounds like, EPI-743, and SonlicromanolTM 

(previously known as KH176) which is currently in phase two clinical trials, showing promising 

preliminary results (Enns et al., 2012; Jiang et al., 2021). This gap in knowledge prompted the 

current investigation which studied the effect of mitochondrial disease on biotransformation by 

analysing the expression of genes involved in biotransformation reactions in a mitochondrial 

disease mouse model. Phase two biotransformation, more specifically glycine conjugation, was 

selected as a starting point for this investigation before expanding to other phase two 

biotransformation pathways.  

The aim for this study therefore was to investigate differential expression of genes involved in 

phase two biotransformation in an Ndufs4 knockout mouse model. 

Two research questions were set as guidelines to address this aim.  
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1. Is glycine conjugation differentially expressed in KO mice compared to WT mice, as an initial 

investigation of a simple phase two biotransformation pathway? 

2. Are changes in glycine conjugation expression, if any, also reflected in the remaining phase 

two biotransformation enzymes genes? 

Answers to these questions were sought through the completion of five objectives. The first 

objective was to characterise and select Ndufs4 KO and WT mice. The second objective was to 

investigate the differential gene expression of glycine conjugation in KO compared to WT mouse 

liver samples using a targeted transcriptomics approach. The differential expression of glycine 

conjugation was validated on protein level for the third objective. For the fourth objective, the 

remaining enzymes and corresponding genes involved in phase two biotransformation were 

identified from literature. The fifth and final objective was to revisit the transcriptomics dataset to 

investigate the differential expression of genes involved in phase two biotransformation.  

5.2 Research question one answered: The expression of genes involved in glycine 

conjugation is downregulated in KO mice compared to WT mice. 

Characterisation and selection of samples, as well as investigation and validation of differential 

gene expression of glycine conjugation were successfully completed. Methods employed are 

described in Chapter 3 and results are fully discussed in Sections 4.2 and 4.3. As expected, 

Ndufs4 KO mice displayed significantly decreased CI activity in comparison to WT mice (27% CI 

activity compared to WT mice). The decreased activity in KO mice confirmed the effect of deletion 

of exon 2 and along with confirmation of genotypes served as validation of this mouse model. 

High quality RNA was successfully isolated, transcribed to cDNA and then sequenced using the 

Ion AmpliSeq™ Transcriptome Mouse Gene Expression Panel kit as described in Sections 3.4 

and 3.5, while results are presented in Sections 4.2.3, 4.2.4 and 4.3.2. Gene expression analysis 

of Acsm2 and Glyat indicated significant downregulation of the enzymes involved in the glycine 

conjugation pathway in KO mice compared to WT mice. In fact, Acsm2 showed barely detectable 

expression in KO mice which correlated with a fold change of ~-3.6. Glyat was still expressed, 

but significantly less and correlated to a fold change of ~-1.6. Downregulation of these genes is 

possibly due to the reduced production of ATP in KO mice, which targets retrograde signalling to 

initiate adaptive gene regulation (discussed in Section 5.4). Reduced formation of CoA thioesters 

could further reduce expression of Glyat as less GLYAT enzymes are required to catalyse 

reactions with CoA thioesters. Downregulation of glycine conjugation was successfully validated 

on enzymatic level as described in Sections 4.3.3 and 4.3.4. To verify if the changes seen in gene 

expression translated to protein level, gene expression data was verified with SDS-PAGE and 

western blots. The inconclusive results obtained are mostly attributed to the use of a GLYAT 
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primary antibody reactive to rat and not mouse, which could not be obtained from South-African 

distributors. However, enzyme activity of GLYAT in Ndufs4 KO samples was significantly 

decreased by exhibiting ~50% residual activity of GLYAT compared to WT mice and served as a 

sufficient confirmation of gene expression data.   

Completion of the first three objectives effectively answered the first research question. It can now 

be concluded from this investigation that glycine conjugation, as a simple and mitochondrially 

located pathway of phase two biotransformation, is significantly affected and decreased in a 

mouse model of mitochondrial deficiency.  

5.3 Research question two answered: The expression of the remaining genes involved 

in phase two biotransformation is largely downregulated in KO mice compared to 

WT mice, with the exception of sulfoconjugation pathways.  

The remaining phase two biotransformation pathways investigated included: N-acetylation, amino 

acid conjugation (enzymes are divided into acyl-CoA synthetases and amino acid acyl 

transferases), glucuronidation, glutathione S-conjugation, methylation, and sulfoconjugation. A 

list of genes to be involved in these pathways were identified after a comprehensive review of 

literature. This list was filtered to 117 genes that were included in the Ion AmpliSeq™ panel used 

for gene expression analysis. Expression of genes from these pathways was predominantly 

decreased in the KO mice compared to the WT mice and were contributed by all seven pathways 

investigated. Fold changes of expression for these genes ranged between ~-1 to -16. Genes that 

showed increased expression in KO mice compared to WT mice were predominantly contributed 

by sulfotransferases. The fold changes of expression for genes with increased expression ranged 

between ~1 and 580.  Further interpretation of these results is discussed in Section 5.4 below.  

The list of genes identified could effectively be used to determine the differential expression of 

the remaining phase two biotransformation genes. Therefore, objectives 4 and 5 were 

successfully completed.  

5.4 Decreased ATP levels, redox imbalance and stress implicated in altered expression 

of phase two biotransformation genes 

Phase two biotransformation genes were expected to show downregulation in Ndufs4 KO mice 

as a means to conserve energy. For most phase two biotransformation reactions, this belief held 

true. 

Most of the mitochondrial proteome is encoded by nuclear genes and is therefore regulated by 

nuclear transcription factors, which is critical to mitochondrial homeostasis (Cardamone et al., 
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2018). As discussed in Section 2.4, transcription factors like NRs are activated by hormones, fatty 

acids, bile acids, and cholesterol derivatives that can act as ligand-inducible transcription factors. 

Binding of these compound to transcription factors can explain how they are able to alter gene 

expression. Mitochondrial retrograde signalling is a signalling pathway that connects mitochondria 

and the nucleus, through which cells can regulate changes in gene expression and metabolic 

reprogramming in response to their physiological state (Kleine & Leister, 2016; Trendeleva & 

Zvyagilskaya, 2018). However the exact mechanisms of these retrograde signalling pathways are 

not well understood in mammals (Cardamone et al., 2018). Some of the molecular signals for 

retrograde signalling produced by mitochondria that are of importance in this study include, ATP 

and ADP; GSH and GSSG; as well as NAD+ and NADH (Bohovych & Khalimonchuk, 2016).  

A few possible reasons for the downregulation of biotransformation in Ndufs4 KO mice were 

identified. Firstly, it is believed that the limited supply of energy in these mice would be conserved 

for life-sustaining processes and therefore limit several biotransformation reactions. 

Biotransformation pathways are especially involved in the metabolism of drugs and environmental 

chemicals. Some of these pathways (N-acetylation for example) currently do not have any 

identified role in liver metabolism for endogenous compounds. These mice are bred and housed 

in sterile and controlled conditions and do not receive any treatment. This could mean that they 

are less reliant on biotransformation reactions to metabolise drugs, so it is an easy pathway to 

downregulate if they are trying to conserve energy. Secondly, it is believed that the limited supply 

of ATP would hamper the reactions that require ATP and that it may affect retrograde signalling 

to the nucleus and initiate adaptive gene regulation. Some of the phase two biotransformation 

pathways, glycine conjugation for example, are dependent on ATP. In other pathways like 

glutathione S-conjugation and methylation, synthesis of cofactors GSH and SAM are dependent 

on ATP. Depletion of intracellular ATP due to mitochondrial damage leads to increased 

intracellular concentrations of AMP or its derivative, adenosine. Binding of adenosine to 

adenosine monophosphate-activated protein kinase (AMPK) complex in conjugation with another 

regulator protein kinase, LKB1, promotes activation of AMPK. One of the consequences of 

activation of AMPK includes inhibition of ATP-dependent biosynthetic pathways as a mechanism 

to prevent wasteful use of cellular ATP (Bohovych & Khalimonchuk, 2016).  Ndufs4 KO mice 

already have difficulty to produce ATP which could deplete the intracellular pools of ATP. In turn 

this can activate these retrograde signalling pathways and explain the inhibition of 

ATP-dependent pathways like glycine conjugation and glutathione S-conjugation. Thirdly, it is 

thought that the redox imbalance present in Ndufs4 KO mice, reduces the levels of cofactors that 

are required in some of the pathways and subsequently, via retrograde signalling, downregulates 

expression of the genes that code for the enzymes. Synthesis of the cofactor involved in 

glucuronidation, uridine-5’-diphospho-α-D-glucuronic acid, requires NAD+. The NADH/NAD+ ratio 
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is known to be disturbed in Ndufs4 KO mice as a result of the CI deficiency. Seeing that CI is the 

primary oxidation site for NADH, CI deficiency causes its inability to oxidize NADH resulting in a 

redox imbalance and decline in NAD+ levels (Lee et al., 2019). The decreased NAD+/NADH ratios 

can activate AMPK and mitogen activated protein kinase (MAPK) mediated downstream signal 

transduction pathways (Bohovych & Khalimonchuk, 2016). Fluctuations of NAD+ is also believed 

to affect sirtuins (SIRTs) and poly-ADP-ribose polymerases (PARPs) activity, although its poorly 

understood (van der Knaap & Verrijzer, 2016). Furthermore, NAD+
 is able to cap mRNAs and 

subsequently mediate gene regulation (Shao et al., 2020). Oxidative stress is another contributing 

factor to the disturbed redox balance. GSH is the cofactor required in glutathione S-conjugation 

reactions. Its oxidised form is known as GSSG. Under conditions of oxidative stress the redox 

state of GSH:GSSG is disturbed to the right, resulting in reduced levels of GSH.  This reduction 

in GSH levels could contribute to downregulation - on transcription level - of glutathione 

S-conjugation pathways. Depletion of GSH/GSSG pools results in the activation of nuclear factor 

erythroid 2 p45-related factor 2 (NRF-2) mediated antioxidant responses (Bohovych & 

Khalimonchuk, 2016). NRF-2 is a master regulator of redox homeostasis and targets genes for 

proteins that are involved in xenobiotic detoxification. Glutathione S-transferases are among the 

most inducible NRF-2 dependent genes in rodents (Baird & Dinkova-Kostova, 2011). NRF-2 

accumulates in the nucleus as a result of exposure to oxidants or electrophiles. In the nucleus it 

binds to antioxidant response elements (ARE) in the upstream regulatory regions of genes 

encoding for detoxification enzymes where it can ultimately alter their transcription  (Holmström 

et al., 2016; Wu et al., 2012).  

It is believed that a major contributor to the upregulation of SULTs in Ndufs4 KO mice could be 

increased physical stress. Sulfoconjugation is involved in the detoxification of xenobiotics as well 

as in drug and hormone metabolism. Sults were significantly upregulated in Ndufs4 KO mice 

compared to WT mice. Upregulation of SULTS could increase the metabolic rate and escalate 

elimination of xenobiotics. Increased sulfoconjugation of hormones and neurotransmitters could 

furthermore cause disturbances in homeostasis (Balyan et al., 2019). Expression of SULTS is 

regulated by several nuclear receptors including among others, peroxisome proliferator-activated 

receptors (PPARs), pregnane X receptors, constitutive androstane receptors (CAR) and vitamin 

D receptors (Runge-Morris et al., 2013). As discussed in Section 4.5.3, one possible explanation 

for the upregulation of Sults is increased stress as a result of dysfunctional mitochondria 

(Emmerzaal et al., 2020; Morava & Kozicz, 2013). CAR can be activated directly or indirectly to 

respond to environmental or stress challenges. It participates in physiological stress adaptation 

responses and is known to target the expression of several Sults including, Sult2a1, Sult2a2, 

Sult3a1, Sult5a1, and Sult1e1. Particularly, it can induce the expression of Sult2a1 (Alnouti & 

Klaassen, 2008; Oliviero et al., 2020; Saini et al., 2004). It is therefore possible that dysfunctional 
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mitochondria of Ndufs4 KO mice result in stress which in turn activates CAR to increase the 

expression of genes in the sulfoconjugation pathway. Furthermore, GSTs, SULTs, and UGTs are 

regulated by NRF-2. NRF-2 regulated transcription is independent from ligand activation. By 

binding to NRF-2, the KEAP1 protein retains NRF-2 in the cytoplasm. In conditions of oxidative 

stress, NRF-2 is released from KEAP1 and translocate to the nucleus to activate transcription of 

its target genes (Shen & Kong, 2009). 

Another explanation is that increased sulfoconjugation serves as a mechanism to decrease levels 

of DHEA to avoid its effect on mitochondria. DHEA was reported to inhibit CI of isolated rat kidney 

mitochondria in a similar fashion as rotenone (Correa et al., 2003). Thereby further inhibiting ATP 

production and NADH oxidation, which would be detrimental in a mouse model already exhibiting 

these inhibitions. Increased sulfoconjugation might be the result of an altered composition of the 

gut microbiome. It is possible that the upregulation of Sults is caused by the formation of toxins 

through intestinal bacteria. Gastrointestinal manifestations are frequently observed in patients 

with mitochondrial disease. In patients with Leigh Syndrome for example, chronic diarrhoea is 

particularly reported and is thought to be the result of small intestinal bacterial overgrowth (Van 

Coster et al., 1991). The importance of the composition of the gut microbiome and its involvement 

in health and disease have received much attention recently. Imbalance of the gut microbiome 

has been linked to obesity, type 2 diabetes, cardiovascular disease, autoimmunity, and atopy 

(Bull & Plummer, 2014; Durack & Lynch, 2019). The microbiome is crucial in several metabolic 

pathways including metabolism of nondigestible carbohydrates, oligosaccharides and 

unabsorbed sugars and it also serves as a major source of energy (Bull & Plummer, 2014). Small 

intestinal bacterial overgrowth is known to affect the activity of a phase I biotransformation 

enzyme, flavin monooxygenase 3 (FMO3). Some of the substrates of FMO like trimethylamine 

are derived from the gut. Although beyond the scope of this study, retrospective analysis of our 

gene expression data revealed that FMO3 was significantly increased in Ndufs4 KO mice 

compared to WT mice (fold change: 244.1; p-value: 4.0 x10-9), which might suggest a disturbance 

in the gut microbiome of KO mice. It is therefore possible that metabolites of FMO3 could be 

currently unknown substrates for sulfoconjugation leading to increased expression of 

sulfoconjugation genes.  

Whether increased expression of Sults is due to one, or a combination of the above mentioned 

reasons, is currently unknown. Investigation of these and the involvement of the other Sults 

pathway metabolites in the upregulation of Sults can be elucidated in future follow-up work.  
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5.5 Strengths, limitations, and recommendations 

As with all research, this study had several strengths, limitations, and challenges which are 

discussed below along with some prospects for future research. 

5.5.1 Strengths of the study 

Use of the Ndufs4 whole body knockout mouse model, to investigate the effect of mitochondrial 

dysfunction on biotransformation, was an asset to this study. This model is an excellently 

characterised genetic model of CI deficiency and common in investigations of Leigh Syndrome 

and mitochondrial CI deficiency. Apart from being well characterised, the phenotypical 

presentation of these mice is closely related to that of Leigh Syndrome in humans, further 

signifying the value of using this model to investigate human mitochondrial disorders. 

Furthermore, on a practical level, in the research group where this study was conducted, a lot of 

experience was gained, and data developed on this disease model before the onset of this study.  

A second strength of this study is the sample size used for gene expression analysis. Eight KO 

and eight WT mice were subjected to gene expression analysis. After removal of outliers, six WT 

and five KO mice remained, which is in line with other gene expression studies that used at least 

three to four samples per group (Konieczny et al., 2019; Kotlinowski et al., 2021; McManus et al., 

2019; Watanabe et al., 2021). Lamarre et al. (2018) demonstrated that enough statistical power 

can be expected to observe differential expression in ~15 000 genes, if these changes occur, 

when a library size of 10 million reads and five biological replicates are used. This study had 

10-15 million reads per sample and, therefore, had enough statistical power. As a means to keep 

ethical standards of this study as high as possible, sample size was selected to use the smallest 

number of mice required to obtain results with sufficient statistical power.  

Targeted transcriptomic analysis was an appropriate and efficient technique used to address a 

complex problem. Targeted transcriptome sequencing is a relatively new approach that 

overcomes many of the challenges posed by qPCR.  The use of Ion AmpliSeq™ technology in 

this study produced datasets that were manageable. The Ion AmpliSeq™ Transcriptome Mouse 

Gene Expression Panel used, measured the expression levels of ~23 000 genes. Only a small 

amount of those genes was analysed during this study, providing an opportunity for future studies 

to investigate numerous other metabolic pathways affected in these mice without the need to 

generate new data. These pathways are not limited to biotransformation but include among 

countless others, fatty acid oxidation, oxidative stress and redox pathways, cholesterol 

metabolism as well as several signalling pathways. Targeted transcriptomic technology is 

therefore an effective technique to deeply delve into the gene expression of samples. 
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Another strong suit of this study is the multiple validation steps implemented during various stages 

of the study. Firstly, genotypes of the mice were analysed twice to account for any human error 

that might have occurred during the first genotyping. This was an important step especially 

considering the one WT sample (sample 102) that grouped with KO samples in PCA plots and 

heatmaps. Without double verification of the genotype, one would easily have thought that it was 

due to an error during genotyping. Verification that the WT sample was indeed a WT, indicated 

that the variation was probably due to biological variation or errors and contamination induced 

during RNA isolation or sequencing steps. Secondly, characterisation of the mouse model by 

determining CI activity served as a control to ensure that deletion of exon two of Ndufs4 did affect 

CI downstream. Thirdly, by knowing the limitations of different technologies, problems could be 

avoided or efficiently solved when they appeared. In line with this, two technologies – namely 

spectrophotometry and fluorometry, were used to ensure that RNA concentrations were 

determined accurately. RNA-sequencing was chosen above qPCR to determine the gene 

expression as it provided for analysis of a large number of genes simultaneously. The use of two 

different methods, enzyme activity and protein expression, to verify gene expression data also 

proved to be useful - especially after protein expression results remained inconclusive.  

Determination of the enzyme activity of GLYAT was sufficient to verify Glyat’s gene expression 

data as results from these two technologies aligned.  

As thoroughly discussed by Dalman et al. (2012), the cut-off point for statistical measures like fold 

change and p-values are arbitrary and changing these cut-off points can drastically alter the 

interpretation of data. Some genes might have highly significant p-values but miss the fold change 

cut off point, and vice versa. This further highlights the need to verify gene expression data on 

other platforms. By looking at the p-values and effect size in combination, this study aimed to 

provide the most accurate list of significant genes. Although fold changes of some genes were 

small (<±1.5), it was argued that a small but statistically significant change was still a biological 

change, especially when these followed trends seen in related genes with larger fold changes. 

Cut-off points used in this study were effectively chosen because slight alterations in the cut-off 

points did not alter the biological interpretation of the data, i.e. trends of gene expression observed 

for the different pathways remained the same even when genes with fold changes <±1.5 and 

FDR >0.05 were removed from the list of the top 50 genes (results not shown).  

5.5.2 Limitations  

This study had several limitations that provides potential for future follow-up investigations. 

As discussed in Section 4.3.2, there is a moderate correlation between mRNA and protein 

abundance due to a great deal of post-transcriptional, translational and protein degradation 
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regulations. Also to be considered is allosteric regulation factors and interaction of these factors 

with the genome via retrograde signalling. The glycine conjugation pathway was investigated on 

a transcriptomic, proteomic and enzymatic level which provides a fair level of confidence in the 

interpretation of the results. Although, this could further be improved upon by performing 

proteomic and enzymatic analyses on ACSM2 as well. The investigation of the remaining phase 

two biotransformation pathways was limited to transcriptomic analyses due to cost and time 

restrictions. Future studies that perform protein expression and enzyme activity analysis on the 

remaining phase two proteins would aid in confirming the tendencies of the pathways that were 

observed in the gene expression data. Time and costs required to validate RNA-sequencing 

experiments are currently still restricting factors. However, it has been shown that validation of 

lists of significant results can be cost effective by confirming a small random sample of results 

and statistically calculating the probability that a result has been validated (Leek et al., 2012). This 

approach is more accurate than the usual approach of confirming the most statistically significant 

results and should be considered for follow-up studies.  

A second limitation of this study was the use of suboptimal antibodies. The GLYAT primary 

antibody used was specific to rat due to hindrances in sourcing antibodies reactive to mouse. This 

affected the results for protein expression which, ultimately, were inconclusive. Future studies to 

investigate protein expression of GLYAT in these mice, should aim to import GLYAT antibodies 

that are specific to mice. Furthermore, there were differences observed in the expression of 

HSP60 between WT and KO samples. A possible explanation for these differences is that HSP 

protein levels have been shown to increase in conditions of mitochondria-generated oxidative 

stress (Barrett et al., 2004; Hall & Martinus, 2013). It is therefore possible that increased 

expression of HSP60 in KO mice is due to increased oxidative stress levels. If this is the case, 

future studies should consider using another loading control for Ndufs4 samples. Cytochrome c 

oxidase and voltage-dependent anion channel protein 1 (VDAC1) are suitable loading controls 

for mitochondria, although VDAC1’s size is too close to that of GLYAT (31 kDa vs 34 kDa) and 

is, therefore, not recommended to be used as a control when analysing expression of GLYAT. 

The inconsistent expression of HSP60 between genotypes impeded normalisation of GLYAT 

expression to the loading control and with the bands of GLYAT that were very light, it was very 

difficult to determine differences (if any) between expression of GLYAT in WT and KO mouse liver 

samples. Due to time constraints, protein expression of GLYAT could not be investigated further 

and results remained inconclusive.  

Expression of genes is greatly depended on age and sex (Kocarek et al., 2008). Furthermore, the 

expression of genes involved in biotransformation vary greatly during tissue development and 

maturation (Lu et al., 2013; Rowland et al., 2013). Therefore, conclusions drawn from this study 
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are mainly applicable to male mice that are at the ages of P45-50. Newly born animals have a 

low capacity to detoxify therapeutic drugs and environmental chemicals. Leigh syndrome is 

especially prevalent in children so future investigations that focus on the biotransformation system 

in Ndufs4 KO mice during different developmental stages, could potentially elucidate how an 

energy deficiency impacts the biotransformation system in young mice that already have a low 

biotransformation capacity.  

5.5.3 Analytical challenges and recommendations 

A major challenge of this study was to isolate RNA of sufficient quality. RNA had to be reisolated 

several times from samples until sufficient quality was obtained. This resulted in time, sample and 

reagent waste. A prime factor contributing to this is the MagMAX™-96 Total RNA Isolation kit that 

was used. This kit was chosen because very low sample input is required, ≤5 mg tissue in 

comparison to at least 30 mg required for other kits. In a study that compared five commercial 

extraction kits for total RNA isolation, the MagMAX™ kit performed relatively poorly (Jeffries et 

al., 2014). In terms of its ability to consistently extract intact total RNA it performed poorly, as RNA 

extracted from this kit was typically highly degraded with average RNA integrity numbers (RIN) of 

<5. Consensus is that RIN values ≥8 is sufficient for RNA-Sequencing. Although challenging to 

isolate RNA, the kit performed adequately enough for our application and ultimately provided RNA 

of sufficient quality for sequencing. The low sample input required was especially advantageous 

as livers were used in other studies as well. Therefore, this kit is recommended where low sample 

input is a necessity, but exploration of other total RNA extraction in conditions where sample 

quantity is not limited, could be preferable. The use of a dedicated lab space that is restricted to 

RNA work could aid in avoiding contamination and RNA degradation. Although the use of agarose 

bleach gel electrophoresis was sufficient to determine RNA integrity, it was sometimes 

challenging to distinguish between artifacts and gDNA contamination. If available, the use of a 

2100 Bioanalyzer to determine RNA integrity would be useful for samples with suspected 

degradation.  

The use of AmpliSeq technology in this study had several advantages over conventional 

RNA-sequencing and is recommended for future studies aiming to determine differential gene 

expression. Firstly, the starting material required was significantly less, which was especially 

useful considering the relatively small size of mice tissue and the number of times RNA had to be 

reisolated as discussed above. Secondly, it resulted in short turn-around times with less data 

processing required.  Thirdly, this AmpliSeq panel is designed so that most amplicons stretch 

over exon-exon boundaries which enables the effect of gDNA contamination to be circumvented. 

None of the 117 genes investigated in this study are part of the ~2200 single exon genes in the 
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panel. Thus, gDNA contamination had a minimal effect of the gene expression results in this 

study.  

Common household bleach is recommended in literature for agarose bleach gel electrophoresis 

(Aranda et al., 2012), but it was found that pure sodium hypochlorite provided better results in 

that there were less artefacts in the gels.  

5.5.4 Future prospects 

Beyond those mentioned above, there are several analyses that could improve the current 

understanding of biotransformation in energy deficient mice and provide excellent opportunities 

for future studies to build on. The liver is considered the central organ in metabolism of 

endogenous, exogenous and xenobiotic compounds, but these functions are not limited to the 

liver (Gröger et al., 2018). Other organs, including the skin, lungs and especially the kidneys and 

intestines, are also involved in biotransformation reactions (Brandon et al., 2003; Lu et al., 2013). 

Gene expression of phase two biotransformation genes were only investigated in the liver during 

this study, but future studies could benefit from investigating the kidneys and intestines to get a 

thorough view of the effect of an Ndufs4 KO on biotransformation. To further complete the picture, 

future studies could supplement current results by investigating phase one biotransformation 

enzymes and the transporters of these compounds. This could easily be achieved as the dataset 

used already contains gene expression results for multiple phase one genes. As discussed in 

Section 2.3, biotransformation is an intricate process that consists of two main phases and 

requires several transporters to function. Another way to complement the current dataset is to 

perform metabolomics. The metabolome, which is the downstream product of the genome, 

transcriptome and proteome, can provide the closest molecular representation of the phenotype 

(Bathe & Farshidfar, 2014; Zhang et al., 2015). The results from the phase two biotransformation 

pathways could therefore be further validated by performing targeted metabolic analyses on liver 

samples of the Ndufs4 mice. Future studies could also benefit from expression proteomics. 

Expression proteomics is the quantitative comparison of proteins by analysing changes in their 

expression level. Most of these analyses entail extraction, isolation and separation of proteins, 

and protein fragmentation using mass spectrometry (Tuli & Ressom, 2009). Mass spectrometry 

is a useful tool to analyse proteins on a large scale, especially for shotgun proteomics. Shotgun 

proteomics refer to the bottom-up approach of characterising proteins by analysing the peptides 

released from the protein through proteolysis. During shotgun proteomics, peptides are 

fractionated and analysed through LC-MS/MS, before identification by comparison of the mass 

spectra from the peptide fragmentation with in silico generated tandem mass spectra (Zhang et 

al., 2013). Using techniques like these, the expression of many proteins can be analysed relatively 



 

132 

easily and it would be a good approach for future studies aimed at analysing the expression of 

several phase two biotransformation proteins.  

Mouse models to study human disease are very common in research and have proven to be very 

useful to provide insight into mechanisms of disease and to explore candidate drug efficacy 

(Justice & Dhillon, 2016; Rosenthal & Brown, 2007). Although the mice models for human 

disorders used to study gene expression levels by Takao and Miyakawa (2015) show significant 

correlations to that of human disorders, mice and humans are still very different organisms. 

Relevant to this study is how the functions of genes cannot always be extrapolated between 

animal models and humans (Coughtrie, 2016). Future studies could potentially address this 

problem by evaluating iPSC cell lines derived from human tissue with an NDUFS4 KO. A study 

in our research group is currently underway to develop such a cell line. Although cell lines have 

limitations of their own, it could still serve as a good model to give researchers a better 

understanding of how this defect affects human cells.  

5.6 Concluding remarks 

This study aimed to investigate differential expression of genes involved in phase two 

biotransformation in an Ndufs4 knockout mouse model, first by an initial investigation of a simple 

phase two pathway and secondly by an expanded investigation of the remaining phase two 

pathways. Differential gene expression analysis of phase two biotransformation reactions in a 

male mouse model of Leigh Syndrome, indicated significant downregulation of most of these 

pathways. Downstream effects of decreased ATP production and redox imbalance that contribute 

to retrograde signalling, are hypothesised to be the main contributors to the downregulation of 

genes investigated. Sulfoconjugation reactions genes were the exception in showing extreme 

upregulation which is believed to be a response to the stress endured by these mice, or to serve 

as a mechanism to decrease build-up of toxic metabolites, or could be the result of an altered 

microbiome. Overall, the data strongly suggests that phase two biotransformation pathways are 

highly affected by mitochondrial dysfunction. Results from this study provide a solid basis for 

future studies to further investigate the effect of mitochondrial disease on biotransformation in 

order to understand the mechanism of the disease and potentially to aid in the development of 

suitable therapies.  

  



 

133 

REFERENCES 

Affymetrix. 2007. Statistical Algorithms Reference Guide. 

Allain, E.P., Rouleau, M., Lévesque, E. & Guillemette, C. 2020. Emerging roles for UDP-

glucuronosyltransferases in drug resistance and cancer progression. British journal of cancer, 

122(9):1277-1287.  

Alnouti, Y. & Klaassen, C.D. 2008. Regulation of sulfotransferase enzymes by prototypical 

microsomal enzyme inducers in mice. Journal of Pharmacology and Experimental Therapeutics, 

324(2):612-621.  

Alves, A., Bassot, A., Bulteau, A.-L., Pirola, L. & Morio, B. 2019. Glycine metabolism and its 

alterations in obesity and metabolic diseases. Nutrients, 11(6):1356.  

Aquilano, K., Baldelli, S. & Ciriolo, M.R. 2014. Glutathione: new roles in redox signaling for an old 

antioxidant. Frontiers in pharmacology, 5:196.  

Aranda, A. & Pascual, A. 2001. Nuclear hormone receptors and gene expression. Physiological 

reviews, 81(3):1269-1304.  

Aranda, P.S., LaJoie, D.M. & Jorcyk, C.L. 2012. Bleach Gel: A Simple Agarose Gel for Analyzing 

RNA Quality. Electrophoresis, 33(2):366-369. doi:10.1002/elps.201100335. 

Arduini, A., Serviddio, G., Tormos, A.M., Monsalve, M. & Sastre, J. 2012. Mitochondrial 

dysfunction in cholestatic liver diseases.  

Badenhorst, C.P.S., van der Sluis, R., Erasmus, E. & Van Dijk, A.A. 2013. Glycine conjugation: 

importance in metabolism, the role of glycine N-acyltransferase, and factors that influence 

interindividual variation. Expert opinion on drug metabolism & toxicology, 9(9):1139-1153.  

Badenhorst, C.P.S., Erasmus, E., Van der Sluis, R., Nortje, C. & Van Dijk, A.A. 2014. A new 

perspective on the importance of glycine conjugation in the metabolism of aromatic acids. Drug 

metabolism reviews, 46(3):343-361.  

Baertling, F., Rodenburg, R.J., Schaper, J., Smeitink, J.A., Koopman, W.J., Mayatepek, E., ... 

Distelmaier, F. 2014. A guide to diagnosis and treatment of Leigh syndrome. Journal of 

Neurology, Neurosurgery & Psychiatry, 85(3):257-265.  



 

134 

Baird, L. & Dinkova-Kostova, A.T. 2011. The cytoprotective role of the Keap1–Nrf2 pathway. 

Archives of toxicology, 85(4):241-272.  

Balyan, R., Cai, M., Zhao, W., Dai, Z., Zhai, Y. & Chen, G. 2019. Repeated restraint stress 

upregulates rat sulfotransferase 1A1. Journal of basic and clinical physiology and pharmacology, 

30(2):265-273.  

Barrett, M.J., Alones, V., Wang, K.X., Phan, L. & Swerdlow, R.H. 2004. Mitochondria-derived 

oxidative stress induces a heat shock protein response. Journal of neuroscience research, 

78(3):420-429.  

Bathe, O.F. & Farshidfar, F. 2014. From genotype to functional phenotype: unraveling the 

metabolomic features of colorectal cancer. Genes, 5(3):536-560.  

Beezhold, B.L., Johnston, C.S. & Nochta, K.A. 2014. Sodium benzoate–rich beverage 

consumption is associated with increased reporting of ADHD symptoms in college students: A 

pilot investigation. Journal of attention disorders, 18(3):236-241.  

Beloborodova, N., Bairamov, I., Olenin, A., Shubina, V., Teplova, V. & Fedotcheva, N. 2012. 

Effect of phenolic acids of microbial origin on production of reactive oxygen species in 

mitochondria and neutrophils. Journal of biomedical science, 19(1):1-9.  

Benjamini, Y. & Hochberg, Y. 1995. Controlling the false discovery rate: a practical and powerful 

approach to multiple testing. Journal of the Royal statistical society: series B (Methodological), 

57(1):289-300.  

Best, D. & Roberts, K. 2014. In Vitro Amplification Techniques.  

Beyoğlu, D. & Idle, J.R. 2012. The glycine deportation system and its pharmacological 

consequences. Pharmacology & therapeutics, 135(2):151-167.  

Beyoğlu, D., Smith, R.L. & Idle, J.R. 2012. Dog bites man or man bites dog? The enigma of the 

amino acid conjugations. Biochemical pharmacology, 83(10):1331-1339.  

Bohovych, I. & Khalimonchuk, O. 2016. Sending out an SOS: mitochondria as a signaling hub. 

Frontiers in cell and developmental biology, 4:109.  

Boukouvala, S. & Fakis, G. 2005. Arylamine N-acetyltransferases: what we learn from genes and 

genomes. Drug metabolism reviews, 37(3):511-564.  



 

135 

Braeuning, A., Ittrich, C., Köhle, C., Hailfinger, S., Bonin, M., Buchmann, A. & Schwarz, M. 2006. 

Differential gene expression in periportal and perivenous mouse hepatocytes. The FEBS journal, 

273(22):5051-5061.  

Brand, M.D. & Nicholls, D.G. 2011. Assessing mitochondrial dysfunction in cells. Biochemical 

Journal, 435(2):297-312.  

Brandon, E.F., Raap, C.D., Meijerman, I., Beijnen, J.H. & Schellens, J.H. 2003. An update on in 

vitro test methods in human hepatic drug biotransformation research: pros and cons. Toxicology 

and applied pharmacology, 189(3):233-246.  

Brandt, U. 2006. Energy converting NADH: quinone oxidoreductase (complex I). Annu. Rev. 

Biochem., 75:69-92.  

Bratic, A. & Larsson, N.-G. 2013. The role of mitochondria in aging. The Journal of clinical 

investigation, 123(3):951-957.  

Breuer, M.E., Willems, P.H., Smeitink, J.A., Koopman, W.J. & Nooteboom, M. 2013. Cellular and 

animal models for mitochondrial complex I deficiency: a focus on the NDUFS4 subunit. IUBMB 

Life, 65(3):202-208. 10.1002/iub.1127 

Brusilow, S.W., Danney, M., Waber, L.J., Batshaw, M., Burton, B., Levitsky, L., ... Ward, J. 1984. 

Treatment of episodic hyperammonemia in children with inborn errors of urea synthesis. New 

England Journal of Medicine, 310(25):1630-1634.  

Brys, K., Vanfleteren, J.R. & Braeckman, B.P. 2007. Testing the rate-of-living/oxidative damage 

theory of aging in the nematode model Caenorhabditis elegans. Experimental gerontology, 

42(9):845-851.  

Buckley, D.B. & Klaassen, C.D. 2007. Tissue-and gender-specific mRNA expression of UDP-

glucuronosyltransferases (UGTs) in mice. Drug metabolism and disposition, 35(1):121-127.  

Budde, S., van den Heuvel, L., Smeets, R., Skladal, D., Mayr, J., Boelen, C., ... Smeitink, J. 2003. 

Clinical heterogeneity in patients with mutations in the NDUFS4 gene of mitochondrial complex I. 

Journal of inherited metabolic disease, 26(8):813-815.  

Budde, S., Van den Heuvel, L., Janssen, A., Smeets, R., Buskens, C., DeMeirleir, L., ... Trijbels, 

J. 2000. Combined enzymatic complex I and III deficiency associated with mutations in the 

nuclear encoded NDUFS4 gene. Biochemical and biophysical research communications, 

275(1):63-68.  



 

136 

Buhler, D.R. & Williams, D.E. 1988. The role of biotransformation in the toxicity of chemicals. 

Aquatic Toxicology, 11(1-2):19-28.  

Bull, M.J. & Plummer, N.T. 2014. Part 1: The human gut microbiome in health and disease. 

Integrative Medicine: A Clinician's Journal, 13(6):17.  

Calvaruso, M.A., Willems, P., van den Brand, M., Valsecchi, F., Kruse, S., Palmiter, R., ... 

Nijtmans, L. 2012. Mitochondrial complex III stabilizes complex I in the absence of NDUFS4 to 

provide partial activity. Hum Mol Genet, 21(1):115-120. 10.1093/hmg/ddr446 

Cardamone, M.D., Tanasa, B., Cederquist, C.T., Huang, J., Mahdaviani, K., Li, W., ... Perissi, V. 

2018. Mitochondrial retrograde signaling in mammals is mediated by the transcriptional cofactor 

GPS2 via direct mitochondria-to-nucleus translocation. Molecular cell, 69(5):757-772. e757.  

Carino, A., Marchiano, S., Biagioli, M., Fiorucci, C., Zampella, A., Monti, M.C., ... Fiorucci, S. 

2019. Transcriptome Analysis of Dual FXR and GPBAR1 Agonism in Rodent Model of NASH 

Reveals Modulation of Lipid Droplets Formation. Nutrients, 11(5), 10.3390/nu11051132 

Carvalho Henriques, B., Yang, E., Lapetina, D., Carr, M., Yavorskyy, V., Carr, M., ... Aitchison, K. 

2020. How can drug metabolism and transporter genetics inform psychotropic prescribing. 

Frontiers in Genetics, Pharmacogenetics and Pharmacogenomics section, Research Topic" 

Precision Psychiatry from a Pharmacogenetics Perspective," in press,  

Chai, S.C., Cherian, M.T., Wang, Y.-M. & Chen, T. 2016. Small-molecule modulators of PXR and 

CAR. Biochimica et Biophysica Acta (BBA)-Gene Regulatory Mechanisms, 1859(9):1141-1154.  

Chen, Z., Zhang, J. & Stamler, J.S. 2002. Identification of the enzymatic mechanism of 

nitroglycerin bioactivation. Proceedings of the National Academy of Sciences, 99(12):8306-8311.  

Chirgwin, J.M., Przybyla, A.E., MacDonald, R.J. & Rutter, W.J. 1979. Isolation of Biologically 

Active Ribonucleic Acid from Sources Enriched in Ribonuclease. Biochemistry, 18(24):5294-

5299. 10.1021/bi00591a005 

Chistiakov, D.A., Shkurat, T.P., Melnichenko, A.A., Grechko, A.V. & Orekhov, A.N. 2018. The role 

of mitochondrial dysfunction in cardiovascular disease: a brief review. Annals of medicine, 

50(2):121-127.  

Clark, D.P. & Pazdernik, N.J. 2013. Chapter e17 - Regulation of Transcription in Eukaryotes. In: 

Clark, D.P. & Pazdernik, N.J., eds. Molecular Biology (Second Edition). Boston: Academic Press. 

pp. e374-e378.  



 

137 

Clarke, C., Xiao, R., Place, E., Zhang, Z., Sondheimer, N., Bennett, M., ... Falk, M.J. 2013. 

Mitochondrial respiratory chain disease discrimination by retrospective cohort analysis of blood 

metabolites. Molecular genetics and metabolism, 110(1-2):145-152.  

Coetzer, J. 2020. A metabolomics and biochemical investigation of selected brain regions from 

Ndufs4 knockout mice. North-West University (South Africa).  

Conesa, A., Madrigal, P., Tarazona, S., Gomez-Cabrero, D., Cervera, A., McPherson, A., ... 

Zhang, X. 2016. A survey of best practices for RNA-seq data analysis. Genome biology, 17(1):1-

19.  

Conway, L.P., Rendo, V., Correia, M.S., Bergdahl, I.A., Sjöblom, T. & Globisch, D. 2020. 

Unexpected acetylation of endogenous aliphatic amines by Arylamine N-Acetyltransferase NAT2. 

Angewandte chemie international edition, 59(34):14342-14346.  

Cooper, A. & Hanigan, M. 2018. Metabolism of glutathione S-conjugates: multiple pathways. 

Comprehensive toxicology:363.  

Cooper, M.P., Qu, L., Rohas, L.M., Lin, J., Yang, W., Erdjument-Bromage, H., ... Spiegelman, 

B.M. 2006. Defects in energy homeostasis in Leigh syndrome French Canadian variant through 

PGC-1α/LRP130 complex. Genes & development, 20(21):2996-3009.  

Correa, F., Garcı́a, N., Garcı́a, G. & Chávez, E. 2003. Dehydroepiandrosterone as an inducer of 

mitochondrial permeability transition. The Journal of steroid biochemistry and molecular biology, 

87(4-5):279-284.  

Coughtrie, M.W. 2016. Function and organization of the human cytosolic sulfotransferase (SULT) 

family. Chemico-biological interactions, 259:2-7.  

Court, M.H. 2010. Interindividual variability in hepatic drug glucuronidation: studies into the role 

of age, sex, enzyme inducers, and genetic polymorphism using the human liver bank as a model 

system. Drug metabolism reviews, 42(1):209-224.  

Croom, E. 2012. Metabolism of xenobiotics of human environments. Progress in molecular 

biology and translational science, 112:31-88.  

Dalman, M.R., Deeter, A., Nimishakavi, G. & Duan, Z.H. 2012. Fold change and p-value cutoffs 

significantly alter microarray interpretations. BMC Bioinformatics, 13 Suppl 2:S11. 10.1186/1471-

2105-13-S2-S11 

Dancygier, H. 2010. Hepatic Biotransformation. In. Clinical Hepatology: Springer. pp. 127-130.  



 

138 

Darnell, M. & Weidolf, L. 2013. Metabolism of xenobiotic carboxylic acids: focus on coenzyme A 

conjugation, reactivity, and interference with lipid metabolism. Chemical research in toxicology, 

26(8):1139-1155.  

Desvergne, B., Michalik, L. & Wahli, W. 2006. Transcriptional regulation of metabolism. 

Physiological reviews, 86(2):465-514.  

DiMauro, S. & Schon, E.A. 2003. Mitochondrial respiratory-chain diseases. N Engl J Med, 

348(26):2656-2668. 10.1056/NEJMra022567 

Distelmaier, F., Koopman, W.J., van den Heuvel, L.P., Rodenburg, R.J., Mayatepek, E., Willems, 

P.H. & Smeitink, J.A. 2009. Mitochondrial complex I deficiency: from organelle dysfunction to 

clinical disease. Brain, 132(4):833-842.  

Duchen, M.R. 2004. Mitochondria in health and disease: perspectives on a new mitochondrial 

biology. Molecular aspects of medicine, 25(4):365-451.  

Dudas, B., Toth, D., Perahia, D., Nicot, A.B., Balog, E. & Miteva, M.A. 2021. Insights into the 

substrate binding mechanism of SULT1A1 through molecular dynamics with excited normal 

modes simulations. Scientific Reports, 11(1):1-13.  

Durack, J. & Lynch, S.V. 2019. The gut microbiome: relationships with disease and opportunities 

for therapy. Journal of Experimental Medicine, 216(1):20-40.  

Egger, J., Graham, P., Carter, C., Gumley, D. & Soothill, J.F. 1985. Controlled trial of 

oligoantigenic treatment in the hyperkinetic syndrome. The Lancet, 325(8428):540-545.  

Eker, M.E., Aaby, K., Budic-Leto, I., Rimac Brnčić, S., El, S.N., Karakaya, S., ... de Pascual-

Teresa, S. 2020. A review of factors affecting anthocyanin bioavailability: Possible implications 

for the inter-individual variability. Foods, 9(1):2.  

Emmerzaal, T.L., Preston, G., Geenen, B., Verweij, V., Wiesmann, M., Vasileiou, E., ... de Veer, 

R. 2020. Impaired mitochondrial complex I function as a candidate driver in the biological stress 

response and a concomitant stress-induced brain metabolic reprogramming in male mice. 

Translational psychiatry, 10(1):1-13.  

Enns, G.M., Kinsman, S.L., Perlman, S.L., Spicer, K.M., Abdenur, J.E., Cohen, B.H., ... Shrader, 

W.D. 2012. Initial experience in the treatment of inherited mitochondrial disease with EPI-743. 

Molecular genetics and metabolism, 105(1):91-102.  



 

139 

Esterhuizen, K., Van der Westhuizen, F.H. & Louw, R. 2017. Metabolomics of mitochondrial 

disease. Mitochondrion, 35:97-110.  

Fang, H.-L., Shenoy, S., Duanmu, Z., Kocarek, T.A. & Runge-Morris, M. 2003. Transactivation of 

glucocorticoid-inducible rat aryl sulfotransferase (SULT1A1) gene transcription. Drug metabolism 

and disposition, 31(11):1378-1381.  

FDA. 2020. Code of Federal Regulations.  https://ecfr.federalregister.gov/current/title-21/chapter-

I/subchapter-B/part-184 Date of access: June 2021. 

Fiedorczuk, K. & Sazanov, L.A. 2018. Mammalian mitochondrial complex I structure and disease-

causing mutations. Trends in cell biology, 28(10):835-867.  

Finotello, F. & Di Camillo, B. 2015. Measuring differential gene expression with RNA-seq: 

challenges and strategies for data analysis. Briefings in functional genomics, 14(2):130-142.  

Finsterer, J. 2008. Leigh and Leigh-like syndrome in children and adults. Pediatric neurology, 

39(4):223-235.  

Freedman, B. 1977. Asthma induced by sulphur dioxide, benzoate and tartrazine contained in 

orange drinks. Clinical & Experimental Allergy, 7(5):407-415.  

Garrett, R.H. & Grisham, C.M. 2013. Biochemistry. Fifth Edition. Mary Finsh. 

Gerards, M., Sallevelt, S.C. & Smeets, H.J. 2016. Leigh syndrome: resolving the clinical and 

genetic heterogeneity paves the way for treatment options. Molecular genetics and metabolism, 

117(3):300-312.  

Goerres, M., Roelofs, H., Jansen, J. & Peters, W. 2006. Deficient UDP-glucuronosyltransferase 

detoxification enzyme activity in the small intestinal mucosa of patients with coeliac disease. 

Alimentary pharmacology & therapeutics, 23(2):243-246.  

Goodwin, S., McPherson, J.D. & McCombie, W.R. 2016. Coming of age: ten years of next-

generation sequencing technologies. Nat Rev Genet, 17(6):333-351. 10.1038/nrg.2016.49 

Grant, D. 1991. Detoxification pathways in the liver. Journal of inherited metabolic disease:421-

430.  

Gröger, M., Dinger, J., Kiehntopf, M., Peters, F.T., Rauen, U. & Mosig, A.S. 2018. Preservation 

of cell structure, metabolism, and biotransformation activity of liver-on-chip organ models by 

hypothermic storage. Advanced healthcare materials, 7(2):1700616.  

https://ecfr.federalregister.gov/current/title-21/chapter-I/subchapter-B/part-184
https://ecfr.federalregister.gov/current/title-21/chapter-I/subchapter-B/part-184


 

140 

Grünewald, A., Kumar, K.R. & Sue, C.M. 2019. New insights into the complex role of mitochondria 

in Parkinson’s disease. Progress in neurobiology, 177:73-93.  

Hall, L. & Martinus, R.D. 2013. Hyperglycaemia and oxidative stress upregulate HSP60 & HSP70 

expression in HeLa cells. Springerplus, 2(1):1-10.  

Hatefi, Y. 1985. The mitochondrial electron transport and oxidative phosphorylation system. 

Annual review of biochemistry, 54(1):1015-1069.  

He, H., Li, R., Chen, Y., Pan, P., Tong, W., Dong, X., ... Yu, D. 2017. Integrated DNA and RNA 

extraction using magnetic beads from viral pathogens causing acute respiratory infections. 

Scientific reports, 7(1):1-8.  

Hirst, J. 2013. Mitochondrial complex I. Annual review of biochemistry, 82:551-575.  

Hnasko, T.S. & Hnasko, R.M. 2015. The western blot. In. ELISA: Springer. pp. 87-96.  

Holmström, K.M., Kostov, R.V. & Dinkova-Kostova, A.T. 2016. The multifaceted role of Nrf2 in 

mitochondrial function. Current opinion in toxicology, 1:80-91.  

Hong, C.-M., Na, J.-H., Park, S. & Lee, Y.-M. 2020. Clinical characteristics of early-onset and late-

onset Leigh syndrome. Frontiers in neurology, 11:267.  

Houtkooper, R.H., Canto, C., Wanders, R.J. & Auwerx, J. 2010. The secret life of NAD+: an old 

metabolite controlling new metabolic signaling pathways. Endocr Rev, 31(2):194-223. 

10.1210/er.2009-0026 

Hunte, C., Zickermann, V. & Brandt, U. 2010. Functional modules and structural basis of 

conformational coupling in mitochondrial complex I. Science, 329(5990):448-451.  

Ionescu, C. & Caira, M.R. 2006. Drug Metabolism: Current Concepts. 7. Springer. 

Iuso, A., Scacco, S., Piccoli, C., Bellomo, F., Petruzzella, V., Trentadue, R., ... Zeviani, M. 2006. 

Dysfunctions of cellular oxidative metabolism in patients with mutations in the NDUFS1 and 

NDUFS4 genes of complex I. Journal of Biological Chemistry, 281(15):10374-10380.  

Jackson, A.A., Badaloo, A.V., Forrester, T., Hibbert, J. & Persaud, C. 1987. Urinary excretion of 

5-oxoproline (pyroglutamic aciduria) as an index of glycine insufficiency in normal man. British 

journal of nutrition, 58(2):207-214.  



 

141 

Jancova, P., Anzenbacher, P. & Anzenbacherova, E. 2010. Phase II drug metabolizing enzymes. 

Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub, 154(2):103-116.  

Jančová, P. & Šiller, M. 2012. Phase II Drug Metabolism. In. Topics on Drug Metabolism.  

Janssen, A.J., Trijbels, F.J., Sengers, R.C., Smeitink, J.A., Van den Heuvel, L.P., Wintjes, L.T., 

... Rodenburg, R.J. 2007. Spectrophotometric assay for complex I of the respiratory chain in tissue 

samples and cultured fibroblasts. Clinical chemistry, 53(4):729-734.  

JAX. 2021. Mouse strain datasheet - 027058. https://www.jax.org/strain/027058 Date of access: 

01 February 2021. 

Jebb, D., Foley, N.M., Whelan, C.V., Touzalin, F., Puechmaille, S.J. & Teeling, E.C. 2018. 

Population level mitogenomics of long-lived bats reveals dynamic heteroplasmy and challenges 

the free radical theory of ageing. Scientific reports, 8(1):1-12.  

Jeffries, M.K.S., Kiss, A.J., Smith, A.W. & Oris, J.T. 2014. A comparison of commercially-available 

automated and manual extraction kits for the isolation of total RNA from small tissue samples. 

BMC biotechnology, 14(1):1-13.  

Jiang, X., Renkema, H., Pennings, B., Pecheritsyna, S., Schoeman, J., Hankemeier, T., ... 

Beyrath, J. 2021. Mechanism of action and potential applications of selective inhibition of 

microsomal prostaglandin E synthase-1-mediated PGE 2 biosynthesis by sonlicromanol’s 

metabolite KH176m. Scientific reports, 11(1):1-14.  

Jin, Z., Wei, W., Yang, M., Du, Y. & Wan, Y. 2014. Mitochondrial complex I activity suppresses 

inflammation and enhances bone resorption by shifting macrophage-osteoclast polarization. Cell 

Metab, 20(3):483-498. 10.1016/j.cmet.2014.07.011 

Jolliffe, I.T. & Cadima, J. 2016. Principal component analysis: a review and recent developments. 

Philos Trans A Math Phys Eng Sci, 374(2065):20150202. 10.1098/rsta.2015.0202 

Justice, M.J. & Dhillon, P. 2016. Using the mouse to model human disease: increasing validity 

and reproducibility. The Company of Biologists Ltd. 

Kamath, B.M., Stein, P., Houwen, R.H. & Verkade, H.J. 2020. Potential of ileal bile acid 

transporter inhibition as a therapeutic target in Alagille syndrome and progressive familial 

intrahepatic cholestasis. Liver International, 40(8):1812-1822.  

Kanda, N., Hoashi, T. & Saeki, H. 2019. The roles of sex hormones in the course of atopic 

dermatitis. International journal of molecular sciences, 20(19):4660.  

https://www.jax.org/strain/027058


 

142 

Kannt, A., Rajagopal, S., Kadnur, S.V., Suresh, J., Bhamidipati, R.K., Swaminathan, S., ... Czech, 

J. 2018. A small molecule inhibitor of Nicotinamide N-methyltransferase for the treatment of 

metabolic disorders. Scientific reports, 8(1):1-15.  

Katzung, B.G., Masters, S.B. & Trevor, A.J. 2018. Basic & Clinical Pharmacology. Fourteenth 

Edition. McGraw-Hill Education. 

Kayser, E.-B., Sedensky, M.M. & Morgan, P.G. 2016. Region-specific defects of respiratory 

capacities in the Ndufs4 (KO) mouse brain. PloS one, 11(1):e0148219.  

Kikuchi, G. & Hiraga, K. 1982. The mitochondrial glycine cleavage system. Molecular and cellular 

biochemistry, 45(3):137-149.  

Kim, M. 2017. Complete Guide to Ion Ampliseq Technology – How Does Ion Ampliseq 

Technology Work? 19/02/2021. 

Kleine, T. & Leister, D. 2016. Retrograde signaling: organelles go networking. Biochimica Et 

Biophysica Acta (BBA)-Bioenergetics, 1857(8):1313-1325.  

Knights, K.M. 1998. Role of hepatic fatty acid: coenzyme A ligases in the metabolism of xenobiotic 

carboxylic acids. Clinical and experimental pharmacology and physiology, 25(10):776-782.  

Knights, K.M. & Miners, J.O. 2011. Amino acid conjugation: a novel route of xenobiotic carboxylic 

acid metabolism in man. Encyclopedia of drug metabolism and interactions:1-16.  

Knights, K.M., Sykes, M.J. & Miners, J.O. 2007. Amino acid conjugation: contribution to the 

metabolism and toxicity of xenobiotic carboxylic acids. Expert opinion on drug metabolism & 

toxicology, 3(2):159-168.  

Kocarek, T.A., Duanmu, Z., Fang, H.-L. & Runge-Morris, M. 2008. Age-and sex-dependent 

expression of multiple murine hepatic hydroxysteroid sulfotransferase (SULT2A) genes. 

Biochemical pharmacology, 76(8):1036-1046.  

Kodama, S., Hosseinpour, F., Goldstein, J.A. & Negishi, M. 2011. Liganded pregnane X receptor 

represses the human sulfotransferase SULT1E1 promoter through disrupting its chromatin 

structure. Nucleic acids research, 39(19):8392-8403.  

Kong, Y. 2011. Btrim: a fast, lightweight adapter and quality trimming program for next-generation 

sequencing technologies. Genomics, 98(2):152-153.  



 

143 

Konieczny, P., Lichawska-Cieslar, A., Kwiecinska, P., Cichy, J., Pietrzycka, R., Szukala, W., ... 

Rumienczyk, I. 2019. Keratinocyte-specific ablation of Mcpip1 impairs skin integrity and promotes 

local and systemic inflammation. Journal of Molecular Medicine, 97(12):1669-1684.  

Kotlinowski, J., Hutsch, T., Czyzynska-Cichon, I., Wadowska, M., Pydyn, N., Jasztal, A., ... 

Miekus, K. 2021. Deletion of Mcpip1 in Mcpip1fl/flAlbCre mice recapitulates the phenotype of 

human primary biliary cholangitis. Biochimica et Biophysica Acta (BBA)-Molecular Basis of 

Disease, 1867(5):166086.  

Kovačević, N. 2016. Magnetic beads based nucleic acid purification for molecular biology 

applications. In. Sample preparation techniques for soil, plant, and animal samples: Springer. pp. 

53-67.  

Kruse, S.E., Watt, W.C., Marcinek, D.J., Kapur, R.P., Schenkman, K.A. & Palmiter, R.D. 2008. 

Mice with mitochondrial complex I deficiency develop a fatal encephalomyopathy. Cell Metab, 

7(4):312-320. 10.1016/j.cmet.2008.02.004 

Kurita, A., Miyauchi, Y., Ikushiro, S.i., Mackenzie, P.I., Yamada, H. & Ishii, Y. 2017. 

Comprehensive characterization of mouse UDP-glucuronosyltransferase (Ugt) belonging to the 

Ugt2b subfamily: identification of Ugt2b36 as the predominant isoform involved in morphine 

glucuronidation. Journal of Pharmacology and Experimental Therapeutics, 361(2):199-208.  

Kurogi, K., Rasool, M.I., Alherz, F.A., El Daibani, A.A., Bairam, A.F., Abunnaja, M., ... Liu, M.-C. 

2021. SULT genetic polymorphisms: physiological, pharmacological and clinical implications. 

Expert Opinion on Drug Metabolism & Toxicology, (just-accepted),  

Lacbawan, F., Tifft, C.J., Luban, N.L., Schmandt, S.M., Guerrera, M., Weinstein, S., ... Wong, 

L.J.C. 2000. Clinical heterogeneity in mitochondrial DNA deletion disorders: a diagnostic 

challenge of Pearson syndrome. American journal of medical genetics, 95(3):266-268.  

Laemmli, U.K. 1970. Cleavage of structural proteins during the assembly of the head of 

bacteriophage T4. nature, 227(5259):680-685.  

Lafaye, A., Junot, C., Ramounet-Le Gall, B., Fritsch, P., Ezan, E. & Tabet, J.C. 2004. Profiling of 

sulfoconjugates in urine by using precursor ion and neutral loss scans in tandem mass 

spectrometry. Application to the investigation of heavy metal toxicity in rats. Journal of mass 

spectrometry, 39(6):655-664.  

Lake, N.J., Compton, A.G., Rahman, S. & Thorburn, D.R. 2016. Leigh syndrome: one disorder, 

more than 75 monogenic causes. Annals of neurology, 79(2):190-203.  



 

144 

Lamarre, S., Frasse, P., Zouine, M., Labourdette, D., Sainderichin, E., Hu, G., ... Maza, E. 2018. 

Optimization of an RNA-Seq differential gene expression analysis depending on biological 

replicate number and library size. Frontiers in plant science, 9:108.  

Laskowski, R.A., Gerick, F. & Thornton, J.M. 2009. The structural basis of allosteric regulation in 

proteins. FEBS letters, 583(11):1692-1698.  

Laurent, G.S., Shtokalo, D., Tackett, M.R., Yang, Z., Vyatkin, Y., Milos, P.M., ... Kapranov, P. 

2013. On the importance of small changes in RNA expression. Methods, 63(1):18-24.  

Lee, A.M., Yue, J. & Tyndale, R.F. 2006. In vivo and in vitro characterization of chlorzoxazone 

metabolism and hepatic CYP2E1 levels in African Green monkeys: induction by chronic nicotine 

treatment. Drug metabolism and disposition, 34(9):1508-1515.  

Lee, C.F., Caudal, A., Abell, L., Gowda, G.N. & Tian, R. 2019. Targeting NAD+ metabolism as 

interventions for mitochondrial disease. Scientific reports, 9(1):1-10.  

Lee, H.F., Tsai, C.R., Chi, C.S., Lee, H.J. & Chen, C.C. 2009. Leigh syndrome: clinical and 

neuroimaging follow-up. Pediatr Neurol, 40(2):88-93. 10.1016/j.pediatrneurol.2008.09.020 

Leek, J.T., Taub, M.A. & Rasgon, J.L. 2012. A statistical approach to selecting and confirming 

validation targets in-omics experiments. BMC bioinformatics, 13(1):1-10.  

Legault, J.T., Strittmatter, L., Tardif, J., Sharma, R., Tremblay-Vaillancourt, V., Aubut, C., ... 

Daneault, C. 2015. A metabolic signature of mitochondrial dysfunction revealed through a 

monogenic form of Leigh syndrome. Cell reports, 13(5):981-989.  

Leigh, D. 1951. Subacute necrotizing encephalomyelopathy in an infant. Journal of neurology, 

neurosurgery, and psychiatry, 14(3):216.  

Lennard, L. 2014. Implementation of TPMT testing. British journal of clinical pharmacology, 

77(4):704-714.  

Leung, K.Y., De Castro, S.C.P., Santos, C., Savery, D., Prunty, H., Gold-Diaz, D., ... Greene, 

N.D.E. 2020. Regulation of glycine metabolism by the glycine cleavage system and conjugation 

pathway in mouse models of non-ketotic hyperglycinemia. J Inherit Metab Dis, 43(6):1186-1198. 

10.1002/jimd.12295 

Lewis, K.N., Andziak, B., Yang, T. & Buffenstein, R. 2013. The naked mole-rat response to 

oxidative stress: just deal with it. Antioxidants & redox signaling, 19(12):1388-1399.  



 

145 

Li, C., Li, M., Lange, E.M. & Watanabe, R.M. 2008. Prioritized subset analysis: improving power 

in genome-wide association studies. Human heredity, 65(3):129-141.  

Li, W., Turner, A., Aggarwal, P., Matter, A., Storvick, E., Arnett, D.K. & Broeckel, U. 2015. 

Comprehensive evaluation of AmpliSeq transcriptome, a novel targeted whole transcriptome RNA 

sequencing methodology for global gene expression analysis. BMC Genomics, 16(1):1069. 

10.1186/s12864-015-2270-1 

Li, X., Nair, A., Wang, S. & Wang, L. 2015. Quality control of RNA-seq experiments. Methods Mol 

Biol, 1269:137-146. 10.1007/978-1-4939-2291-8_8 

Li, X., Bradford, B.U., Wheeler, M.D., Stimpson, S.A., Pink, H.M., Brodie, T.A., ... Thurman, R.G. 

2001. Dietary glycine prevents peptidoglycan polysaccharide-induced reactive arthritis in the rat: 

role for glycine-gated chloride channel. Infection and immunity, 69(9):5883-5891.  

Liu, H., Wang, H., Shenvi, S., Hagen, T.M. & LIU, R.M. 2004. Glutathione metabolism during 

aging and in Alzheimer disease. Annals of the New York Academy of Sciences, 1019(1):346-349.  

Livak, K.J. & Schmittgen, T.D. 2001. Analysis of relative gene expression data using real-time 

quantitative PCR and the 2− ΔΔCT method. methods, 25(4):402-408.  

Lombardo, B., Ceglia, C., Tarsitano, M., Pierucci, I., Salvatore, F. & Pastore, L. 2014. 

Identification of a deletion in the NDUFS4 gene using array-comparative genomic hybridization in 

a patient with suspected mitochondrial respiratory disease. Gene, 535(2):376-379.  

Loots, D., Mienie, L. & Erasmus, E. 2007. Amino-acid depletion induced by abnormal amino-acid 

conjugation and protein restriction in isovaleric acidemia. European journal of clinical nutrition, 

61(11):1323-1327.  

Lu, H., Gunewardena, S., Cui, J.Y., Yoo, B., Zhong, X.-b. & Klaassen, C.D. 2013. RNA-

sequencing quantification of hepatic ontogeny and tissue distribution of mRNAs of phase II 

enzymes in mice. Drug Metabolism and Disposition, 41(4):844-857.  

Lu, K., Mahbub, R. & Fox, J.G. 2015. Xenobiotics: interaction with the intestinal microflora. ILAR 

journal, 56(2):218-227.  

Lu, S.C. 2009. Regulation of glutathione synthesis. Molecular aspects of medicine, 30(1-2):42-

59.  

Mackowiak, B. & Wang, H. 2016. Mechanisms of xenobiotic receptor activation: Direct vs. indirect. 

Biochimica et Biophysica Acta (BBA)-Gene Regulatory Mechanisms, 1859(9):1130-1140.  



 

146 

Maier, T., Guell, M. & Serrano, L. 2009. Correlation of mRNA and protein in complex biological 

samples. FEBS Lett, 583(24):3966-3973. 10.1016/j.febslet.2009.10.036 

Maioli, M.A., de Medeiros, H.C., Guelfi, M., Trinca, V., Pereira, F.T. & Mingatto, F.E. 2013. The 

role of mitochondria and biotransformation in abamectin-induced cytotoxicity in isolated rat 

hepatocytes. Toxicology in Vitro, 27(2):570-579.  

Maritim, A.C., Moore, B.H., Sanders, R.A. & Watkins Iii, J.B. 2000. Effect of melatonin on phase 

I and II biotransformation enzymes in streptozotocin-induced diabetic rats. International journal of 

toxicology, 19(4):277-283.  

Mason, K.A., Losos, J.B., Duncan, T., Raven, P.H. & Johnson, G.B. 2020. Biology. Twelfth 

edition, International Student edition. McGraw-Hill Education. 

Mason, S., Terburgh, K. & Louw, R. 2018. Miniaturized 1 H-NMR method for analyzing limited-

quantity samples applied to a mouse model of Leigh disease. Metabolomics, 14(6):1-12.  

Matsuo, M., Terai, K., Kameda, N., Matsumoto, A., Kurokawa, Y., Funase, Y., ... Kishimoto, T. 

2012. Designation of enzyme activity of glycine-N-acyltransferase family genes and depression 

of glycine-N-acyltransferase in human hepatocellular carcinoma. Biochemical and biophysical 

research communications, 420(4):901-906.  

Mawal, Y.R. & Qureshi, I.A. 1994. Purification to homogeneity of mitochondrial acyl coa: glycine 

n-acyltransferase from human liver. Biochemical and biophysical research communications, 

205(2):1373-1379.  

McBride, H.M., Neuspiel, M. & Wasiak, S. 2006. Mitochondria: more than just a powerhouse. 

Current biology, 16(14):R551-R560.  

McCann, D., Barrett, A., Cooper, A., Crumpler, D., Dalen, L., Grimshaw, K., ... Prince, E. 2007. 

Food additives and hyperactive behaviour in 3-year-old and 8/9-year-old children in the 

community: a randomised, double-blinded, placebo-controlled trial. The lancet, 370(9598):1560-

1567.  

McManus, M.J., Picard, M., Chen, H.-W., De Haas, H.J., Potluri, P., Leipzig, J., ... Morrow, R.M. 

2019. Mitochondrial DNA variation dictates expressivity and progression of nuclear DNA 

mutations causing cardiomyopathy. Cell metabolism, 29(1):78-90. e75.  



 

147 

Meléndez-Hevia, E., de Paz-Lugo, P., Cornish-Bowden, A. & Cárdenas, M.L. 2009. A weak link 

in metabolism: the metabolic capacity for glycine biosynthesis does not satisfy the need for 

collagen synthesis. Journal of biosciences, 34(6):853-872.  

Mereis, M. 2018. Evaluating the involvement of metallothionein l in complex l deficiency: an in 

vitro study. North-West University.  

Michaelsson, G. & Juhlin, L. 1973. Urticaria induced by preservatives and dye additives in food 

and drugs. Br J Dermatol, 88(6):525-532. 10.1111/j.1365-2133.1973.tb08014.x 

Miller, H.C., Louw, R., Mereis, M., Venter, G., Boshoff, J.-D., Mienie, L., ... Domínguez-Martínez, 

A. 2021. Metallothionein 1 overexpression does not protect against mitochondrial disease 

pathology in Ndufs4 knockout mice. Molecular Neurobiology, 58(1):243-262.  

Mitomap. 2019. MITOMAP: A Human Mitochondrial Genome Database.  http://www.mitomap.org 

Date of access: 13 August 2021. 

Mogensen, H.S., Børsting, C. & Morling, N. 2015. Template preparation of AmpliSeq™ libraries 

using the Ion Chef™. Forensic Science International: Genetics Supplement Series, 5:e368-e369. 

10.1016/j.fsigss.2015.09.146 

Mogensen, M., Bagger, M., Pedersen, P.K., Fernström, M. & Sahlin, K. 2006. Cycling efficiency 

in humans is related to low UCP3 content and to type I fibres but not to mitochondrial efficiency. 

The Journal of physiology, 571(3):669-681.  

Morava, É. & Kozicz, T. 2013. Mitochondria and the economy of stress (mal) adaptation. 

Neuroscience & Biobehavioral Reviews, 37(4):668-680.  

Mueller, J.W., Gilligan, L.C., Idkowiak, J., Arlt, W. & Foster, P.A. 2015. The regulation of steroid 

action by sulfation and desulfation. Endocrine reviews, 36(5):526-563.  

Munaro, M., Tiranti, V., Sandonà, D., Lamantea, E., Uziel, G., Bisson, R. & Zeviani, M. 1997. A 

single cell complementation class is common to several cases of cytochrome c oxidase-defective 

Leigh's syndrome. Human molecular genetics, 6(2):221-228.  

Nair, B. 2001. Final report on the safety assessment of Benzyl Alcohol, Benzoic Acid, and Sodium 

Benzoate. International Journal of Toxicology, 20:23-50.  

Nanodrop Technologies, I. 2007. 260/280 and 260/230 Ratios  

http://www.mitomap.org/


 

148 

Navarro, S.L., Peterson, S., Chen, C., Makar, K.W., Schwarz, Y., King, I.B., ... Lampe, J.W. 2009. 

Cruciferous vegetable feeding alters UGT1A1 activity: diet-and genotype-dependent changes in 

serum bilirubin in a controlled feeding trial. Cancer Prevention Research, 2(4):345-352.  

O’Malley, M., King, A.N., Conte, M., Ellingrod, V.L. & Ramnath, N. 2014. Effects of cigarette 

smoking on metabolism and effectiveness of systemic therapy for lung cancer. Journal of Thoracic 

Oncology, 9(7):917-926.  

Okuno, D., Iino, R. & Noji, H. 2011. Rotation and structure of F o F 1-ATP synthase. The Journal 

of Biochemistry, 149(6):655-664.  

Oliviero, F., Lukowicz, C., Boussadia, B., Forner-Piquer, I., Pascussi, J.-M., Marchi, N. & Mselli-

Lakhal, L. 2020. Constitutive androstane receptor: a peripheral and a neurovascular stress or 

environmental sensor. Cells, 9(11):2426.  

Opstad, P.K. 1992. The hypothalamo-pituitary regulation of androgen secretion in young men 

after prolonged physical stress combined with energy and sleep deprivation. European Journal of 

Endocrinology, 127(3):231-236.  

Orsucci, D., Filosto, M., Siciliano, G. & Mancuso, M. 2009. Electron transfer mediators and other 

metabolites and cofactors in the treatment of mitochondrial dysfunction. Nutr Rev, 67(8):427-438. 

10.1111/j.1753-4887.2009.00221.x 

Ouzzine, M., Gulberti, S., Ramalanjaona, N., Magdalou, J. & Fournel-Gigleux, S. 2014. The UDP-

glucuronosyltransferases of the blood-brain barrier: their role in drug metabolism and 

detoxication. Frontiers in cellular neuroscience, 8:349.  

Padh, H. 1992. Organelle isolation and marker enzyme assay. In. Tested studies for laboratory 

teaching, Ed CA Goldman, Proceedings of the 13th Workshop of the Association for Biology 

Laboratory Education (ABLE). pp. 129-146. 

Papa, S., Scacco, S., Sardanelli, A.M., Vergari, R., Papa, F., Budde, S., ... Smeitink, J. 2001. 

Mutation in the NDUFS4 gene of complex I abolishes cAMP-dependent activation of the complex 

in a child with fatal neurological syndrome. FEBS letters, 489(2-3):259-262.  

Pavek, P. 2016. Pregnane X receptor (PXR)-mediated gene repression and cross-talk of PXR 

with other nuclear receptors via coactivator interactions. Frontiers in pharmacology, 7:456.  



 

149 

Penner, N., Woodward, C. & Prakash, C. 2012. Drug metabolizing enzymes and 

biotransformation reactions. ADME-Enabling Technologies in Drug Design and Development, eds 

D. Zhang and S. Surapaneni (Hoboken, NJ: John Wiley & Sons, Inc.),  

Pereira, R., Oliveira, J. & Sousa, M. 2020. Bioinformatics and Computational Tools for Next-

Generation Sequencing Analysis in Clinical Genetics. J Clin Med, 9(1), 10.3390/jcm9010132 

Pérez, V.I., Bokov, A., Van Remmen, H., Mele, J., Ran, Q., Ikeno, Y. & Richardson, A. 2009. Is 

the oxidative stress theory of aging dead? Biochimica et Biophysica Acta (BBA)-General Subjects, 

1790(10):1005-1014.  

Persaud, C., Forrester, T. & Jackson, A.A. 1996. Urinary excretion of 5-L-oxoproline (pyroglutamic 

acid) is increased during recovery from severe childhood malnutrition and responds to 

supplemental glycine. The Journal of nutrition, 126(11):2823-2830.  

Petruzzella, V. & Papa, S. 2002. Mutations in human nuclear genes encoding for subunits of 

mitochondrial respiratory complex I: the NDUFS4 gene. Gene, 286(1):149-154.  

Phang-Lyn, S. & Llerena, V.A. 2020. Biochemistry, Biotransformation. StatPearls [Internet],  

Pomatto, L.C. & Davies, K.J. 2018. Adaptive homeostasis and the free radical theory of ageing. 

Free Radical Biology and Medicine, 124:420-430.  

Praphanproj, V., Boyadjiev, S., Waber, L., Brusilow, S. & Geraghty, M. 2000. Three cases of 

intravenous sodium benzoate and sodium phenylacetate toxicity occurring in the treatment of 

acute hyperammonaemia. Journal of inherited metabolic disease, 23(2):129-136.  

Prasun, P. 2019. Mitochondrial Genetics. In. Mitochondrial Medicine. pp. 7-9.  

Prough, R.A., Clark, B.J. & Klinge, C.M. 2016. Novel mechanisms for DHEA action. Journal of 

molecular endocrinology, 56(3):R139-R155.  

Qayyum, A., C Zai, C., Hirata, Y., K Tiwari, A., Cheema, S., Nowrouzi, B., ... Kennedy, L. 2015. 

The role of the catechol-o-methyltransferase (COMT) GeneVal158Met in aggressive behavior, a 

review of genetic studies. Current neuropharmacology, 13(6):802-814.  

Quail, M.A., Smith, M., Coupland, P., Otto, T.D., Harris, S.R., Connor, T.R., ... Gu, Y. 2012. A tale 

of three next generation sequencing platforms: comparison of Ion Torrent, Pacific Biosciences 

and Illumina MiSeq sequencers. BMC Genomics, 13:341. 10.1186/1471-2164-13-341 



 

150 

Rahman, J. & Rahman, S. 2018. Mitochondrial medicine in the omics era. Lancet, 

391(10139):2560-2574. 10.1016/S0140-6736(18)30727-X 

Rahman, J., Noronha, A., Thiele, I. & Rahman, S. 2017. Leigh map: a novel computational 

diagnostic resource for mitochondrial disease. Annals of neurology, 81(1):9.  

Rajput, Y. & Sharma, R. 2011. Western Blot: Theoretical Aspects. Chemical Analysis of Value 

Added Dairy Products and Their Quality Assurance:85.  

Razak, M.A., Begum, P.S., Viswanath, B. & Rajagopal, S. 2017. Multifarious beneficial effect of 

nonessential amino acid, glycine: a review. Oxidative medicine and cellular longevity, 2017,  

Ritter, J.K. 2000. Roles of glucuronidation and UDP-glucuronosyltransferases in xenobiotic 

bioactivation reactions. Chemico-biological interactions, 129(1-2):171-193.  

Rohwer, J.M., Schutte, C. & van der Sluis, R. 2021. Functional Characterisation of Three Glycine 

N-Acyltransferase Variants and the Effect on Glycine Conjugation to Benzoyl–CoA. International 

Journal of Molecular Sciences, 22(6):3129.  

Rosenthal, N. & Brown, S. 2007. The mouse ascending: perspectives for human-disease models. 

Nature cell biology, 9(9):993-999.  

Roses, A.D. 2000. Pharmacogenetics and the practice of medicine. Nature, 405(6788):857-865.  

Roth, J.A. 1986. Sulfoconjugation: role in neurotransmitter and secretory protein activity. Trends 

in Pharmacological Sciences, 7:404-407.  

Rothberg, J.M., Hinz, W., Rearick, T.M., Schultz, J., Mileski, W., Davey, M., ... Bustillo, J. 2011. 

An integrated semiconductor device enabling non-optical genome sequencing. Nature, 

475(7356):348-352. 10.1038/nature10242 

Rowland, A., Miners, J.O. & Mackenzie, P.I. 2013. The UDP-glucuronosyltransferases: their role 

in drug metabolism and detoxification. The international journal of biochemistry & cell biology, 

45(6):1121-1132.  

Runge-Morris, M., Kocarek, T.A. & Falany, C.N. 2013. Regulation of the cytosolic 

sulfotransferases by nuclear receptors. Drug metabolism reviews, 45(1):15-33.  

Saini, S.P., Mu, Y., Gong, H., Toma, D., Uppal, H., Ren, S., ... Xie, W. 2005. Dual role of orphan 

nuclear receptor pregnane X receptor in bilirubin detoxification in mice. Hepatology, 41(3):497-

505.  



 

151 

Saini, S.P., Sonoda, J., Xu, L., Toma, D., Uppal, H., Mu, Y., ... Xie, W. 2004. A novel constitutive 

androstane receptor-mediated and CYP3A-independent pathway of bile acid detoxification. 

Molecular pharmacology, 65(2):292-300.  

Scacco, S., Petruzzella, V., Budde, S., Vergari, R., Tamborra, R., Panelli, D., ... Papa, S. 2003. 

Pathological mutations of the human NDUFS4 gene of the 18-kDa (AQDQ) subunit of complex I 

affect the expression of the protein and the assembly and function of the complex. Journal of 

Biological Chemistry, 278(45):44161-44167.  

Serviddio, G., Pereda, J., Pallardó, F.V., Carretero, J., Borras, C., Cutrin, J., ... Sastre, J. 2004. 

Ursodeoxycholic acid protects against secondary biliary cirrhosis in rats by preventing 

mitochondrial oxidative stress. Hepatology, 39(3):711-720.  

Sevior, D.K., Pelkonen, O. & Ahokas, J.T. 2012. Hepatocytes: the powerhouse of 

biotransformation. The international journal of biochemistry & cell biology, 44(2):257-261.  

Shao, X., Zhang, H., Yang, Z., Zhong, H., Xia, Y. & Cai, Z. 2020. NAD tagSeq for transcriptome-

wide identification and characterization of NAD+-capped RNAs. Nature Protocols, 15(9):2813-

2836.  

Shapiro, J.A. 2009. Revisiting the central dogma in the 21st century. Annals of the New York 

Academy of Sciences, 1178(1):6-28.  

Shatla, H.M., Tomoum, H.Y., Elsayed, S.M., Elagouza, I.A., Shatla, R.H., Mohsen, M.M. & 

Hamed, A.N. 2014. Role of plasma amino acids and urinary organic acids in diagnosis of 

mitochondrial diseases in children. Pediatric neurology, 51(6):820-825.  

Shen, G. & Kong, A.N. 2009. Nrf2 plays an important role in coordinated regulation of Phase II 

drug metabolism enzymes and Phase III drug transporters. Biopharmaceutics & drug disposition, 

30(7):345-355.  

Shoubridge, E.A. 2001. Nuclear gene defects in respiratory chain disorders. In. Seminars in 

neurology. Copyright© 2001 by Thieme Medical Publishers, Inc., 333 Seventh Avenue, New …. 

pp. 261-268. 

Siu, P.M., Donley, D.A., Bryner, R.W. & Alway, S.E. 2003. Citrate synthase expression and 

enzyme activity after endurance training in cardiac and skeletal muscles. Journal of Applied 

Physiology, 94(2):555-560.  



 

152 

Siu, R.H.P., Liu, Y., Chan, K.H.Y., Ridzewski, C., Slaughter, L.S. & Wu, A.R. 2021. Optimization 

of on-bead emulsion polymerase chain reaction based on 

single particle analysis. Talanta, 221:121593. 10.1016/j.talanta.2020.121593 

Skladal, D., Halliday, J. & Thorburn, D.R. 2003. Minimum birth prevalence of mitochondrial 

respiratory chain disorders in children. Brain, 126(8):1905-1912.  

Smeitink, J., van den Heuvel, L. & DiMauro, S. 2001. The genetics and pathology of oxidative 

phosphorylation. Nature Reviews Genetics, 2(5):342-352.  

Smith, P.e., Krohn, R.I., Hermanson, G.T., Mallia, A.K., Gartner, F.H., Provenzano, M., ... Klenk, 

D. 1985. Measurement of protein using bicinchoninic acid. Analytical biochemistry, 150(1):76-85.  

Spinazzi, M., Casarin, A., Pertegato, V., Salviati, L. & Angelini, C. 2012. Assessment of 

mitochondrial respiratory chain enzymatic activities on tissues and cultured cells. Nature 

protocols, 7(6):1235-1246.  

Strassburg, C., Strassburg, A., Kneip, S., Barut, A., Tukey, R., Rodeck, B. & Manns, M. 2002. 

Developmental aspects of human hepatic drug glucuronidation in young children and adults. Gut, 

50(2):259-265.  

Stroud, D.A., Surgenor, E.E., Formosa, L.E., Reljic, B., Frazier, A.E., Dibley, M.G., ... Thorburn, 

D.R. 2016. Accessory subunits are integral for assembly and function of human mitochondrial 

complex I. Nature, 538(7623):123-126.  

Sun, N., Deng, C., Liu, Y., Zhao, X., Tang, Y., Liu, R., ... Ge, G. 2014. Optimization of influencing 

factors of nucleic acid adsorption onto silica-coated magnetic particles: application to viral nucleic 

acid extraction from serum. Journal of Chromatography A, 1325:31-39.  

Tai, P.W.L., Kapinas, K., Lian, J.B., van Wijnen, A.J., Stein, J.L. & Stein, G.S. 2013. Gene 

Regulation. In: Maloy, S. & Hughes, K., eds. Brenner's Encyclopedia of Genetics (Second 

Edition). San Diego: Academic Press. pp. 216-220.  

Takao, K. & Miyakawa, T. 2015. Genomic responses in mouse models greatly mimic human 

inflammatory diseases. Proceedings of the National Academy of Sciences, 112(4):1167-1172.  

Taylor, R.C., Webb Robertson, B.J., Markillie, L.M., Serres, M.H., Linggi, B.E., Aldrich, J.T., ... 

Wiley, H.S. 2013. Changes in translational efficiency is a dominant regulatory mechanism in the 

environmental response of bacteria. Integr Biol (Camb), 5(11):1393-1406. 10.1039/c3ib40120k 



 

153 

Taylor, R.W. & Turnbull, D.M. 2005. Mitochondrial DNA mutations in human disease. Nature 

Reviews Genetics, 6(5):389-402.  

Terburgh, K., Lindeque, Z., Mason, S., Van der Westhuizen, F. & Louw, R. 2019. Metabolomics 

of Ndufs4−/− skeletal muscle: adaptive mechanisms converge at the ubiquinone-cycle. 

Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 1865(1):98-106.  

Terburgh, K., Coetzer, J., Lindeque, J.Z., van der Westhuizen, F.H. & Louw, R. 2021. Aberrant 

BCAA and glutamate metabolism linked to regional neurodegeneration in a mouse model of Leigh 

syndrome. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease, 1867(5):166082.  

Testa, B. 2008. Biotransformation reactions and their enzymes. In. The practice of medicinal 

chemistry: Elsevier. pp. 655-673.  

Thermo Fisher Scientific. Hang Up in the Wells — Preventing Samples from Remaining in the 

Wells of Your Gels. https://www.thermofisher.com/za/en/home/references/ambion-tech-

support/ribonuclease-protection-assays/general-articles/preventing-samples-from-remaining-in-

the-wells-of-your-gels.html Date of access: 01 August 2021. 

Thermo Fisher Scientific. 2010. Thermo Scientific NanoDrop Spectrophotometers. DE, USA. 

(Technical Bulletin T104). 

Thermo Fisher Scientific. 2019. Torrent Suite Software 5.12 User Guide. Thermo Fisher Scientific. 

(MAN0017972 B.0). 

Thermo Fisher Scientific. 2020. Ion AmpliSeq Designer. 

https://ampliseq.com/panels/search.action?q=&searchFacetValues=%22Panel+Type%22%2C

%22FIXED_PANEL%22&offset=0&pageLength=30 Date of access: 19/02/2021. 

Thorburn, D. 2004. Mitochondrial disorders: prevalence, myths and advances. Journal of inherited 

metabolic disease, 27(3):349-362.  

Townsend, D.M. & Tew, K.D. 2003. The role of glutathione-S-transferase in anti-cancer drug 

resistance. Oncogene, 22(47):7369-7375.  

Trendeleva, T. & Zvyagilskaya, R. 2018. Retrograde Signaling as a Mechanism of Yeast 

Adaptation to Unfavorable Factors. Biochemistry (00062979), 83(2),  

Tsirka, T., Konstantopoulou, M., Sabbagh, A., Crouau-Roy, B., Ryan, A., Sim, E., ... Fakis, G. 

2018. Comparative analysis of xenobiotic metabolising N-acetyltransferases from ten non-human 

primates as in vitro models of human homologues. Scientific reports, 8(1):1-13.  

https://www.thermofisher.com/za/en/home/references/ambion-tech-support/ribonuclease-protection-assays/general-articles/preventing-samples-from-remaining-in-the-wells-of-your-gels.html
https://www.thermofisher.com/za/en/home/references/ambion-tech-support/ribonuclease-protection-assays/general-articles/preventing-samples-from-remaining-in-the-wells-of-your-gels.html
https://www.thermofisher.com/za/en/home/references/ambion-tech-support/ribonuclease-protection-assays/general-articles/preventing-samples-from-remaining-in-the-wells-of-your-gels.html
https://ampliseq.com/panels/search.action?q=&searchFacetValues=%22Panel+Type%22%2C%22FIXED_PANEL%22&offset=0&pageLength=30
https://ampliseq.com/panels/search.action?q=&searchFacetValues=%22Panel+Type%22%2C%22FIXED_PANEL%22&offset=0&pageLength=30


 

154 

Tuli, L. & Ressom, H.W. 2009. LC–MS based detection of differential protein expression. Journal 

of proteomics & bioinformatics, 2:416.  

Valsecchi, F., Koopman, W.J.H., Manjeri, G.R., Rodenburg, R.J., Smeitink, J.A.M. & Willems, 

P.H.G.M. 2010. Complex I Disorders: Causes, Mechanisms, and Development of Treatment 

Strategies at the Cellular Level. Developmental Disabilities Research Reviews, 16(2):175-182. 

10.1002/ddrr.107 

Valsecchi, F., Grefte, S., Roestenberg, P., Joosten-Wagenaars, J., Smeitink, J.A., Willems, P.H. 

& Koopman, W.J. 2013. Primary fibroblasts of NDUFS4−/− mice display increased ROS levels 

and aberrant mitochondrial morphology. Mitochondrion, 13(5):436-443.  

Valsecchi, F., Monge, C., Forkink, M., de Groof, A.J., Benard, G., Rossignol, R., ... Calvaruso, 

M.A. 2012. Metabolic consequences of NDUFS4 gene deletion in immortalized mouse embryonic 

fibroblasts. Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1817(10):1925-1936.  

Van Bladeren, P.J. 2000. Glutathione conjugation as a bioactivation reaction. Chemico-biological 

interactions, 129(1-2):61-76.  

Van Coster, R., Lombes, A., Darryl, C., Chi, T.L., Dodson, W.E., Rothman, S., ... Schwartz, J.F. 

1991. Cytochrome c oxidase-associated Leigh syndrome: phenotypic features and pathogenetic 

speculations. Journal of the neurological sciences, 104(1):97-111.  

Van de Wiel, J., Fijneman, P., Teeuw, K., Van Ommen, B., Noordhoek, J. & Bos, R. 1993. 

Influence of long-term ethanol treatment on rat liver biotransformation enzymes. Alcohol, 

10(5):397-402.  

van der Knaap, J.A. & Verrijzer, C.P. 2016. Undercover: gene control by metabolites and 

metabolic enzymes. Genes & development, 30(21):2345-2369.  

Van der Sluis, R. & Erasmus, E. 2016. Xenobiotic/medium chain fatty acid: CoA ligase–a critical 

review on its role in fatty acid metabolism and the detoxification of benzoic acid and aspirin. Expert 

opinion on drug metabolism & toxicology, 12(10):1169-1179.  

Van der Sluis, R., Badenhorst, C.P., Van der Westhuizen, F.H. & Van Dijk, A.A. 2013. 

Characterisation of the influence of genetic variations on the enzyme activity of a recombinant 

human glycine N-acyltransferase. Gene, 515(2):447-453.  



 

155 

Van der Sluis, R., Badenhorst, C.P., Erasmus, E., Van Dyk, E., Van der Westhuizen, F.H. & Van 

Dijk, A.A. 2015. Conservation of the coding regions of the glycine N-acyltransferase gene further 

suggests that glycine conjugation is an essential detoxification pathway. Gene, 571(1):126-134.  

Van der Walt, G. & Louw, R. 2020. Novel mitochondrial and cytosolic purification pipeline for 

compartment-specific metabolomics in mammalian disease model tissues. Metabolomics, 

16(7):1-15.  

Verkaart, S., Koopman, W.J., Cheek, J., van Emst-de Vries, S.E., van den Heuvel, L.W., Smeitink, 

J.A. & Willems, P.H. 2007. Mitochondrial and cytosolic thiol redox state are not detectably altered 

in isolated human NADH: ubiquinone oxidoreductase deficiency. Biochimica et Biophysica Acta 

(BBA)-Molecular Basis of Disease, 1772(9):1041-1051.  

Verkhivker, G.M., Agajanian, S., Hu, G. & Tao, P. 2020. Allosteric regulation at the crossroads of 

new technologies: multiscale modeling, networks, and machine learning. Frontiers in Molecular 

Biosciences, 7:136.  

Vogel, C. & Marcotte, E.M. 2012. Insights into the regulation of protein abundance from proteomic 

and transcriptomic analyses. Nature reviews genetics, 13(4):227-232.  

Wallace, D.C. 2002. Animal models for mitochondrial disease. Mitochondrial DNA:3-54.  

Waluk, D.P., Sucharski, F., Sipos, L., Silberring, J. & Hunt, M.C. 2012. Reversible lysine 

acetylation regulates activity of human glycine N-acyltransferase-like 2 (hGLYATL2): implications 

for production of glycine-conjugated signaling molecules. Journal of Biological Chemistry, 

287(20):16158-16167.  

Wang, K., Chan, Y.-C., So, P.-K., Liu, X., Feng, L., Cheung, W.-T., ... Au, S.W.-N. 2021. Structure 

of mouse cytosolic sulfotransferase SULT2A8 provides insight into sulfonation of 7α-hydroxyl bile 

acids. Journal of lipid research, 62,  

Wang, W. & Ballatori, N. 1998. Endogenous glutathione conjugates: occurrence and biological 

functions. Pharmacological reviews, 50(3):335-356.  

Wang, W., Wu, Z., Dai, Z., Yang, Y., Wang, J. & Wu, G. 2013. Glycine metabolism in animals and 

humans: implications for nutrition and health. Amino acids, 45(3):463-477.  

Watanabe, L.M., Hashimoto, A.C., Torres, D.J., Alfulaij, N., Peres, R., Sultana, R., ... Seale, L.A. 

2021. Effect of statin treatment in obese selenium-supplemented mice lacking selenocysteine 

lyase. Molecular and Cellular Endocrinology:111335.  



 

156 

Watkins, P.A., Maiguel, D., Jia, Z. & Pevsner, J. 2007. Evidence for 26 distinct acyl-coenzyme A 

synthetase genes in the human genome. Journal of lipid research, 48(12):2736-2750.  

Weinshilboum, R.M., Otterness, D.M. & Szumlanski, C.L. 1999. Methylation pharmacogenetics: 

catechol O-methyltransferase, thiopurine methyltransferase, and histamine N-methyltransferase. 

Annual review of pharmacology and toxicology, 39(1):19-52.  

Weissman, J.R., Kelley, R.I., Bauman, M.L., Cohen, B.H., Murray, K.F., Mitchell, R.L., ... 

Natowicz, M.R. 2008. Mitochondrial disease in autism spectrum disorder patients: a cohort 

analysis. PloS one, 3(11):e3815.  

Wen, H., Yang, H.-j., An, Y.J., Kim, J.M., Lee, D.H., Jin, X., ... Park, S. 2013. Enhanced phase II 

detoxification contributes to beneficial effects of dietary restriction as revealed by multi-platform 

metabolomics studies. Molecular & Cellular Proteomics, 12(3):575-586.  

Wieckowski, M.R., Giorgi, C., Lebiedzinska, M., Duszynski, J. & Pinton, P. 2009. Isolation of 

mitochondria-associated membranes and mitochondria from animal tissues and cells. Nature 

protocols, 4(11):1582-1590.  

Williamson, G., DuPont, M.S., Wanigatunga, S., Heaney, R.K., Musk, S.R.R., Fenwick, G.R. & 

Rhodes, M.J.C. 1997. Induction of glutathione S-transferase activity in hepG2 cells by extracts 

from fruits and vegetables. Food Chemistry, 60(2):157-160.  

Wu, K.-M. 2009. A new classification of prodrugs: regulatory perspectives. Pharmaceuticals, 

2(3):77-81.  

Wu, K.C., Cui, J.Y. & Klaassen, C.D. 2012. Effect of graded Nrf2 activation on phase-I and-II drug 

metabolizing enzymes and transporters in mouse liver. PloS one, 7(7):e39006.  

Yang, G., Ge, S., Singh, R., Basu, S., Shatzer, K., Zen, M., ... Wei, J. 2017. Glucuronidation: 

driving factors and their impact on glucuronide disposition. Drug metabolism reviews, 49(2):105-

138.  

Zengin, N., Yüzbaşıoğlu, D., Ünal, F., Yılmaz, S. & Aksoy, H. 2011. The evaluation of the 

genotoxicity of two food preservatives: sodium benzoate and potassium benzoate. Food and 

Chemical Toxicology, 49(4):763-769.  

Zhang, A., Sun, H., Yan, G., Wang, P. & Wang, X. 2015. Metabolomics for biomarker discovery: 

moving to the clinic. BioMed research international, 2015,  



 

157 

Zhang, J., Liu, H., Luo, S., Lu, Z., Chávez-Badiola, A., Liu, Z., ... Munné, S. 2017. Live birth 

derived from oocyte spindle transfer to prevent mitochondrial disease. Reproductive biomedicine 

online, 34(4):361-368.  

Zhang, Y., Fonslow, B.R., Shan, B., Baek, M.-C. & Yates III, J.R. 2013. Protein analysis by 

shotgun/bottom-up proteomics. Chemical reviews, 113(4):2343-2394.  

Zitka, O., Skalickova, S., Gumulec, J., Masarik, M., Adam, V., Hubalek, J., ... Kizek, R. 2012. 

Redox status expressed as GSH:GSSG ratio as a marker for oxidative stress in paediatric tumour 

patients. Oncol Lett, 4(6):1247-1253. 10.3892/ol.2012.931 

  



 

158 

APPENDIX A ETHICS APPROVAL LETTER OF STUDY 

 



 

159 

  



 

160 

APPENDIX B LANGUAGE EDITING CERTIFICATE 

  



 

161 

APPENDIX C NANODROP AND QUBIT CONCENTRATIONS 

Table 6.1 Nanodrop and Qubit concentrations, as well as A260/A280 ratios for all samples 

Sample Nanodrop 
(ng/µL) 

A260/A280 Qubit 
(ng/µL) 

IonCode_0103 25.38 1.99 19.16 

IonCode_0104 56.51 1.99 43.60 

IonCode_0105 53.40 2.45 37.84 

IonCode_0106 64.50 1.98 46.80 

IonCode_0107 156.17 2.02 129.20 

IonCode_0108 121.93 2.01 98.80 

IonCode_0117 39.96 1.80 40.80 

IonCode_0118 149.36 2.00 176.00 

IonCode_0119 49.34 1.89 52.00 

IonCode_0120 148.80 1.98 74.80 

IonCode_0124 71.50 1.94 72.80 

This table presents the concentrations obtained from the Nanodrop and Qubit, as well as the A260/A280 
values for all samples. 
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APPENDIX D HEATMAP FOR 117 GENES ANALYSED  

 

Figure 6.1 Heatmap for 117 genes that were analysed  
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APPENDIX E SDS-PAGE GEL 

 

Figure 6.2 Image of SDS-PAGE gel before blotting to PVDF membrane 
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APPENDIX F DETAILS FOR 117 GENES ANALYSED 

Table 6.2 Details of full list of genes investigated 

 Gene Name EC number 

N-acetyltransferases 

Aanat serotonin N-acetyltransferase EC:2.3.1.87 

Gnpnat1 glucosamine 6-phosphate N-acetyltransferase EC:2.3.1.4 

Hgsnat heparan-alpha-glucosaminide N-acetyltransferase EC:2.3.1.78 

Natd1 N-acetyltransferase domain containing 1 Unavailable 

Nat2 arylamine N-acetyltransferase 2 EC:2.3.1.5 

Nat3 arylamine N-acetyltransferase 3 EC:2.3.1.5 

Nat8 N-acetyltransferase 8 EC:2.3.1.- 

Nat8f2 N-acetyltransferase 8 family member 2 EC:2.3.1.- 

Nat8f4 N-acetyltransferase 8 family member 4 Unavailable 

Nat8l N-acetyltransferase 8 like EC:2.3.1.17 

Nat9 N-acetyltransferase 9 EC:2.3.1.- 

Nat10 N-Acetyltransferase 10 EC:2.3.1.- 

Nat14 N-acetyltransferase 14 EC:2.3.1.- 

acyl-CoA synthetases 

Acss1 acetyl-CoA synthetase 2-like, mitochondrial EC:6.2.1.1 

Acss2 acyl-CoA synthetase short-chain family member 2, cytoplasmic EC:6.2.1.1 

Acss3 acyl-CoA synthetase short-chain family member 3, mitochondrial EC:6.2.1.1 

Acsm1 acyl-CoA synthetase medium-chain family member 1, mitochondrial EC:6.2.1.2 

Acsm2 acyl-CoA synthetase medium-chain family member 2, mitochondrial EC:6.2.1.2 

Acsm3 acyl-CoA synthetase medium-chain family member 3, mitochondrial EC:6.2.1.2 
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 Gene Name EC number 

Acsm4 acyl-CoA synthetase medium-chain family member 4, mitochondrial EC:6.2.1.2 

Acsm5 acyl-CoA synthetase medium-chain family member 5, mitochondrial EC:6.2.1.2 

Acsl1 long-chain-fatty-acid-CoA ligase 1 EC:6.2.1.3 

Acsl3 long-chain-fatty-acid-CoA ligase 3 EC:6.2.1.3 

Acsl4 long-chain-fatty-acid-CoA ligase 4 EC:6.2.1.3 

Acsl5 long-chain-fatty-acid-CoA ligase 5 EC:6.2.1.3 

Acsl6 long-chain-fatty-acid-CoA ligase 6 EC:6.2.1.3 

amino acyltransferases 

Baat bile acid-CoA:amino acid N-acyltransferase EC:2.3.1.65 

Glyat glycine N-acyltransferase EC:2.3.1.13 

Dgat1 diacylglycerol O-acyltransferase 1 EC:2.3.1.20 

Dgat2 diacylglycerol O-acyltransferase 2 EC:2.3.1.20 

Dgat2l6 diacylglycerol O-acyltransferase 2-like protein 6 EC:2.3.1.- 

Mogat1 diacylglycerol acyltransferase 2-like protein 1 EC:2.3.1.22 

Mogat2 diacylglycerol acyltransferase 2-like protein 5 EC:2.3.1.22 

Acat1 acetyl-CoA acetyltransferase, mitochondrial EC:2.3.1.9 

glucuronosyltransferases 

Ugt2a3 UDP-glucuronosyltransferase 2a3 EC:2.4.1.17 

Ugt3a1 UDP-glucuronosyltransferase 3a1 EC:2.4.1.17 

Ugt3a2 UDP-glucuronosyltransferase 3a2 EC:2.4.1.17 

Ugt2b1 UDP-glucuronosyltransferase 2b1 EC:2.4.1.17 

Ugt2b5 UDP-glucuronosyltransferase 2b5 EC:2.4.1.17 

Ugt2b36 UDP-glucuronosyltransferase 2b36 EC:2.4.1.17 

Ugt2b37 UDP-glucuronosyltransferase 2b37 EC:2.4.1.17 

Ugt2b38 UDP-glucuronosyltransferase 2b38 Unavailable 



 

166 

 Gene Name EC number 

Ugt2b35 UDP-glucuronosyltransferase 2b35 EC:2.4.1.17 

Ugt2b34 UDP-glucuronosyltransferase 2b34 EC:2.4.1.17 

glutathione S-transferases 

Gsta3 glutathione S-transferase a3 EC:2.5.1.18 

Gsta4 glutathione S-transferase a4 EC:2.5.1.18 

Gstcd glutathione S-transferase c-terminal domain-containing protein Unavailable 

Gstk1 glutathione S-transferase kappa 1 EC:2.5.1.18 

Gstm1 glutathione S-transferase mu 1 EC:2.5.1.18 

Gstm2 glutathione S-transferase mu 2 EC:2.5.1.18 

Gstm3 glutathione S-transferase mu 3 EC:2.5.1.18 

Gstm4 glutathione S-transferase mu 4 EC:2.5.1.18 

Gstm6 glutathione S-transferase mu 6 EC:2.5.1.18 

Gstm7 glutathione S-transferase mu 7 EC:2.5.1.18 

Gstm5 glutathione S-transferase mu 5 EC:2.5.1.18 

Gsto1 glutathione S-transferase omega-1 EC:2.5.1.18 

Gsto2 glutathione S-transferase omega-2 EC:2.5.1.18 

Gstt1 glutathione S-transferase theta-1 EC:2.5.1.18 

Gstt2 glutathione S-transferase theta-2 EC:2.5.1.18 

Gstt4 glutathione S-transferase theta-4 EC:2.5.1.18 

Gstz1 glutathione S-transferase zeta 1 EC:5.2.1.18 

Mgst1 microsomal glutathione S-transferase 1 EC:2.5.1.18 

Mgst2 microsomal glutathione S-transferase 2 EC:2.5.1.18 

Mgst3 microsomal glutathione S-transferase 3 Unavailable 

methyltransferases Nnmt nicotinamide N-methyltransferase EC:2.1.1.1 
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 Gene Name EC number 

 Hnmt histamine N-methyltransferase EC:2.1.1.8 

Pnmt phenylethanolamine N-methyltransferase EC:2.1.1.28 

Inmt indolethylamine N-methyltransferase EC:2.1.1.49 

Tpmt thiopurine S-methyltransferase EC:2.1.1.67 

Comt catechol O-methyltransferase EC:2.1.1.6 

sulfotransferases 

Sult1a1 sulfotransferase 1a1 EC:2.8.2.1 

Sult1b1 sulfotransferase family cytosolic 1b member 1 EC:2.8.2.- 

Sult1c1 sulfotransferase 1c1 EC:2.8.2.- 

Sult1c2 sulfotransferase 1c2 EC:2.8.2.- 

Sult1d1 sulfotransferase 1 family member d1 EC:2.8.2.- 

Sult1e1 sulfotransferase 1e1 EC:2.8.2.4 

Sult2a1 sulfotransferase 2a1 EC:2.8.2.2 

Sult2a2 bile salt sulfotransferase 2 EC:2.8.2.14 

Sult2a3 sulfotransferase 2a3 EC:2.8.2.- 

Sult2a4 sulfotransferase 2a4 EC:2.8.2.- 

Sult2a5 sulfotransferase 2a5 EC:2.8.2.- 

Sult2a6 sulfotransferase 2a6 EC:2.8.2.- 

Sult2a7 sulfotransferase 2a7 EC:2.8.2.- 

Sult2a8 sulfotransferase 2a8 EC:2.8.2.- 

Sult2b1 sulfotransferase 2b1 EC:2.8.2.2 

Sult3a1 amine sulfotransferase 3a1 EC:2.8.2.3 

Sult3a2 amine sulfotransferase 3a2 EC:2.8.2.- 

Sult4a1 sulfotransferase 4a1 EC:2.8.2.- 
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 Gene Name EC number 

Sult5a1 sulfotransferase 5a1 EC:2.8.2.- 

Sult6b1 sulfotransferase 6b1 Unavailable 

Sult6b2 sulfotransferase 6b2 EC:2.8.2.- 

Chst1 carbohydrate sulfotransferase 1 EC:2.8.2.21 

Chst2 carbohydrate sulfotransferase 2 EC: 2.8.2.- 

Chst3 carbohydrate sulfotransferase 3 EC:2.8.2.17 

Chst4 carbohydrate sulfotransferase 4 EC:2.8.2.- 

Chst5 carbohydrate sulfotransferase 5 EC:2.8.2.- 

Chst7 carbohydrate sulfotransferase 7 EC:2.8.2.17 

Chst8 carbohydrate sulfotransferase 8 EC:2.8.2.- 

Chst9 carbohydrate sulfotransferase 9 EC:2.8.2.- 

Chst10 carbohydrate sulfotransferase 10 EC:2.8.2.- 

Chst11 carbohydrate sulfotransferase 11 EC:2.8.2.5 

Chst14 carbohydrate sulfotransferase 14 EC:2.8.2.35 

Gal3st1 galactosylceramide sulfotransferase EC:2.8.2.11 

Gal3st3 galactose-3-O-sulfotransferase 3 EC:2.8.2.- 

Hs2st1 heparan sulphate 2-O-sulfotransferase 1 EC:2.8.2.- 

Hs3st1 heparan sulphate glucosamine 3-O-sulfotransferase 1 EC:2.8.2.23 

Hs3st2 heparan sulphate glucosamine 3-O-sulfotransferase 2 EC:2.8.2.29 

Hs3st4 heparan sulphate-glucosamine 3-O-sulfotransferase 4 EC:2.8.2.- 

Hs3st5 heparan sulphate glucosamine 3-O-sulfotransferase 5 EC:2.8.2.23 

Hs3st6 heparan sulphate glucosamine 3-O-sulfotransferase 6 EC:2.8.2.23 

Hs6st1 heparan sulphate 6-O-sulfotransferase 1 EC:2.8.2.- 
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 Gene Name EC number 

Hs6st2 heparan sulphate 6-O-sulfotransferase 2 EC:2.8.2.- 

Hs6st3 heparan sulphate 6-O-sulfotransferase 3 EC:2.8.2.- 

Ndst1 bifunctional heparan sulphate N-sulfotransferase 1 EC:2.8.2.8 

Ndst2 bifunctional heparan sulphate N-sulfotransferase 2 EC:2.8.2.8 

Ndst3 bifunctional heparan sulphate N-sulfotransferase 3 EC:2.8.2.8 

Ndst4 bifunctional heparan sulphate N-sulfotransferase 4 EC:2.8.2.8 

This table shows the gene symbols, names, and EC numbers for 117 genes that were analysed for their differential expression 


