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ABSTRACT

Mitochondrial diseases (MDs) are the most common inborn errors of metabolism, with an
estimated prevalence of approximately 1 in 5 000 live births, and are mainly caused by
deficiencies of complex | (Cl) of the oxidative phosphorylation (OXPHOS) system. Clinical
presentations of Cl deficiency are highly heterogeneous, with the most commonly reported, being
Leigh syndrome (LS) — a devastating progressive, multi-systemic, neurodegenerative disorder.
The Ndufs4 gene, which encodes for an 18 kDa subunit of Cl, is a mutational hotspot in LS

patients.

To date, the efficacy of the limited available therapeutic interventions remains inconclusive, and
can, in large, be attributed to our poor understanding of the pathological mechanisms behind
these highly complex diseases. Fortunately, with a whole-body Ndufs4 knockout (KO) mouse
model available, researchers have a great opportunity to gain a better understanding of this
commonly reported MD. What remains lacking, however, is the incorporation of multi-platform
metabolomics using urine. This biofluid shows promise in revealing global metabolic perturbations

in MDs, and thus possesses the potential to elucidate disease mechanisms.

The aim of this study, therefore, was to investigate the metabolic consequences of Ndufs4
deficiency by analysing the urine of the whole-body Ndufs4 KO mouse model. This was
accomplished by implementing two main objectives: firstly, by validating the mouse model via
genetic and phenotypic evaluation and the measurement of Cl activity in the liver; and secondly,
by comparing the urinary metabolome of Ndufs4 KO and wild-type mice, acquired via both
untargeted and targeted analyses, in order to obtain a comprehensive view of the metabolic

consequences.

In this study, the mouse model was successfully validated on the genetic and phenotypic level,
with Ndufs4 KO mice displaying well-reported phenotypic characteristics, including growth
retardation, transient alopecia and hunched back posture. Biochemically, the mouse model was
further confirmed with Ndufs4 KO mice exhibiting 15% residual CI activity in the liver. Urinary
metabolomic analyses revealed multiple metabolic perturbations in the Ndufs4 KO mice. Most
notably, were the markers classically observed in MDs and commonly believed to be the result of
an altered redox status, namely elevated levels of pyruvate, lactate and alanine as well as some
tricarboxylic acid cycle intermediates (2-ketoglutarate, fumarate and malate). A downregulation
in proteinfamino acid catabolism was observed, as indicated by decreased levels of numerous
amino acids (e.g. glutamine, glutamate, leucine, isoleucine, valine and phenylalanine), 3-
methylhistine (index of skeletal muscle breakdown) and metabolites associated with the urea
cycle (arginine, citrulline and N-acetylglutamate). Similarly, lipid/fatty acid catabolism also
i



appeared to be downregulated, as shown by lowered levels of glycerol as well as humerous
carnitine- and glycine fatty acid conjugates (octanoyl- and decanoylcarntine; butyryl-, valeryl- and
hexanoylglycine). Metabolites present in pathways associated with biosynthetic processes and/or
ROS scavenging (including the pentose phosphate pathway, one-carbon metabolism and de
novo pyrimidine synthesis) were also decreased. Taken together, the implementation of urinary
metabolomics proved to be successful in revealing global metabolic perturbations in Ndufs4 KO

mice.

Keywords: Metabolomics « Complex | deficiency « Mitochondrial disease ¢ Leigh syndrome

Ndufs4 knockout mice ¢« Metabolism ¢ Urine
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CHAPTER 1:
INTRODUCTION

Located in nearly all mammalian cells, are multi-functional, subcellular structures called
mitochondria. These organelles are primarily known to meet the majority of the cell’'s energy
demands through a process termed oxidative phosphorylation (OXPHOS) — a series of reactions
accomplished by the cooperation of five multi-subunit complexes (CI-CV) (Spinelli & Haigis,
2018). Given the mitochondrion’s multifaceted contribution to cellular function, it is of no surprise
that mitochondrial diseases (MDs) are the most prevalent among all inborn errors of metabolism
and that these disorders can wreak havoc in cells by compromising energy production, causing

oxidative stress and leading to metabolic derangements (Esterhuizen et al., 2017).

Unfortunately, MDs are by no means simplistic, but instead, are highly sophisticated diseases
that continue to prevail against the scientific community. This is evident from the limited
therapeutic interventions available against MDs (Dimond, 2013; Lehmann & McFarland, 2018)
and the lack of compelling evidence supporting their efficacy (Pfeffer et al., 2012). Specifically,
this hurdle is the result of the poor genotype-phenotype correlation displayed in MDs (Pfeffer et
al., 2012; Rahman & Rahman, 2018), as well as the overall poor understanding of the pathological
mechanisms of these disorders (Rahman & Rahman, 2018; Vafai & Mootha, 2012).

MDs are mainly caused by deficiencies in complex | (Cl) of the OXPHOS system (Loeffen et al.,
2000; Scaglia et al., 2004; von Kleist-Retzow et al., 1998), which predominantly manifest as Leigh
syndrome (LS), the most frequently reported clinical presentation of MDs (Bugiani et al., 2004;
Koene et al., 2012; Lake et al., 2015). In cases of LS, the gene encoding for NADH
dehydrogenase:ubiquinone iron-sulfur protein 4 (NDUFS4) is considered a mutational hotspot
(Ortigoza-Escobar et al., 2016).

Therefore, NDUFS4-related LS is an apposite disease to research in order to gain a better
understanding of MDs in general, which may lead to effective treatment options. Fortunately, a
whole-body Ndufs4 knockout (KO) mouse model is available, and thus provides an excellent
opportunity for researchers to investigate MD. To date, research on the metabolism of this mouse
model is not only limited, but has also not yet incorporated the use of multi-platform metabolomics
in urine — an information-rich biofluid that can reveal global metabolic perturbations. The aim of
this study, therefore, was to investigate the metabolic consequences in whole-body Ndufs4 KO

mice using a urinary metabolomics approach.



The structure of this dissertation can be summarised as follows:

e Chapter 2 provides a comprehensive overview of literature relevant to this study.
Additionally, the chapter presents the problem statement, the aim of this study and the
objectives followed to address the aim, as illustrated in the study design.

o In Chapter 3, detailed descriptions of the experimental- and data handling procedures
used to achieve the objectives are provided, followed by the findings that are presented
and discussed in Chapter 4.

o Chapter 5 provides a conclusive summary of the results, the strengths and limitations of
this study and recommendations for future endeavours.

e Appendix A provides a list of all the materials/reagents used in the experimental
procedures described in Chapter 3.

Finally, additional data handling procedures and the results thereof — which are not presented in

Chapter 3 and 4, respectively — are provided in Appendix B.



CHAPTER 2:
LITERATURE REVIEW

2.1 The mitochondrion

Mitochondria (mitochondrion, singular) are maternally inherited organelles (Giles et al., 1980),
located in all nucleated mammalian cells, with the exception of cells that lose their nuclei during
cell maturation (Rogerson et al., 2018). These organelles are semi-autonomous, requiring nuclear
deoxyribonucleic acid (nDNA), as well as their own deoxyribonucleic acid (DNA; of which multiple
copies — anywhere from 100 to 10 000 — exist in each mitochondrion), in order to be synthesised
(Chinnery & Hudson, 2013). Only ~1% of the ~1 000 to 1 500 proteins that comprise mammalian
mitochondria is encoded by mitochondrial DNA (mtDNA) (Calvo & Mootha, 2010).

Mitochondria are responsible for orchestrating a myriad of cellular processes; functioning not only
as bioenergetic organelles, for which they are most well-known, but also as biosynthetic,
signalling and waste disposal/detoxifying organelles (Spinelli & Haigis, 2018; Vakifahmetoglu-
Norberg et al., 2017). Furthermore, mitochondria do not function in isolation, but rather in

conjunction with the rest of the cell to fulfil many of these cellular tasks (Xia et al., 2019).

Structurally, mitochondria are composed of two phospholipid bilayer membranes with two distinct
compartments, as illustrated in Figure 2.1. These include a highly permeable outer membrane
(OMM) that allows uncharged molecules of <5 000 Da to freely diffuse across it, and a highly
impermeable inner membrane (IMM) that requires a vast amount of transport proteins to allow
the import of even inorganic ions. The intermembrane space (IMS) is positioned in between the
two membranes, and the mitochondrial matrix (MM) is enclosed by the IMM. The IMM is
characterised by numerous folds that project inwards, known as cristae, which house the
machinery required for energy production. These folds greatly enhance the surface area, and as

a result, the capacity for energy production.



Inter membrane space Inner membrane Matrix

N |/

Outer membrane Cristae

Figure 2.1: Mitochondrial architecture. Schematic representation of the mitochondrial architecture.
Mitochondria are double membrane organelles with two distinct compartments, namely the inter membrane
space, located between the outer and inner mitochondrial membrane, and the mitochondrial matrix,
surrounded by the inner mitochondrial membrane.

2.2 The respiratory chain and oxidative phosphorylation

Mitochondria are most well-known to provide the majority of our cellular energy, under normal
conditions, in the form of adenosine-5'-triphosphate (ATP) (Marquez et al., 2016). ATP has been
labelled the main “energy currency” in cells because it is utilised in a multitude of cellular
processes relevant to healthy functioning, including: (i) muscle contraction (Kuo & Ehrlich, 2015);
(i) the transport of various solutes (e.g. inorganic ions and metabolites) across cell and organelle
membranes (Vasiliou et al., 2009); (iii) the transport of cellular components (e.g. proteins and
organelles) to specific intracellular destinations along microtubules by kinesin and dynein motor
proteins (Abraham et al., 2018); (iv) biosynthetic pathways (Buhaescu & Izzedine, 2007; Mari et
al., 2010; Martinez et al., 2014); and (v) the regulation of gene expression and protein activity by
chromatin remodelling and post-translational modification, respectively (Mazina & Vorobyeva,
2016; Vlastaridis et al., 2017).

The utilisation of ATP is truly astonishing, with a turnover rate of 50-75 kg per day in the average
person (Okuno et al., 2011). To put it in a different perspective, in the human brain alone, 4.7
billion ATP molecules are utilised per second by a single cortical neuron at resting state (Zhu et
al., 2012). This impressive feat of maintaining high levels of ATP is accomplished via oxidative
phosphorylation (OXPHOS).

The components responsible for orchestrating OXPHOS, collectively known as the OXPHOS
system (Figure 2.2), comprise five multi-protein IMM-bound complexes: complex | (CI,
NADH:ubiquinone oxidoreductase); complex Il (CIl, succinate:ubiquinone oxidoreductase);

complex Il (Clll, ubiquinol:cytochrome c oxidoreductase); complex IV (CIV, cytochrome c
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oxidase); and complex V (CV, ATP synthase), of which all, except Cll, are encoded by both nDNA
and mtDNA (Koopman et al., 2013).
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Figure 2.2: The OXPHOS system. Schematic representation of the OXPHOS system comprising the
canonical RC (CI-IV, the two mobile electron carriers Q and cyt ¢, and CV). Electrons derived from the
appropriate substrates are sequentially transferred from CI-II, as well as from the auxiliary enzymes (top
left), through the RC and ultimately donated to the final electron acceptor, O2. During this process, protons
(H*) are translocated into the IMS via CI, CIl and CIll. This generates the PMF required for the
phosphorylation of ADP via CV. Abbreviations: A¥Y, membrane potential; ApH, pH/proton gradient; ADP,
adenosine-5’-diphosphate; ATP, adenosine-5’-triphosphate; CI-V, complexes | to V; cyt c, cytochrome c;
DHODH, dihydroorotate dehydrogenase; ETF:QO, electron transfer flavoprotein:ubiquinone
oxidoreductase; H*, protons; H20, water; IMM, inner mitochondrial membrane; IMS, intermembrane space;
mGPDH, mitochondrial glycerol-3-phosphate dehydrogenase; MM, mitochondrial matrix; OMM, outer
mitochondrial membrane; NAD*, nicotinamide adenine dinucleotide (oxidised); NADH, nicotinamide
adenine dinucleotide (reduced); pH, potential of hydrogen; Pi, inorganic phosphate; Oz, molecular oxygen;
OXPHOS, oxidative phosphorylation; PMF, proton motive force; PRODH, proline dehydrogenase; Q,

ubiguinone; RC, respiratory chain; SQR, sulfide-ubiquinone oxidoreductase; SUOX, sulfite oxidase.

The first four complexes (CI-1V) make up the respiratory chain (RC), otherwise known as the
electron transport chain (ETC), which further contains two mobile electron carriers: a lipophilic
quinone known as ubiquinone (Q) and a small heme protein called cytochrome c (cyt c) that are
located in the IMM and IMS, respectively. The RC is designed to sequentially transfer electrons
[derived from the oxidation of reduced nicotinamide adenine dinucleotide (NADH) and succinate,

and donated to CIl and CII, respectively] to the final electron acceptor, molecular oxygen (O>)
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through a series of reduction-oxidation (redox) reactions in the following order: CI-Il - Q — CllI
— cyt ¢ — CIV — O, (Koopman et al., 2013). This represents the classical RC model, but there
are, in fact, a number of other enzymes that feed electrons into the RC (Figure 2.2). These
enzymes are: sulfite oxidase (SUOX; which reduces cyt c); and mitochondrial glycerol-3-
phosphate dehydrogenase (mMGPDH) (Mracek et al., 2013); electron transfer
flavoprotein:ubiquinone oxidoreductase (ETF:QO) (Watmough & Frerman, 2010); dihydroorotate
dehydrogenase (DHODH) (Loffler et al.,, 1998); sulfide-ubiquinone oxidoreductase (SQR)
(Goubern et al., 2007); and proline dehydrogenase (PRODH) (Hancock et al., 2016) [all of which
transfer electrons to Q (Garrett et al., 1998)]. These enzymes (including CI-II) and the pathways
to which they are linked, are discussed in Sections 2.3 and 2.4.

During the sequential transfer of electrons to O, energy is liberated and utilised by the three
transmembrane complexes ClI, Clll and CIV to translocate protons from the IMM into the IMS. In
turn, this generates an electrochemical gradient, also known as the proton motive force (Ap or
PMF), comprising an electrical component, the membrane potential (A¥), and a chemical
component, the pH/proton gradient (ApH). This form of potential energy is subsequently
harnessed to phosphorylate adenosine-5-diphosphate (ADP), thereby creating ATP, when
protons diffuse back into the MM through CV (Nicholls & Ferguson, 2002a).

2.3 Other processes linked to the respiratory chain
2.3.1 Electrochemical gradient-dependent processes

The importance of CV being coupled to the RC is exemplified by its bi-genomic origin and its role
in, and astonishing rate of, ATP turnover. There are, however, other processes driven by the
electrochemical gradient that rely either on one, or both of its components (AW or ApH) (Nicholls
& Ferguson, 2002a).

The IMM, being almost completely impermeable, is gated by many transport proteins that are
driven by the electrochemical gradient, to translocate solutes in and out of the mitochondrion.
Some examples include: (i) the import of inorganic phosphate [Pi; via the mitochondrial phosphate
carrier (PiC)] and the exchange of ATP and ADP [via the adenine nucleotide translocator (ANT)],
to ensure the delivery of Pi and ADP to the OXPHOS system and the availability of ATP in the
cytosol (Kunji et al., 2016; Mayr et al., 2007); (i) the import of pre-proteins that are required for
proper mitochondrial biogenesis and function via translocase of the inner membrane 23 (Tim23)
(Wiedemann & Pfanner, 2017); (iii) the aspartate-glutamate carriers that form part of the malate-

aspartate shuttle (discussed in Section 2.4) and make cytosolic-derived electrons available to the



RC (Amoedo et al., 2016); and (iv) the mitochondrial calcium (Ca?*) uniporter (MCU) that is

involved in Ca?" homeostasis (Mammucari et al., 2018).

Besides solute transport, the electrochemical gradient is also required for the reduction of oxidised
nicotinamide adenine dinucleotide phosphate (NADP*), at the expense of NADH via nicotinamide
nucleotide transhydrogenase (NNT), which is required for biosynthetic reactions as well as the
detoxification of reactive oxygen species (ROS) (discussed in the following section) (Rydstrém,
2006). Another example is the generation of heat (thermogenesis) in response to cold exposure
via uncoupling protein 1 (UCP1) or thermogenin, which are mainly expressed in the brown

adipose tissue of infants and small mammals (Sell et al., 2004).

2.3.2 Reactive oxygen species

Mitochondria are the primary consumers of Oz, and accordingly, the main sites of ROS production
(Valko et al., 2007). A variety of mitochondrial enzymes contribute to the production of ROS, with
the greatest portion being those involved in the RC, including CI-lll, ETF:QO, mGPDH, DHODH,
PRODH and SQR. Of all these, Cl and ClllI are conventionally regarded as the prime contributors
to ROS production (Mailloux, 2015).

ROS can be defined as highly reactive oxygen derivatives, capable of oxidising cellular
components such as DNA, lipids and proteins. Examples include free radicals, such as the
superoxide anion radical (O2") and the hydroxyl radical (OH"), as well as non-radicals (e.g.
hydrogen peroxide, H.O,) (Valko et al., 2007). Under normal physiological conditions, it is
estimated that ROS is derived from 0.1-2% of mitochondrial consumed O- (Orrenius et al., 2007;
Tahara et al., 2009). ROS is formed as a result of the RC becoming highly reduced and causing
electrons to “leak”, thereby leading to the partial reduction of O, to O, (Barja, 2007), which is

subsequently transformed into other forms of ROS.

Originally viewed as exclusively destructive by-products that cause cellular damage and result in
eventual cell death, ROS has since been shown to form part of nhormal metabolism — playing
important roles in a variety of processes, such as the adaptation to hypoxic conditions and the
regulation of autophagy, immunity, stem cell differentiation and aging (Sena & Chandel, 2012).
Therefore, ROS homeostasis is of the utmost importance to keep ROS levels within physiological

ranges and is achieved through a number of ROS scavenging pathways.

The first line of defence involves the conversion of O," to H,O;, which can occur either
spontaneously, or via the enzyme superoxide dismutase [at a conversion rate that is 10 million
times faster (Weydert & Cullen, 2010)]. O™ is also scavenged by cyt ¢, which oxidises it back to
O: and transfers the gained electron to CIV (Pereverzev et al., 2003). Following this, H2O: is

subsequently detoxified by the enzyme catalase to form water (H.O) and O, and also by the two
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main H.O- scavenging systems, namely the glutathione (GSH) and thioredoxin (Trx) systems, via
glutathione peroxidase and thioredoxin peroxidase, respectively (Munro et al., 2016). During the
reduction of ROS by these two scavenging systems, two molecules of GSH are oxidised in the
GSH system to form glutathione disulfide, whereas Trx is concurrently oxidised in the Trx system
to convert H,O, to H.O. Both systems contain reduced nicotinamide adenine dinucleotide
phosphate (NADPH)-dependant reductases that reduce glutathione and oxidised Trx, thereby

ensuring the continuation of these ROS scavenging pathways.

2.4 Electron-feeding pathways involved in energy metabolism

The RC derives most of its electrons from a number of metabolic pathways involved in the
catabolism of sugars, fats and amino acids (AAs). Located within the MM is the tricarboxylic acid
(TCA) cycle, which is the central and final catabolic pathway responsible for the complete
oxidation of substrates to carbon dioxide (CO,). The pathway comprises eight enzymatic
reactions, with three generating the intermediate electron carrier NADH, which is oxidised by CI.
In addition, the TCA cycle and the RC are directly linked via Cll, which catalyses the sixth step of
the TCA cycle, transferring electrons to Q via the oxidation of succinate to fumarate (Rutter et al.,
2010).

There are numerous pathways that feed partially oxidised substrates into the TCA cycle.
Glycolysis, which occurs in the cytosol, is responsible for the oxidation of glucose to pyruvate.
Pyruvate is then imported into the MM and oxidised to acetyl-coenzyme A (CoA), forming NADH
in the process. The IMM, however, is impermeable to cytosolic NADH; thus, its re-oxidation is
critical for the continuation of the glycolytic pathway. There are two pathways that ensure the
re-oxidation of NADH: the malate-aspartate shuttle (Nicholls & Ferguson, 2002b) and the
glycerol-3-phosphate shuttle (Gvozdjdkova, 2008). In the malate-aspartate shuttle, NADH is
re-oxidised during the reduction of oxaloacetate to malate. Malate is then transported through an
antiporter protein, during which 2-ketoglutarate is exported into the cytoplasm. In the MM, malate
is then oxidised back to oxaloacetate, thereby reducing oxidised nicotinamide adenine
dinucleotide (NAD*) to NADH. The glycerol-3-phosphate shuttle consists of two
glycerol-3-phosphate dehydrogenases, one of which is NADH-dependant and located in the
cytosol, and a second, namely mGPDH, which is one of the auxiliary enzymes of the RC. During
this shuttle, dihydroxyacetone phosphate (DHAP), produced from the glycolytic pathway, is
reduced to glycerol-3-phosphate (G3P), which then enters the MM where it is oxidised back to
DHAP, thereby transferring electrons from mGPDH to Q (Gvozdjakova, 2008). mGPDH is also
involved in the synthesis of glucose via gluconeogenesis, which primarily occurs in the liver. Here,

glycerol, derived from lipolysis, is phosphorylated and subsequently oxidised by mGPDH to
8



DHAP, which enters the gluconeogenic pathway. Hence, mGPDH is at a “crossroad” — linking

glucose and lipid metabolism (Madiraju et al., 2014).

The B-oxidation pathway is responsible for the oxidation of fatty acids, which serve as an important
energy source during fasting, starvation or prolonged exercise when glucose reserves become
limited. Cardiomyocytes are an exception, since these cells primarily depend on fatty acids for
energy (60-70% ATP), even in a fed state (Kudo et al., 1995). Fatty acids, after being imported
into the MM, are broken down to acetyl-CoA, which subsequently enters the TCA cycle. During
B-oxidation, electrons are provided to Cl and ETF:QO via NADH and the electron transfer

flavoprotein (ETF), respectively (Houten & Wanders, 2010).

When acetyl-CoA levels exceed the TCA cycle’s capacity, the substrate is diverted towards the
production of ketone bodies [acetoacetate, 3-hydroxybutyrate and acetone], which occurs
primarily in the liver. These ketone bodies are exported and utilised by extra-hepatic tissues for
energy. Within these tissues, acetoacetate and 3-hydroxybutyrate are oxidised back to
acetyl-CoA, which can enter the TCA cycle, with the latter ketone body providing NADH to CI.
Ketone bodies are an important energy source for the brain, since fatty acids are unable to cross
the blood-brain barrier (Houten & Wanders, 2010). Acetone is commonly viewed as a dead-end
metabolite that is not metabolised, but rather excreted via exhalation and urination. In addition to
this view, it is also widely accepted that fatty acids do not contribute to gluconeogenesis. However,
through the use of **C tracing analysis on mammals (including humans), several studies have
provided evidence that acetone is indeed metabolised and contributes to gluconeogenesis, as

proven by the detection of acetone-derived “C in glucose (Kalapos, 2003).

Even though glucose and fatty acids are the body’s preferred energy sources, as is evident from
the body’s ability to respectively store these substrates in the form of glycogen and triglycerides,
AAs also serve as an energy source (Salway, 2017). Owing to the structural diversity of AAs, the
catabolic pathways thereof — which occur in both the cytosol and the mitochondria — are also
diverse and thus beyond the scope of this literature review. AAs can be classified based on the
partially oxidised metabolites they produce. Gluconeogenic AAs are broken down to pyruvate and
various intermediates of the TCA cycle and subsequently enter the gluconeogenic pathway for
the synthesis of glucose. Only thereafter, when glucose is oxidised to acetyl-CoA, are the carbon
skeletons of these AAs completely oxidised to CO; via the TCA cycle. Ketogenic AAs on the other
hand, are degraded to acetoacetyl-CoA and acetyl-CoA, which not only enter the TCA cycle, but

serve as substrates for the synthesis of ketone bodies (Salway, 2017).

During the partial oxidation of AAs to the above-mentioned substrates, many AAs also reduce
NAD? (similar to glucose and fatty acid catabolism), examples of which include the branched chain

amino acids (BCAAs: leucine, isoleucine and valine), lysine, tryptophan and proline
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(Salway, 2017). Furthermore, these AAs in particular also provide electrons that enter the RC via
auxiliary enzymes. BCAAs, lysine and tryptophan, like the oxidation of fatty acids, reduce ETF
during their oxidation, thus providing electrons to ETF:QO (Olpin, 2013). By contrast, the oxidation
of proline to A*-pyrroline-5-carboxylate is mediated by PRODH, which is embedded in the interior

side of the IMM and results in electron transfer to Q (Hancock et al., 2016).

2.5 Non-bioenergetic pathways linked to the respiratory chain

The pathways discussed in the previous sections are known to be the main contributors in energy
metabolism — providing electrons to not only CI-1l, but also to the auxiliary enzymes, ETF:QO and

MGPDH. There are, however, non-bioenergetic pathways that provide electrons to the RC.

251 Hydrogen sulfide metabolism

Mitochondria play an important role in the metabolism of hydrogen sulfide (H.S), a gaseous
molecule derived from a number of enzymes involved in the catabolism of sulfur-containing AAs
(methionine, cysteine and homocysteine), as well as anaerobic bacteria located in the intestinal
lumen (Fu et al., 2012). Once considered exclusively to be a toxic gas, H2S has been revealed to
be a gasotransmitter involved in many physiological processes, including regulation of the heart
rate, upregulation of the anti-oxidant systems and increased production of cyclic adenosine
monophaosphate (CAMP), to name but a few. However, similar to ROS, it is toxic to cells should
the concentration thereof rise above normal levels. H.S homeostasis is maintained by the enzyme
SQR, which is located on the MM side of the IMM and converts HS to thiosulfate, transferring
electrons to Q in the process (Libiad et al., 2014). Thereafter, thiosulfate undergoes several
reactions to form sulphite, which is oxidised to sulfate by the IMS enzyme SUOX, thereby
transferring electrons to cyt ¢ of the RC. SQR and SUOX are therefore unique, being the only
mammalian auxiliary enzymes of the RC to date, that contribute to the electrochemical gradient

via the oxidation of inorganic substrates.

2.5.2 De novo pyrimidine synthesis

Pyrimidines are vital aromatic, heterocyclic, organic molecules, required for many cellular
processes, including the synthesis of DNA, ribonucleic acid (RNA), membrane lipids,
glycoproteins and glycogen (Evans & Guy, 2004). The synthesis of pyrimidines can occur via
either salvage pathways, where nucleotides are recycled, or via the de novo pathway (Robinson
et al., 2020). The latter pathway comprises six enzymatic reactions, of which five occur in the
cytosol and one in the mitochondrion. Embedded in the IMM adjacent to the IMS, is the enzyme

DHODH, which is responsible for catalysing the fourth step of de novo pyrimidine synthesis.
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During this step, dihydroxyorotate, derived from glutamine, is oxidised by DHODH to orotate, with
the concomitant reduction of Q. This pathway has an important contribution in proliferating cells
[e.g. during development and the activation of thymus cells (T cells)], where an increased rate of

DNA replication, transcription and synthesis of cellular components exists.

2.5.3 One-carbon metabolism

One-carbon metabolism is an interlinked network of metabolic pathways, comprising two cycles
— the methionine and folate cycle — that revolve around the transfer of one-carbon units (as methyl
groups carried by folate molecules), which are required for a variety of cellular processes,
including the synthesis of nucleotides, the methylation of histones and DNA, as well as the
synthesis of GSH (Ducker & Rabinowitz, 2017). One-carbon units are derived from a variety of
dietary sources, including glucose, serine, glycine and choline, to name but a few. Interestingly,
a feature not commonly mentioned is the link between the RC and one-carbon metabolism. Two
metabolites, dimethylglycine and sarcosine, are donors of one-carbon units to the folate carrier
known as tetrahydrofolate. During this process, electrons are transferred to ETF and finally
introduced to Q via ETF:QO. It is worth mentioning that one enzyme in particular, known as
choline dehydrogenase — which catalyses the conversion of choline to trimethylglycine — is
believed among many researchers to use Q as an electron acceptor (Barrett & Dawson, 1975;
Wang & Hekimi, 2016). However, further studies are required to confirm this, since the electron

acceptor is not known with certainty.

2.6 Mitochondrial disease
2.6.1 Introduction

Given the plethora of cellular processes orchestrated by mitochondria, it should come as no
surprise that these organelles have been implicated in many diseases. The term “mitochondrial
disorder/disease (MD)” is a very broad term that can refer to any disease occurring as a result of
the impairment of mitochondrial function (Chinnery & Hudson, 2013). In the scientific community,
however, there remains a lack of consensus with regards to the term and it is often restricted to
specifically refer to the impairment of the OXPHOS system (Niyazov et al., 2016). This definition

of MD will be used in further discussion.

MDs may be categorised as either primary or secondary MDs. Primary MDs arise via genetic
defects that are directly involved in the biogenesis, assembly and function of the OXPHOS
system, whereas secondary MDs arise via unrelated genetic defects or non-genetic factors.

Unrelated genetic defects include upstream metabolic pathways that partake in energy
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metabolism, such as the TCA cycle, B-oxidation, oxidation of pyruvate and AAs or defects in ROS
scavenging pathways. Non-genetic factors can also have a profound effect on mitochondrial
function, including chronic stress and inflammation, as well as the use of certain pharmacological
drugs that are known to be mitotoxic (Picard & McEwen, 2018; Suski et al., 2011).

2.6.2 Genetics of primary mitochondrial disorders

The OXPHOS system, being of bi-genomic origin, can be impaired as a result of mutations in
either nDNA, which are inherited in an autosomal recessive, autosomal dominant or X-linked
manner; or mtDNA, which are inherited either maternally or sporadically (Davison et al., 2019).
These mutations can cause deficiencies in either a single site (isolated) or multiple sites
(combined) of the OXPHOS system. Examples of isolated deficiencies are mutations in structural
subunits or assembly factors. In turn, combined defects typically arise due to defects that impair
MtDNA replication or translation (required for the biogenesis of CI, Clll, CIV and CV of the
OXPHOS system), or impair the synthesis of cofactors like Q that would affect all complexes that

transfer electrons to Q (Mayr et al., 2015).

Interestingly, the mutation rate of mtDNA is ten- to 17-fold higher than nDNA (Tuppen et al., 2010).
This can be ascribed to a number of possible reasons, including (i) the close proximity of mtDNA
to the ROS generated by the RC and (ii) the continual replication of mtDNA (even in post-mitotic
cells) that not only occurs at a much higher rate, but also displays a higher error rate (Li et al.,
2019). As a result, it has been estimated that approximately 1 in 200 of the population are
asymptomatic carriers of pathogenic mtDNA mutations (Elliott et al., 2008). To understand why
these carriers are asymptomatic, one needs to take into account that there are multiple copies of
MtDNA in each cell. This alone has a profound effect on the onset of disease, which is governed
by the ratio of mtDNA copies carrying (mutant mtDNA) or lacking [wild-type (WT) mtDNA] the
mutation in a cell — a state referred to as heteroplasmy. This is in contrast to homoplasmy, where
100% of all mtDNA copies are identical. As illustrated by Figure 2.3, the proportion of mutant
MtDNA needs to exceed a certain threshold for the onset of disease to occur (known as the
threshold effect) (DiMauro & Paradas, 2015), with greater mutation loads above the threshold
generally displaying increased disease severity (Burr et al., 2018; Craven et al., 2017). This
threshold is high and may vary between 60-90%, depending on the location and type of mutation
(Amato et al., 2014).

The degree of heteroplasmy, however, is not static, but can fluctuate and thus have an effect on
whether the phenotypic threshold will be breached or not. This fluctuation can occur (i) during
mitotic segregation, where WT and mutant mtDNA are randomly distributed (DiMauro & Paradas,

2015); and (ii) during the bottleneck effect, which refers to the transmission of a very small
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percentage of the mtDNA population during germline development, which could result in offspring

having variable levels of mutant mtDNA (Craven et al., 2017; Wallace, 2018).

B TSSO -
’,’ Heteroplasmic ‘r-\
i 30% | % _
e : widype miDNA
| &
: @ % : Asymptomatic
| 50% C :
: mutant %%~ :
- ¥ - == =1 = | Threshold
| I
| 60% '
: mutant %%@ :
i ‘ i Increase in Mutant mtDNA
E a0 @% E S Wild-type miDNA
' n:ujant %% //l
e ITE== 1 _____
Homoplasmic for

mutant mtDNA %%

%

Figure 2.3: Heteroplasmy and the threshold effect. Schematic representation illustrating the concept of
how the onset of mtDNA-related MD is governed. Cells containing a percentage of mutant mtDNA below
the threshold effect (indicated by the dashed, red line) do not cause impairment of the OXPHOS system
(carriers are thus asymptomatic). However, when the percentage of mutant mtDNA breaches the threshold
(cells located below the threshold), the onset of disease occurs. Disease tends to be more severe, with
higher mutation loads above the threshold (indicated by the progressive colour change of the arrow, where:
yellow = least severe; red = most severe). Abbreviations: MD, mitochondrial disorder/disease; mtDNA,

mitochondrial DNA; OXPHOS, oxidative phosphorylation.

2.6.3 Heterogeneity of primary mitochondrial disorders

MDs display a high level of heterogeneity in terms of clinical presentation. The onset of MDs can
occur at any age and affect any tissue; however, it mainly affects tissues with high energy
demands such as the skeletal muscle, brain and heart (Liang et al., 2014). Furthermore, these
disorders can affect either a single organ (e.g. the eyes in Leber's hereditary optic neuropathy),
or, as seen most often, be multi-systemic. In a few cases, depending on the combination of
symptoms, multi-systemic MDs will fall into a well-defined syndrome [e.g. mitochondrial
encephalomyopathy, with lactic acidosis and stroke-like episodes (MELAS)] (Davison et al.,
2019).

Unfortunately, to date, diagnosing MDs remains a challenge, since these disorders display very

little genotype-phenotype correlation. In other words, there is an overlap, where identical or
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different DNA mutations, respectively, result in variable or similar clinical presentations (Liang et
al., 2014). This suggests that other factors, which determine the final outcome of genetic defects,
are at play, and could include: (i) the random distribution of mutant mtDNA during embryonic
development, which leads to different mutation loads in various somatic tissues (Kirches et al.,
2001; Lee et al., 2006); (ii) the differences in genetic background, where the expression of genes
known as modifier genes can influence the expression or function (and thus the cellular effect) of
other genes (Bénit et al., 2010; Brown, 1997); and (i) environmental factors such as
macronutrient composition (Aw et al., 2016), medication, gut microbiome-host interactions and
viral infections (Vafai & Mootha, 2012).

264 Metabolic consequences of mitochondrial disorders

As reviewed in the previous sections, the RC is not only linked to the phosphorylation of ADP, but
many other biochemical processes as well. It can thus be expected that any disturbance of the
RC will consequently affect those processes as well. The consequences of MDs, however, are
vast and beyond the scope of this literature review. This section will therefore not provide an

exhaustive review of every cellular consequence.

One of the most well-known observations in MD is an alteration in the redox status of the cell.
NADH is generated in many metabolic pathways and the re-oxidation thereof is imperative for the
efficient continuation of those pathways (Handy & Loscalzo, 2012). A defect in the OXPHOS
system leads to a lowered NAD*/NADH ratio, thereby impairing NAD*-dependant enzymes; this
subsequently results in the accumulation of upstream metabolites and the “spillover’ of some
metabolites into other metabolic pathways. The mechanism by which the redox status is altered
will depend on where the defect lies in the OXPHOS system. For example, in Cl defects, NADH
levels will increase, either due to impairment in the catalytic site of Cl, or the transfer of electrons
through CI to Q (Smeitink et al., 2004). However, in the case of defects in other upstream
complexes such as ClIl and CIV, in which an altered redox status is also observed, NADH
accumulation is the result of an over-reduced RC downstream instead, which ultimately hinders
oxidation of NADH due to the over-reduced state of the electron acceptor, flavin mononucleotide
(FMN) in CI.

MD frequently causes increased levels of lactate, pyruvate and alanine, due to the impairment of
pyruvate dehydrogenase, which forms part of the pyruvate dehydrogenase complex (PDHc)
(Esterhuizen et al., 2017). Accumulated pyruvate is then destined to either be converted to lactate
via lactate dehydrogenase (which re-oxidises NADH and permits the continuation of glycolysis),
or to alanine via alanine aminotransferase. Increased glycolytic activity, indicated by increased

glycolytic intermediates, is another factor that contributes to the accumulation of pyruvate in order
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to compensate for decreased ATP levels via substrate-level phosphorylation (Maldonado &
Lemasters, 2014).

The accumulation of the TCA cycle intermediates also occurs due to the altered redox status, as
it contains three NAD*-dependant dehydrogenases (Esterhuizen et al.,, 2017). One of the
accumulated intermediates, namely 2-ketoglutarate, also results in accumulated
2-hydroxyglutarate, due to the conversion thereof via malate dehydrogenase. The congested TCA
cycle also impairs the entrance of acetyl-CoA, which leads to increased levels of ketone bodies
(acetoacetate and 3-hydroxybutyrate) as accumulated acetyl-CoA is diverted towards

ketogenesis, re-oxidising NADH in the process.

Perturbations in fatty acid and AA catabolism are also observed as a result of an altered redox
status (Esterhuizen, 2018). In B-oxidation, the incomplete oxidation of fatty acids is often observed
due to the impairment of the third NAD*-dependent reaction, which leads to the accumulation of
upstream metabolites, such as 3-hydroxy-acyl-carnitines and acyl-carnitines. In AA catabolism,
the lower NAD" levels may also explain the accumulated metabolites, indicating perturbations in
some AA catabolic pathways. This includes the inhibition of branched chain 2-ketoacid
dehydrogenase complex activity, resulting in elevated levels of 2-ketoisocaproate,
2-keto-3-methylvalerate and 2-ketoisovalerate in leucine, isoleucine and valine catabolism,
respectively. Elevated 2-ketobutyrate and 2-hydroxybutyrate are also seen in MD. Methionine and
threonine catabolism result in 2-ketobutyrate, which is oxidised to propionate and thereafter to
succinyl-CoA, through a series of enzyme reactions. However, an altered redox status will inhibit
2-ketobutyrate dehydrogenase, leading not only to accumulated 2-ketobutyrate, but also to
2-hydroxybutyrate, due to the conversion of 2-ketobutyrate via lactate dehydrogenase. The redox
status is not limited to these well-documented metabolites and pathways. More recently,
one-carbon metabolism has also been identified as an affected pathway in mitochondrial
OXPHOS dysfunction (Bao et al., 2016; Nikkanen et al., 2016). This methylation cycle and
transsulfuration pathway forms an intricate web of pathways that are also regulated by the redox

status.

Apart from the redox status, it has been reported that fatty acid and AA catabolism are also
perturbed by increased levels of reduced flavin adenine dinucleotide (FAD)-flavoproteins, which
are indicative of elevated metabolites (Chokchaiwong et al., 2019). ETF:QO accepts electrons
from ETF, which in turn accepts electrons from a variety of acyl-CoA dehydrogenases located in
the fatty acid and AA catabolism. In the case of a defective ETF:QO enzyme or an impaired ETC,
especially upstream from Q, electron transfer from ETF:QO to Q will be inhibited. This will
consequently result in an over-reduced state of the upstream flavoproteins. In fatty acid

catabolism, this will inhibit the first step, leading to accumulated levels of acylcarnitines.
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A second direct consequence of OXPHOS defects is a decrease in ATP synthesis (Rodenburg,
2016). A decrease in ATP synthesis will lower GSH levels, since the synthesis thereof requires
two ATP-dependant reactions (Hargreaves et al., 2005; Lindeque et al., 2010). A decrease in
GSH, being the most abundant antioxidant, can significantly decrease ROS scavenging
capabilities, thus increasing OH" as a result of increased combinations of super oxide and H>O5,
thereby causing oxidative stress. In turn, oxidative stress can lead to damaged mitochondrial
content, subsequently causing secondary mitochondrial dysfunction and ultimately, cell death.
Oxidative stress can also occur independently of decreased ATP synthesis, due to an impairment
in the OXPHOS system, leading to increased electron leakage.

2.6.5 Complex | deficiency and Leigh syndrome

Isolated CI deficiencies are the most common biochemical basis in patients with MDs/OXPHOS
deficiencies (Loeffen et al., 2000; Scaglia et al., 2004; von Kleist-Retzow et al., 1998). CI,
otherwise known as NADH:ubiquinone oxidoreductase (EC 1.6.5.3.), is the largest complex (Mw
~ 980 kDa) of the OXPHOS system and is the largest contributor to the generation of the
electrochemical gradient (approximately 40%) (Hunte et al., 2010). As illustrated in Figure 2.4, it
has a characteristic boot or L-shape structure, consisting of a hydrophobic arm residing in the
IMM, and a hydrophilic peripheral arm protruding into the MM.

<4——— Membrane arm ——>p
IMS

& shae
L t_’-,‘g-r-‘;'i%.';h‘s:

IMM

MM

Figure 2.4: Structure of Cl. Schematic representation of Cl, depicting its characteristic boot or L-shaped
structure. The structure consists of two arms: one embedded in the IMM and the other protruding into the
MM. The representation of Cl is based on the bovine heart cryo-electron microscopy structure (PDB 4UQ8
generated in QuteMol version 0.4.1) (Vinothkumar et al., 2014). Abbreviations: Cl, complex |; IMM, inner

mitochondrial membrane; IMS, intermembrane space; MM, mitochondrial matrix.
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In total, Cl consists of 44 subunits, which are encoded by both nDNA and mtDNA (Rodenburg,
2016), and requires at least 14 assembly factors for the assembly thereof (Guerrero-Castillo et
al., 2017). Fourteen of the 44 subunits form the “catalytic core” of the enzyme, which is
responsible for catalysing the energy transducing reactions, namely NADH oxidation, Q reduction
and proton translocation. Of these 14 core subunits, the hydrophilic arm contains seven
nuclear-encoded subunits and harbours an FMN required to oxidise NADH, as well as a series of
iron-sulfur clusters required for the transfer of electrons from FMN to Q. The final seven
mitochondrial-encoded subunits are located in the hydrophobic arm, which contains the proton
translocation domains. Based on these energy-transducing steps, Cl can be divided into three
functional modules: (i) the N (NADH-binding) module, where electrons are extracted from NADH,;
(i) the Q (ubiguinone-binding) module, where Q is reduced; and (iii) the P (proton-binding)
module, where protons are transported into the IMS (Brandt, 2006). The remaining 30 subunits,
which surround the core subunits, are referred to as accessory or supernumerary subunits. While
the function of these subunits is not yet completely understood, some seem to be involved in the

assembly, structural stability and regulation of CI function (Kmita & Zickermann, 2013).

Given the large number of subunits that comprises CI, it should come as no surprise that
deficiencies therein are also the most prevalent in MDs. To date, pathogenic mutations have been
identified in all of the catalytic subunits, 12 accessory subunits and nine assembly factors
(Rodenburg, 2016; Simon et al.,, 2019). These mutations manifest in a variety of commonly
observed clinical phenotypes, including fatal infantile lactic acidosis, leukoencephalopathy,
MELAS and cardiomyopathy (Fassone & Rahman, 2012).

The most prevalent clinical presentation seen in patients with Cl deficiency, however, is Leigh
syndrome (LS) (Bugiani et al., 2004; Koene et al., 2012) — a disorder named after the British
psychiatrist Denis Leigh, who first reported the condition in 1951 (Leigh, 1951). LS (also known
as subacute, necrotising encephalopathy) is a devastating, progressive, neurodegenerative
disorder affecting approximately 1 in 40 000 new-borns (Chen et al., 2018; Rahman et al., 1996).
It is characterised by bilateral symmetrical focal lesions in various parts of the central nervous
system, such as the basal ganglia, brainstem, cerebellum and spinal cord (Lake et al., 2015).
Ever since the discovery of the first mutation for LS in 1991 (Chen et al., 2018; Hammans et al.,
1991), mutations have been identified in more than 75 genes, which may cause deficiencies in
CI-V, multiple OXPHOS complexes, the PDHc, Q and biotinidase (Lake et al., 2016). LS,
however, is primarily caused by defects in Cl (Ma et al., 2013; Rahman et al., 1996; Sofou et al.,
2014).
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2.7 Ndufs4 knockout mouse model

Even though MDs are the most common inborn errors of metabolism, the group remains rare as
a whole. Consequently, this prevents researchers from conducting intensive and continuous
research, in an attempt to gain a better understanding of the pathological mechanisms involved
(Koene et al., 2011). The only option remaining to accelerate research into MDs, is to utilise
disease models. Of particular value are mouse models, which offer numerous advantages,
including: (i) a homogenous genetic background; (i) a physiology similar to humans; (iii) the
benefit of controlled environmental conditions; (iv) greater group sizes due to shorter gestation
periods and large numbers of offspring; and (v) a shorter life expectancy, which is beneficial for
studying the progression of diseases.

The Ndufs4 whole-body knockout (KO) mouse model, which was developed by the Palmiter
group, represents the first genetic mouse model of Cl deficiency (Kruse et al., 2008). The Ndufs4
gene, which encodes for an 18 kDa accessory subunit of Cl, known as NDUFS4 (nuclear-encoded
NADH:ubiquinone oxidoreductase iron-sulfur protein 4), is commonly affected in patients with LS
(Ortigoza-Escobar et al., 2016). The subunit, which forms part of the N module of CI, is
incorporated during the late stage of Cl assembly and appears to be essential for the assembly,
stability and activity of ClI (Guerrero-Castillo et al., 2017). In this model, the Ndufs4 gene was
inactivated in the germline by crossing mice of which the second exon of Ndufs4 had been flanked
by loxP sites [locus of X(cross)-over in P1 sites] with Mox2-Cre mice (mesenchyme homeobox
2-cre mice), thereby resulting in the deletion of exon 2 from the five-exon gene (Kruse et al.,
2008).

2.7.1 Phenotype

At postnatal day 21 (P21), the majority of Ndufs4 KO mice appear physically smaller than the
Ndufs4 WT and heterozygous (HET) mice, and will have begun to display transient alopecia (hair
loss), with hair growing back during the next hair-growth cycle. HET mice, however, do not display
symptoms and are indistinguishable from WT mice. Prior to P30, the KO mice display normal
locomotor activity, show behaviour similar to control mice and reach a maximum weight at
approximately P30. At around P35, the onset of disease becomes apparent, with the Ndufs4 KO
mice displaying symptoms similar to LS patients, including encephalopathy, blindness, hypotonia

and ataxia, which result in early fatality at a median age of P50 (Kruse et al., 2008).

2.7.2 Altered bioenergetics and metabolism

Whole brain metabolomics in Ndufs4 KO mice (Johnson et al., 2013) further reveals an altered

metabolism similar to that seen in LS patients. This includes an increase in lactate and pyruvate

18



levels, indicating an altered redox status. There is also a shift towards a glycolytic state due to an

increase in glycolytic intermediates and lowered AAs/fatty acids.

Elevated levels of fumarate have also been reported in this model. In a study conducted by Piroli
et al. (2016), fumarate is believed to be a potential biomarker, contributing to the neuropathology
of this disease. Here, increased fumarate levels led to an increase in irreversible protein
succination in the brainstem, which has been shown to decrease the functionality of certain
proteins susceptible to succination. However, no increased protein succination was seen in the
skeletal muscle. This finding seems to support other studies, in which the skeletal muscle displays
normal maximum pyruvate oxidation and ATP synthesis, as well as normal polygonal morphology,
with peripheral nuclei in both glycolytic and oxidative skeletal muscle (Alam et al., 2015). These

findings seem to suggest that this disease is neurodegenerative.

2.8 Metabolomics

Metabolomics is an emerging field that can simply be defined as the study of the metabolome,
i.e. the downstream products of the genome, consisting of the complete set of metabolites within
a biological fluid, cell, organ, or an organism. Since, per definition, this methodology aims to
identify and quantify all metabolites within a defined biological system, it is an unbiased approach
that is conducted to provide a “global snapshot” of the biological system’s metabolic status.
However, this definition has since been abandoned; today it also refers to the investigation of
pre-determined sets of metabolites. This has led to metabolomics being categorised as either
untargeted (unbiased) or targeted (a pre-determined set of metabolites). With this taken into
consideration, one can thus state that metabolomics is much older, and in truth, a re-emerging
field (with the introduction of untargeted analyses), as technologies used in metabolomic studies

today have long been used in the study of inborn errors of metabolism (Esterhuizen et al., 2017).

Since the metabolome is the endpoint of cellular processes, its study can overcome many
limitations observed in other methods of studying MDs. In many cases, such analyses lack the
capability to discriminate between different MDs, even though metabolite analyses have been
performed for decades, since some of these diseases show the same metabolite profile.
Therefore, additional analytical techniques are required in order to obtain the correct diagnosis.
For example, a study conducted by Reinecke et al. (2012) reported no metabolite profile
differences between CI, Clll and combined deficiencies (combinations of CI, Cll, Clll and CIV
deficiency) in urine samples. This could be due to the targeted approach utilised (organic acid
extraction), which excluded a significant number of metabolites that could possibly have provided
differentiation between the above-mentioned deficiencies. Another popular technique used in

diagnostic work, is enzyme analyses. This technique is very effective in the diagnosis of patients,
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however, it also lacks discriminative power. For example, recent research has shown that ClII
deficiency can also be the result of a defect in the auxiliary enzyme, DHODH (Fang et al., 2013).
Since diagnostic laboratories typically measure only the activities of complexes that form part of
the classic RC model (CI-1V), it could also very well explain why the origin of many complex
deficiencies remains unknown. Metabolomics (especially an untargeted approach) has the
potential of eliminating the need for additional analytical techniques or, at the least, being highly
complementary. Since the metabolome is the end point of cellular activity, and thus the closest to
a patient’'s phenotype, it has the potential of providing novel biomarkers and ultimately a
biosignature, which comprises a number of biomarkers unique to a specific disease. This
biosignature would not only be beneficial in diagnostics, but also in research, as it may provide
insight into the pathologic mechanisms, and further researchers’ understanding of diseases, with

the potential of developing novel therapeutic interventions.

Deciding on which metabolomics approach to use will depend on whether the research question
is hypothesis-generating, or whether a hypothesis must be tested. Untargeted metabolomics is
the ideal route in generating a hypothesis, since it is an unbiased approach and aims at potentially
revealing perturbed metabolic pathways and novel metabolites. Therefore, it is also known as
discovery metabolomics. A targeted approach, although not ideal, can also be used should a
specific group of metabolites be in question (Esterhuizen et al., 2017). Once a hypothesis has
been generated through untargeted studies, targeted approaches that can validate the suspected

metabolites typically follow, since they provide much higher sensitivity and selectivity.

Metabolomic studies can be further categorised based on the type of quantification applied, which
can be either quantitative, or semi-quantitative (Liu & Locasale, 2017). Quantitative metabolomics
aims to accurately quantify metabolites by providing absolute concentrations using calibration
curves and stable isotopes. Semi-quantitative metabolomics on the other hand, aims to provide
relative concentrations and is seen in both untargeted and targeted studies, since obtaining stable
isotopic labelling (SIL) for hundreds/thousands of metabolites is unfeasible in terms of price and

availability.

It is important to mention that even though untargeted metabolomics is unbiased, since no prior
knowledge of any metabolite is brought into consideration (i.e. the assay is thus non-selective),
bias is unavoidable and can be inherently introduced at various stages of a metabolomic assay,
including via the type of sample preparation applied and analytical instrument used, to name but
afew (Liu & Locasale, 2017). The metabolome, being so diverse in chemical properties (including
polarity, volatility, chemical reactivity/stability) and concentrations, makes it impossible to capture
the entire metabolome, since the sample preparation applied and the analytical instrument used

are biased towards certain chemical properties.
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Therefore, designing a metabolomics study (i.e. selecting the sample preparation and analytical
instrument) is extremely important in order to capture as much of the metabolome within a sample
as possible. Even when these considerations are taken into account, the outcome of an
untargeted approach will only be improved to a certain degree. To further overcome this, many
researchers incorporate multiple analytical platforms that significantly improve overall metabolic
coverage. This approach is more laborious, but if gaining a better understanding of the
metabolism is the primary goal, it should be the deciding factor when considering to follow such
an approach, if of course, sufficient funding and multiple instruments are available (Esterhuizen
et al., 2017).

2.9 Problem statement, aim, objectives and experimental strategy
2.9.1 Problem statement

To date, the available treatment options for MDs are not only limited (Dimond, 2013; Lehmann &
McFarland, 2018), but, as concluded by Pfeffer et al. (2012), lack compelling evidence to support
their use. This can most likely be attributed to the poor genotype-phenotype correlation (i.e. the
high degree of heterogeneity) observed in patients (Pfeffer et al., 2012; Rahman & Rahman,
2018), which consequently makes gaining a greater insight into the pathological mechanisms of
these highly complex and elusive diseases, extremely difficult (Rahman & Rahman, 2018; Vafai
& Mootha, 2012). Thus, the use of mouse models is extremely valuable in order to limit the
phenotypic variability, particularly due to the homogenous genetic background they provide, as
well as the controlled environmental conditions that can be applied, thereby aiding researchers
to obtain sounder conclusions. Although limited mouse models of MDs exist (Ruzzenente et al.,
2016), a successful whole-body KO mouse model has been generated by Kruse et al. (2008),

which mimics the most common clinical presentation observed in MD, namely LS.

From a methodological perspective, the poor understanding of the pathological mechanisms
involved can also be attributed to the limited incorporation of metabolomics in MD research
(Esterhuizen et al., 2017). With the metabolome being the end-point of all cellular processes, and
therefore a representation of the phenotype, the use of metabolomic technologies can shed new
light on the pathological mechanisms of these disorders. To date, no metabolomic research on
Ndufs4 KO mouse urine exists. Urine has been shown to be an important contributor to our
understanding of both physiological and pathophysiological processes. In fact, the value of urine
has been demonstrated throughout history by its ability to provide information on a person's health
status by merely inspecting the physical properties thereof, such as the colour and odour (Bouatra

et al., 2013). This simple evaluation of urine has continued to be valuable in modern times in the
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screening of specific metabolic diseases (Bijarnia-Mahay & Kapoor, 2019), and since the birth of
metabolomics, its application on urine successfully expanded our knowledge on MDs
(Esterhuizen, 2018; Reinecke et al., 2012; Smuts et al., 2013).

Although urine is mainly composed of H20, the small percentage of waste products therein —
which include a vast number of metabolite classes that collectively comprise more than 2 600
confirmed metabolite species — provide a wealth of information. These metabolite species can
vary greatly depending on many factors and, as such, provide a comprehensive picture of a
person’s overall physiological status (Bouatra et al., 2013). From a practical standpoint, urine is
an ideal biological specimen due to it being sterile, non-invasive in collection and lower in protein
content, which makes sample preparation less tedious. Thus, when taking the above into
consideration, it is only fitting that urinalysis be incorporated in the quest to understand the

pathological mechanisms of Ndufs4 deficiency.

29.2 Aim and study design

The aim of this study was, therefore, to investigate the metabolic consequences in whole-body
Ndufs4 KO mice using a urinary metabolomics approach, and was addressed via two main
objectives: (1) the validation of the whole-body Ndufs4 KO mouse model and (2) the urinary
metabolomics analyses of the Ndufs4 KO and WT mice.

A general overview of the study design used to address the aim is depicted in Figure 2.5. The
first objective, namely to validate the Ndufs4 KO mouse model, entailed three levels of
confirmation, including: (1) genotyping of the mouse model, to confirm the deletion of exon 2 of
the Ndufs4 gene from the nuclear genome; (2) phenotypic investigation of the Ndufs4 KO and
WT mice via bodyweight monitoring and visual inspection (J: WT = 3, KO =2; 9: WT =4, KO =
3); and (3) biochemical investigation by measurement of the activity of CI of the mitochondrial RC
in the liver (WT: n = 5; KO: n = 5). As indicated by the two black, dashed arrows in Figure 2.5,
genotyping was conducted using tail-snips, to differentiate between Ndufs4 KO, WT and HET
mice during animal selection (for the biochemical evaluation and urinary metabolomics
investigation) and genotype confirmation (for the phenotypic and biochemical evaluation, as well
as the urinary metabolomics investigation). Genotyping, therefore, not only served to validate the
findings obtained from the second objective, but was also used to validate the results obtained
from the phenotypic and biochemical evaluations, by ensuring that incorrect mice were not
included in the study, and thus, that accurate comparisons were made between the Ndufs4 KO

and WT mice.

The group of mice used for the phenotypic evaluation were separate from the group used to
validate the mouse model via the biochemical evaluation and metabolomics analyses (indicated

by the red, dashed line in Figure 2.5). This was done because the mice used for the phenotypic
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evaluation had ad libitum access to food during the whole course of the evaluation (commenced
at P22/23) and as already mentioned, included female mice. By contrast, the biological specimens
(liver and urine samples) destined for biochemical evaluation and metabolomic analyses, were
collected solely from male mice (at P45-50) and were stored for further use after the mice were

housed in metabolic cages for 12 hours with ad libitum access to only water.

For the second objective of this study, a pre-acquisition normalisation approach was followed,
where the amount of each urine sample used was based on a fix amount of creatinine. The urine
samples were prepared and analysed according to each analytical platform (untargeted GC-TOF-
MS and targeted LC-MS/MS). The acquired data from both platforms were then extracted and
subjected to several data processing steps and evaluation procedures to minimise irrelevant data
(e.g. noise, highly variable peaks, sample outliers, etc.) and ensure data reliability. Thereafter,
univariate statistical analysis was performed to identify variables/metabolites of which the quantity
differed between the Ndufs4 KO and WT mice (WT: n = 30; KO: n = 23), and which could be
interpreted to derive insights into the metabolic consequences of Ndufs4 deficiency in this mouse
model.
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CHAPTER 3:
MATERIALS AND METHODS

3.1 Ethical approval

This study was approved in 2015 by the AnimCare Ethics Committee of the North-West University
(NWU), with the reference number: NWU-00001-15-S1.

3.2 Materials and chemicals

Refer to Appendix A for information regarding the materials/chemicals used in the methods that

follow.

3.3 Experimental animals, housing and identification

Ndufs4 HET mice acquired from the Jackson Laboratory (ME, USA) were used to breed the
Ndufs4 KO mice (B6.129S4-Ndufs4™1R"P3/3) and controls (wild-type, WT). The mice were housed
at the Vivarium of the Preclinical Drug Development Platform (PCDDP, NWU) under the following
conditions: a day/night cycle of 12 hours; temperature of 22°C + 2°C; and relative humidity of 55%
+ 10%. During this time, the mice had ad libitum access to standard laboratory chow and H-O.
For this study, male mice were used to eliminate any variation due to physiological differences

between genders.

The mice were identified by assigning a unique number to each. This was accomplished by
punching a hole, or multiple holes, into one or both ears in different locations, as illustrated in
Figure 3.1. Each location represented a specific number, and different combinations thereof
enabled the identification of mice by numbers 1-99. Furthermore, mice were additionally identified
by assigning each with a litter number (e.g. 2a-2z, 3a-3z, etc.) in order to discriminate between

samples with the same identification number.
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Figure 3.1: An illustration of the ear punching method used to identify mice. Each hole represents a
different number that can be used as a standalone, or in combination with other holes, to assign each
mouse with an identification number ranging from 1-99. For example, punching the centre of both ears will

assign a mouse with the number 88.

3.4 Phenotypic evaluation of the Ndufs4 knockout mice

For the phenotypic evaluation, mice derived from two litters were evaluated to monitor disease
progression. Here, mice were evaluated by means of bodyweight monitoring and visual inspection
every second day. KO mice were euthanised after losing 10% of their bodyweight. Thereafter, the
genotypes of all mice were determined that left a total of 3 WT and 2 KO male mice, and 4 WT

and 3 KO female mice for phenotypic comparison.

35 Sample collection

The male mice that were used for the biochemical (Section 3.7) and metabolomic analyses
(Section 3.8), were housed individually in metabolic cages for 12 hours, during the night cycle,
with ad libitum access to only H>O. The urine collection tubes of the WT and KO mice contained
100 pl and 50 pl sodium azide (NaNs; 0.1% wi/v), respectively. A smaller volume of NaNs; was
added to the urine collection tubes of the KO mice in order to prevent over-dilution, since these
mice yielded less urine. In order to collect as much KO mouse urine as possible, the cages’
separating cone and collection funnel were treated with NaNs solution using a paper towel. This
was done to prevent bacterial growth in the urine droplets that did not reach the urine collection
tube, thereby ensuring the urine remained viable for experimental use. For consistency, the same
was done for the cages housing the WT mice. After 12 hours, the urine samples were collected
from each cage and transferred to microcentrifuge tubes. For each cage, additional NaN3 solution
(approximately 200-250 pl) was used to collect the urine that had failed to reach the urine

collection tube. Using a pipette, the additional NaN3z was gently pipetted up and down the slightly
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dried urine to ensure proper reconstitution, and transferred to the microcentrifuge tube. Following
urine collection, the mice were euthanised (P45-50) via cervical dislocation. A tail-snip and the
liver of each were collected for genotype confirmation (Section 3.6) and biochemical analysis,
respectively. The urine, tail-snip and liver samples were immediately snap-frozen in liquid nitrogen
upon collection and stored at -80°C until further use. Samples were collected from a total of 35
WT and 31 KO mice, of which 5 WT and 5 KO liver samples were randomly selected for

biochemical analysis.

3.6 Genotyping

Genotyping was performed twice using DNA derived from the tail-snips collected (i) upon weaning
(P21-23) of the mice, as a means of initial identification, and (ii) from euthanised mice, to confirm

the genotype of the animals used in the experiments.

3.6.1 DNA extraction and quantification

DNA isolation was performed using the Quick-DNA™ Miniprep Plus Kit. The tail-snips (~ 3 mm)
were firstly digested by adding 95 ul nuclease-free H>O, 95 ul 2x Digestion Buffer and 10 pl
Proteinase K to each sterile microcentrifuge tube containing a tail-snip. Samples were then
vortexed for 15 seconds and incubated at 55°C for approximately 2.5 hours. After incubation,
400 ul Genomic Binding Buffer was added to each sample to allow the DNA to bind to the silica
column and the samples were vortexed for 15 seconds. Samples were then centrifuged at
12 000 xg for 1 min to remove the insoluble debris. Next, the supernatant was transferred to a
Zymo-Spin™ [|C-XL Column inserted in a collection tube and centrifuged at 12 000 xg for 1 min.
The DNA in the Zymo-Spin™ [IC-XL Column then underwent three purification steps, each of
which consisted of adding a buffer, followed by centrifugation at 12 000 xg for 1 min and disposal
of the filtrate. For the first step, 400 ul DNA Pre-Wash Buffer was used, followed by 700 ul and
200 pl of g-DNA Wash Buffer during the second and third wash steps, respectively. Next, the
Zymo-Spin™ |IC-XL Column was transferred to a clean 1.5 ml microcentrifuge tube and the DNA
was eluted by adding 25 pl pre-warmed (to 65°C) DNA Elution Buffer, followed by incubation at
room temperature for 5 min. Thereafter, the reaction was centrifuged at 16 000 xg for 1 min. The

elution step was performed twice to increase the DNA yield.

The isolated DNA was then quantified using the NanoDrop® 1000 Spectrophotometer (NanoDrop
Technologies, Thermo Fisher Scientific™, MA, USA) by measuring the ultraviolet absorbance
thereof at a wavelength of 260 nm. The sample DNA concentrations were subsequently adjusted

to 25 ng/pul, using nuclease-free H-O.

27



3.6.2 DNA amplification by polymerase chain reaction

DNA amplification was performed via the polymerase chain reaction (PCR). The primers used
(purchased from Ingaba Biotec, Pretoria) were originally designed by Valsecchi et al. (2012) and

corresponded to the introns flanking exon 2 (Table 3.1):

Table 3.1: Sequences of the PCR primers

NDUFS4 1060 (Forward) AGC CTG TTCTCATAC CTC GG 62.45 20
NDUFS4 (Reverse) TTGTGC TTA CAG GTT CAA AGT GA 59.2 23

Abbreviations: 5’ to 3’, direction of the polynucleotide, i.e. from the 5-end to the 3’-end; Tm, melting

temperature.

Each reaction consisted of 1 pl sample (containing 25 ng DNA), mixed with 5 pl 2X Phire™ Tissue
Direct PCR Mastermix, 0.5 ul of both the forward and reverse primers and 3 pl nuclease-free HO.
The samples were subjected to PCR using a T100™ Thermal cycler (Bio-Rad, Pretoria),
according to the following conditions: Firstly, the DNA was denatured by incubating the samples
at 98°C for 5 min. This was followed by 35 cycles of DNA denaturation, primer annealing and
DNA elongation at 98°C for 5 seconds, 57.3°C for 5 seconds and 72°C for 20 seconds,
respectively. Finally, the samples were incubated at 72°C for 1 min to ensure the complete

amplification of all amplicons. The samples were then kept at 4°C until further use.

3.6.3 DNA characterisation by agarose gel electrophoresis

After completion of the PCR, the amplicons were separated by electrophoresis on a 1% agarose
gel containing 5 pg/ml ethidium bromide in 1x Bionic™ Buffer. To achieve this, 10 pl of each
diluted [30% (v/v)] sample (including the WT, KO and HET controls) was loaded per well (the
samples already contained loading dye, present in the Phire™ Tissue Direct PCR Mastermix). In
addition, 10 pl of diluted [30% (v/v)] GeneRuler™ 100 bp DNA Ladder (containing a 2:1:3 ratio of
DNA ladder:6x DNA loading dye:nuclease-free H,O) was loaded on the left side of the gel as a
DNA size reference. Gel electrophoresis was initiated by applying a voltage of 40 V to the gel
container, which was submerged in 1x Bionic™ Buffer. The voltage was then adjusted to 75 V
once the DNA bands had migrated from the wells, after which electrophoresis continued for
approximately 1 hour. Finally, following electrophoresis, the gel was photographed under
ultraviolet light (UV) illumination using the ChemiDoc™ MP Imaging System with Image Lab

software (version 5.2.1; Bio-Rad).
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The genotypes were identified based on the expected amplicon sizes of the WT, KO and HET
DNA bands. As illustrated in Figure 3.2, the first lane in the gel contained a DNA ladder of
100-1 000 bp fragments, while lanes 3, 4 and 5 contained the amplicons of the KO, WT and HET
control DNA, respectively. Depending on the presence of the Ndufs4 mutation, PCR amplification

yielded the following amplicons:

e WT amplicon: ~ 1 229 bp, signifying the intact Ndufs4 gene on both alleles.

e KO amplicon: ~ 429 bp, signifying the disrupted Ndufs4 gene — shortened by 800 bp
(which includes exon 2) — on both alleles.

e HET amplicon: ~ 1 229 bp and ~ 429 bp, signifying the intact and disrupted Ndufs4 gene
on the first and second allele, respectively.

In addition, faint bands were observed across all samples assessed in this study. These bands
were considered to be PCR artefacts produced due to non-specific amplification. This did,
however, not affect the validity of the genotyping assay, since the results were in agreement with
that reported by Valsecchi et al. (2012) and, therefore, displayed adequate specificity to allow the
differentiation between the WT, KO and HET genotypes.

DNA
ladder

Size (bp) KO WT HET
1000
900
800
700
600
500
400
300
200
100

<«——~1229 bp

Sl «—— 429 bp

Figure 3.2: Photographic example of the genotyping results obtained following agarose gel
electrophoresis. A representative agarose gel depicting a 100-1 000 bp DNA ladder in lane 1 (band sizes
indicated to the far left in bp) and the following PCR products (band sizes indicated to the far right in bp)
used for genotype identification: KO (lane 3; ~ 429 bp), WT (lane 4; ~ 1229 bp) and HET (lane 5; ~ 1229 bp
and ~ 429 bp). Abbreviations: DNA, deoxyribonucleic acid; HET, heterozygous; KO, knockout; WT,
wild-type.
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3.7 Biochemical assays

This section describes the kinetic spectrophotometric analysis of Cl and citrate synthase (CS)
according to standardised methodology applied in routine diagnostics at the Mitochondrial
Research Laboratory (NWU), based on previously published methods (Janssen et al., 2007;
Shepherd & Garland, 1969). These standard operating procedures, originally standardised on
human muscle, were modified (results not shown) for the analysis of 600 xg supernatants derived
from liver samples (WT: n = 5; KO: n = 5) by establishing the required sample volume. The assays
were performed on a Synergy™ HT Multi-detection microplate reader (BioTek® Instruments, VT,
USA).

3.7.1 Preparation of liver samples

A 10% (w/v) liver homogenate was prepared by suspending small (dissected) pieces of liver in
an isotonic buffer (e.g. 100 mg sample per 1 000 ul buffer), consisting of 210 mM mannitol; 70 mM
sucrose; 5 mM 2-[4-(2-hydroxyethyl)piperazin-1-yllethanesulfonic acid (HEPES); and 0.1 mM
ethylene glycol tetraacetic acid (EGTA); pH 7.2. Thereafter, the suspension was homogenised on
ice (15 strokes) using a motor-driven glass/Teflon® Potter Elvehjem homogeniser. The
homogenate was then centrifuged at 600 xg at 4°C for 10 min to remove unbroken cells, nuclei
and other cellular debris. Next, the supernatant containing the mitochondrial fraction was
transferred to a new microcentrifuge tube and stored at -80°C until further use. Prior to its use in
the assays that followed, each sample was thawed and subjected to an additional two freeze-thaw

cycles (at -80°C) in order to disrupt the mitochondrial membranes.

3.7.2 Determination of protein content

The protein content of each sample was determined using the bicinchoninic acid (BCA) method,
as originally described by Smith et al. (1985). The principle of the assay is based on the reduction
of cupric ions (Cu?') to cuprous ions (Cu*) in an alkaline solution by AA residues (cysteine,
tyrosine and tryptophan) and peptide bonds in proteins. Following the reduction of Cu?*, a
BCA-Cu* complex is formed, which results in an intense purple colour that can be measured

spectrophotometrically at a wavelength of 562 nm.

In this assay, 20 pl of diluted [10% (v/v)] 600 xg supernatant was mixed with 200 pl working
solution [50:1 (v/v) BCA:CuSO04.5H,0], in triplicate, in a 96-well plate. The plate was then
incubated at 37°C for 30 min (in the Synergy™ HT Multi-detection microplate reader), and the
absorbance of each reaction was measured at 562 nm. From these values, absolute quantities
of protein (in pg/ul) were calculated against a standard curve, set up using 0-20 pg of bovine

serum albumin (BSA) as a reference protein.
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3.7.3 Citrate synthase enzyme activity

CS, a well-known mitochondrial marker, was used to normalise Cl activity in order to compensate
for the variation in the mitochondrial content of each sample. The enzyme assay performed is
based on the reaction between CoA-SH (CoA with a thiol group), which is released during the
condensation of oxaloacetate, and acetyl-CoA via CS, and 2,2'-dinitro-5,5'-dithiobenzoic acid
(DTNB), which yields 2-nitro-5-thiobenzoic acid (TNB) — a yellow-coloured product that exhibits a

maximum absorbance at 412 nm.

The analysis was performed by mixing, in triplicate, 10 ul of diluted [10% (v/v)] 600 xg supernatant
with 140 pl of pre-heated (30°C) reaction mixture [0.1 mM DTNB; 0.04% (v/v) Triton™X-100; and
60 uM acetyl-CoA] in a 96-well plate. This was followed by an incubation period of 10 min at 30°C,
after which the reaction was initiated by the addition of 50 ul of pre-heated (33°C) oxaloacetate
(5 mM). The linear increase at 412 nm was then measured spectrophotometrically for 5 min, in

1 min intervals.

Following enzyme analysis, the initial velocity (V1 in mAU/min) was determined via the linear
increase (R? > 0.99) over 2 min, using the Gen5™ Data Analysis software (version 1.11.5). V1
was then converted to micromoles of TNB using a molar extinction coefficient of 7 465 mM per
200 pl (previously determined by a standard series of CoA and chromogen), and normalised

against the protein content to obtain the specific activity of CS (Equation 3.1).

Finally, univariate statistical analysis was conducted using the student’'s t-test, where a

p-value < 0.05 indicated a statistically significant difference between the WT and KO CS activities.

ng

_ ( vy )/(p] proteinxﬁ)
umol/min/mg (CS) = 7acs ™ 0.2 ml Yoo

nmol/min/mg = CS x 1000

Equation 3.1

3.74 Complex | activity

Cl activity was assessed based on a series of redox reactions, initiated by the respective oxidation
and reduction of NADH and the Q analogue, decylubiquinone (DUQ), by CI. This was followed by
the electron transfer from DUQ to 2,6-dichloroindophenol (DCIP), the reduction of which was

measured by an increase in absorbance at 600 nm.

The assay was performed by mixing 5 pl of diluted [20% (v/v)] 600 xg supernatant with 125 pl of

a pre-heated (30°C) reaction mixture [50 mM potassium phosphate (KPi) buffer (pH 7.4); 0.35%

(w/v) BSA; 70 uM DUQ in dimethyl sulfoxide (DMSO); 1 uM antimycin A; and 60 uM DCIP]. The
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reaction was initiated by the addition of 20 ul of pre-heated (33°C) NADH (2 mM) and the linear
increase was measured spectrophotometrically at 600 nm for 5 min, in 1 min intervals. Samples
were analysed in triplicate (i), in the presence of the CI inhibitor rotenone (2.5 pM), to account for

the non-Cl oxidation of NADH, and (ii) in the presence of a corresponding volume of DMSO.

Following enzyme analysis, the initial velocity (in mAU/min) was determined via the linear
increase (R2 > 0.99) over 3 min, using the Gen5™ Data Analysis software (version 1.11.5). The
initial velocity of Cl was calculated by subtracting the initial velocity obtained in the presence of
rotenone (V2) from that obtained in the absence of rotenone (V1). This value was then converted
to micromoles of reduced DCIP, using a molar extinction coefficient of 12 712 mM* per 200 pl
(previously determined by a standard series of DCIP) and normalised against the protein content
to obtain the specific activity of Cl, expressed per unit of CS (Equation 3.2). Thereafter, univariate
statistical analysis was conducted using the student’s t-test, where a p-value < 0.05 indicated a

statistically significant difference between the WT and KO CI activities.

Lo hg
_ _(vi-v, )/( ul protein x 0 )
umol/min/mg = (12712 x 0.2 ml —

nmol/min/CS = pmol/min/mg x 1000/CS

Equation 3.2

3.8 Metabolomic assays
3.8.1 Determination of urinary creatinine concentration

Urinary creatinine was quantified spectrophotometrically via the Jaffe reaction method, adapted
from the manufacturing protocol of the QuantiChrom™ Creatinine Assay Kit (DICT-500, BioAssay
Systems, CA, USA). In this assay, creatinine reacts with picric acid in an alkaline solution to form
a yellow-orange adduct, of which the increase in absorbance is measured at a wavelength of
510 nm.

Briefly, 10 pl of urine was mixed with 200 pl working solution [0.1 M sodium hydroxide (NaOH);
0.3 mM ethylenediaminetetraacetic acid (EDTA); 0.1% (v/v) DMSO; 0.0004% (v/v) Tween®20;
and 3 mM picric acid], in triplicate, in a 96-well plate. Samples were then analysed on a Synergy™
HT Multi-detection microplate reader by measuring the linear increase in absorbance at 510 nm
for 5 min, in 1 min intervals. Absolute quantities were calculated against a standard curve, ranging
from 0-50 mg%.

All urine samples used in the metabolomic assays were analysed for creatinine on a total of four

96-well plates. To ensure repeatable creatinine quantification (and thus reliable normalisation),
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the intra- and inter-plate precision was assessed by calculating the relative standard deviation
(expressed as percentage; %RSD), using the test samples and two control samples derived from

HET mice, respectively.

3.8.2 Sample preparation

For both untargeted [gas chromatography time-of-flight mass spectrometry (GC-TOF-MS)] and
targeted [liquid chromatography-tandem mass spectrometry (LC-MS/MS)] analyses, a pre-
determined volume (ranging between 20 ul and 250 pl) of urine containing 0.0625 pumole
creatinine was added to microcentrifuge tubes, followed by the addition of internal standards (ISs).
For untargeted analysis, 100 pl IS mixture, which contained 3-phenylbutyrate (100 ppm),
norleucine (100 ppm) and tropic acid (50 ppm), was added per sample. For targeted analysis, 25
ul IS mixture was added. This mixture consisted of N,N-dimethylphenylalanine, 2Ha-arginine, 2Hs-
citrulline, 2Hgs-lysine, ring-?Hs-phenylalanine, 2Hic-isoleucine, 2Hg-valine, *C4®N,-asparagine,
13Cs'N,-glutamine, 2Hs-acetylcarnitine, 2Hs-octanoylcarnitine and 2Hs-octadecanoylcarnitine,

each with a final concentration of 2.5 ppm.

Following the addition of the IS mixture, the urine samples were deproteinised by adding three
volumes of ice-cold methanol, and vortexed for 15 seconds. The samples were then incubated
for 20 min at -20°C, followed by centrifugation at 15 000 xg for 10 min. Thereafter, the supernatant
was transferred to vials and dried under a gentle stream of nitrogen gas at 37°C until dry. To
ensure that the samples were completely dry prior to the derivatisation methods of both the
untargeted and targeted assays, 80 ul methanol was added and the samples were dried for a

second time under nitrogen gas.

3.8.3 Methoximation and trimethylsilylation

For the samples destined for GC-TOF-MS, a two-step derivatisation method was employed.
Firstly, methoximation was performed by adding 50 pl methoxyamine hydrochloride (20 mg/ml in
pyridine) to the dried samples; thereafter, the samples were vortexed vigorously for 30 seconds
to ensure proper reconstitution, and incubated at 60°C for 60 min. During this derivatisation step,
methoxyamine groups are added to the aldehyde and ketone functional groups to inhibit ring
formation of the reducing sugars, which can otherwise yield a high number of peaks for one sugar.

In addition, methoximation also inhibits the decarboxylation of ketoacids (Pasikanti et al., 2008).

After methoximation, the samples were allowed to cool to room temperature. For the final
derivatisation step, trimethylsilylation, was carried out by adding 50 pl N,O-bis(trimethylsilyl)-
trifluoroacetamide(BSTFA):trimethylchlorosilane(TMCS) [99:1 (v/v)] to the samples, which were
then mixed briefly by vortexing and incubated at 60°C for 60 min. During this reaction,

trimethylsilyl groups replace active hydrogens — located on functional groups such as amino-,
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carboxyl-, hydroxyl- and thiol groups. This greatly increases the volatility and thermal stability of
most metabolites, which not only makes them compatible for gas chromatography, but also
prevents them from thermally degrading during chromatographic separation. Finally, the samples

were allowed to cool to room temperature and transferred to flat bottom inserts prior to analysis.

3.84 Butyl esterification

For LC-MS/MS analyses, AAs, carnitine and acylcarnitines were subjected to butyl esterification,
during which the active hydrogen on the carboxyl functional group is replaced by a butyl group.
To this end, 300 ul 1-butanol:acetyl-chloride [80:20 (v/v)] was added to each sample, after which
the samples were vortexed for 30 seconds and incubated at 65°C for 15 min. Next, the samples
were dried under a gentle stream of nitrogen at 37°C. Finally, the dried samples were
reconstituted in 100 ul acetonitrile(ACN):H.O [50:50 (v/v)] + 0.1% formic acid (FA), vortexed for
15 seconds and transferred to tapered inserts.

3.85 GC-TOF-MS analyses

Untargeted GC-TOF-MS analyses were carried out using a 7890A gas chromatograph (Agilent
Technologies, CA, USA) coupled to a Pegasus HT time-of-flight mass spectrometer (Leco,
Johannesburg). To this end, 1 pl of sample was injected with a split ratio of 1:10. The inlet
temperature during sample injection was 250°C. The compounds were chromatographically
separated using an Rxi-5Sil MS column (30 m x 250 ym x 0.25 ym) (Restek, PA, USA), and
helium was used as a carrier gas at a constant flow rate of 1.5 ml/min. The oven temperature
programme used, was as follows: The initial temperature was kept at 70°C for 1 min, after which
it was elevated to 120°C (at a rate of 7°C/min). The oven temperature was then increased to
230°C (at a rate of 10°C/min), and finally to 300°C (at a rate of 13°C/min). The temperature was
maintained at 300°C for 1 min before being returned to the initial temperature. Following
chromatography, the eluent was introduced into the mass spectrometer, with the temperature of

the transfer line set at 225°C.

For mass spectrometry, the separated compounds were subjected to electron impact ionisation
(EI) (70 eV), with the ion source temperature set at 200°C. After a solvent delay of 230 seconds,

mass spectra were acquired (50-950 m/z) at a scan rate of 20 spectra/second.

3.8.6 LC-MS/MS analyses

Targeted LC-MS/MS analyses of the AA-, carnitine- and acylcarnitine butyl esters were conducted
on a 1200 series liquid chromatograph coupled to a 6410 triple quadrupole-mass spectrometer
(Agilent Technologies). Chromatographic separation was performed by injecting samples (4 pul)

on a C18 Zorbax SB-Aq (150 mm x 2.1 mm x 3.5 ym) reverse phase column (Agilent

34



Technologies), which was kept at 35°C, at a flow rate of 0.25 ml/min throughout the entire run. In
addition, the column was equipped with a guard column to protect it against particulate matter.
The mobile phases that were used included H>O (solvent A) and ACN (solvent B), both acidified
with 0.1% FA to facilitate metabolite protonation (Cech & Enke, 2001). The chromatographic
gradient was started at 5% mobile phase B and maintained for 1 min, followed by an increase in
mobile phase B to 18% over a period of 7 min. Next, mobile phase B was linearly increased to
100% at 16 min and maintained for 5 min. Finally, the gradient was returned to 5% mobile phase
B over 3 min and maintained for 10 min (post-run) to ensure column equilibrium prior to the next

analysis.

The liquid chromatography effluent was introduced to the mass spectrometer, which operated in
positive electrospray ionisation (ESI) mode under the following source parameters: capillary
voltage of 3 500 V; drying gas (nitrogen) at a flow rate of 7.5 I/min at 300°C; and nebuliser
pressure of 30 psi. Spectra were acquired using the multiple reaction monitoring (MRM) mode at
an electron multiplier voltage (EMV) of 300 V and a dwell time of 45 ms for all compounds. The
compound-specific parameters pertaining to the MRM are provided in Table 3.2. During the
analysis, three time windows were used. The first window diverted eluent [prior to the detection
of the first analyte (< 1.4 min)] away from the column and towards the waste to limit the exposure
of the mass spectrometer to salts in the sample. The MRMs of all the butyl esters were distributed

among the final two time windows, thereby ensuring sufficient data points per compound peak.

Table 3.2: Compound specific mass spectrometry parameters

2Hg4-Citrulline 236.2 219.1 108 5
2H4-Arginine 235.2 74.2 108 32
Citrulline 232.2 215.1 89 5
Arginine 231.2 70.1 103 40
1-Methylhistidine 226.4 124.2 120 15
3-Methylhistidine 226.4 96.2 130 25
5-Hydroxylysine 219.4 82.2 100 20
Carnitine 218.2 103 132 16
Histidine 212.1 110.1 89 16
13Cs15N2-Glutamine 210.2 89.1 89 20
2Hg4-Lysine 207.2 88.2 118 16
Lysine/Glutamine 203.1 84.1 89 20
13C415N2-Asparagine 195.2 148.1 89 8
Ornithine 189.2 70.2 74 20
Asparagine 189.1 74.1 89 20
Creatine 188.1 90.1 104 16
Hydroxyproline 188.1 68.1 120 35
Threonine 176.1 158.1 94 5
Isothreonine 176.1 74.1 94 12
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N,N,N-trimethylglycine 174.2 58.2 130 45
Proline 172.1 70.2 94 20

Serine 162.1 60.1 94 12
N,N-dimethylglycine 160.3 58.2 90 20
4-Aminobutyrate 160.1 87.1 79 8
3-Aminoisobutyrate 160.1 30.1 100 15
3-Alanine 146.2 72.1 90 10
Sarcosine/Alanine 146.1 44.2 80 15
Glycine 132.1 76.1 65 4
2Hs-Octadecanoylcarnitine 487.5 85.1 160 36
Octadecanoylcarnitine 4384 85.1 155 36
Hexadecanoylcarnitine 456.4 85.1 160 36
Tetradecanoylcarnitine 428.4 85.1 150 28
Dodecanoylcarnitine 400.3 85.1 117 32
Decanoylcarnitine 372.3 85.1 125 28
Cystine 353 130 118 16
2Hs-Octanoylcarnitine 347.3 85.1 136 24
Octanoylcarnitine 344.3 85.1 115 28
Cystathionine 335.2 190.1 97 13
Hexanoylcarnitine 316 85.1 113 20
Isovalerylcarnitine 302.2 85.1 128 20
Butyrylcarnitine 288.2 1731 110 15
3-Hydroxykynurenine 281.2 152.1 108 12
2-Aminoadipate 274.2 98.1 113 24
Propionylcarnitine 274.2 85.1 127 20
Kynurenine 265.4 136 120 10
2Hs-Acetylcarnitine 263.2 85.1 127 20
Tryptophan 261.2 244.1 94 8
Acetylcarnitine 260.2 85.1 108 20
Glutamate 260.2 84.1 89 24
N,N-dimethylphenylalanine 250.1 148.1 103 20
Aspartate 246.2 144.1 98 12
Tyrosine 238.2 136.1 94 12
Ring-?Hs-phenylalanine 227.2 125.1 108 16
Phenylalanine 222.2 120.1 108 16
Methionine 206.1 104.1 94 8
2H1o-Isoleucine 198.2 96.2 108 12
Isoleucine/Leucine 188.2 86.2 89 8
Pyroglutamate 186.1 84.1 108 16
°Hg-Valine 182.2 80.2 103 12
Valine 174.2 72.2 89 12

The precursor and product ions refer to the masses (expressed as m/z values) of the protonated butyl
esters and their selected fragments, respectively. Abbreviations: m/z, mass-to-charge ratio; FV, fragmentor

voltage; CE, collision energy.
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3.8.7 Batch composition and quality control

For both GC-TOF-MS and LC-MS/MS analyses, the samples were distributed into three batches,
with one batch being analysed per day. To avoid any sample bias, which could have arisen due
to possible signal intensity drift, all samples (including KO and WT) were randomised prior to
batch allocation (Dunn et al., 2012).

In order to obtain an accurate metabolic snapshot, reliable data is crucial. Quality control (QC)
samples, which are derived from pooling an equal amount of each sample to be analysed, not
only enable the monitoring of sample preparation and instrument stability, but are also
indispensable during data pre-processing (discussed in Section 3.8.9). Therefore, a QC sample
was prepared by pooling a small volume (43.2 pl) of all the samples. Unfortunately, due to the
small volumes of some of the KO urine samples available in this study, such samples had to be
excluded from the QC pool. The pooled QC sample was subsequently aliquoted into smaller
volumes (each containing 0.0625 pmole creatinine) and stored at -80°C until the day of analysis.
The QC samples were then treated and derivatised exactly like the urine samples, as described
in Sections 3.8.2, 3.8.3 and 3.8.4.

The batch composition for the GC-TOF-MS and LC-MS/MS analyses is illustrated in Figure 3.3.
Each batch started and ended with a QC sample, with additional QC samples included
intermittently between the test samples (WT and KO). For LC-MS/MS analyses, the first QC
sample was re-injected five times, of which the first four re-injections were solely used to condition
the column and were thus excluded from downstream data processing and analysis in the
sections that follow. Furthermore, after each batch, an in-house standard mixture, consisting of
all the metabolites analysed (final concentration of each metabolite: 2.5 ppm) as well as a spiked
QC sample (with the same standard mixture), was analysed. These 2 samples served to aid in

compound identification, if required.
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Figure 3.3: Batch composition of metabolomic analyses. Schematic representation of the batch
composition for (A) GC-TOF-MS and (B) LC-MS/MS. QC samples were interspersed between the test

samples (WT and KO) in every batch to monitor analytical performance. (B) Each batch in the LC-MS/MS
analysis commenced with a QC sample, which was re-injected five times in order to condition the column.
In addition, a spiked QC sample and a standard mixture consisting of all the targeted metabolites were
analysed at the end of each batch for identification purposes. The asterisk indicates that only five test
samples were injected between the fourth and fifth QC in the final batch. Abbreviations: GC-TOF-MS, gas
chromatography time-of-flight mass spectrometry; KO, knockout; LC-MS/MS, liquid chromatography-

tandem mass spectrometry; QC, quality control; WT, wild-type.

3.8.8 Data extraction

The GC-TOF-MS data was processed with ChromaTOF® (Leco). Here, mass spectral
deconvolution was performed at a signal-to-noise ratio of 20, with a minimum of five apexing
masses. The peaks across all samples were then aligned based on retention time and mass
spectra. The peaks were given a tentative identity if their characteristic mass fragmentation
patterns displayed at least 80% similarity to that of the National Institute of Standards and

Technology (NIST) 2011 mass spectral library and an in-house formulated library.

The data obtained from the LC-MS/MS analyses was extracted using MassHunter Qualitative
software (version B.06; Agilent Technologies). Here, analytes in each batch were aligned and

peak integration was performed. Afterwards, peak integration was manually inspected to ensure
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the correct peak selection as well as the proper integration of the peak areas. Lastly, a

compound-aligned data matrix with integrated peak areas was generated.

3.8.9 Data pre-processing

Prior to data pre-processing, three samples were excluded from the data sets of both platforms.
These included the data of two KO mice that fell outside of the age range, as well as one HET,
which were all originally erroneously included. The latter was confirmed following genotype
analysis of the collected samples. Furthermore, four KO mice were removed from the untargeted
data set, since these mice had provided insufficient urine for targeted analysis (which was
performed after untargeted analysis). The latter four samples were removed due to downstream
multivariate statistical analysis, where the data sets of both platforms were combined. This left a
total of 34 WT and 25 KO mice for both analytical platforms.

Following the removal of the abovementioned samples, the data was subjected to supervised
zero filtering, which removes features with excessive missing values (exceeding a certain
percentage). Here, the 80% rule was applied to each group, in which a feature was only kept in
the data matrix if more than 80% of the samples in a group (WT and/or KO) contained data. In
other words, a feature was removed if more than 20% of the samples in a group had missing
values. Next, the peak areas were normalised (relatively quantified) using ISs (by dividing the
peak area of the feature/metabolite by that of an IS) to compensate for potential technical variance
that might have been introduced during sample preparation and analysis. To this end, the QC
samples were first inspected to select the most suitable IS for each feature/metabolite. For the
untargeted analysis, features were normalised against the IS that yielded the lowest %RSD. By
contrast, features detected by the targeted analysis were normalised against the IS which yielded
the highest spearman’s coefficient — with the exception that features were normalised against

their stable isotope, if available.

Following data normalisation, the %RSD of all features in the QC samples across all three batches
was calculated for the targeted analysis (as was done for the untargeted analysis during 1S
selection). Since the QC samples are identical in composition, they allow for the detection of
technical variance that may arise during sample preparation (e.g. metabolite extraction and
derivatisation) and instrument analysis. Features that displayed an RSD value greater than 50%
(missing values were excluded from the %RSD calculation) were removed from the data set, as
these features were considered unreliable to quantify. After applying the %RSD filter, all
remaining missing values were imputed with half of the data matrix’s minimum peak intensity,
since these missing values may have been the result of borderline features (i.e. features with
concentration levels close to the instrument’s detection limit). Lastly, the data were logarithm

transformed (base 2), a technique that not only eliminates heteroscedasticity, but also has a
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pseudo-scaling effect as it reduces the differences between large and small values. This is
important, since highly abundant metabolites will mask the influence of low abundant metabolites

in multivariate analyses.

3.8.10 Datainspection prior to biomarker/feature selection

Before data analyses were conducted to identify discriminatory features/metabolites, the data was

inspected in several ways to ensure that any biological findings were reliable.

e Firstly, the viability of creatinine as normalisation factor was investigated (Appendix B),
since the constant excretion thereof could be compromised in energy-related disease
models as a result of kidney impairment and muscle wasting.

e Secondly, the following data quality assessment procedures were performed to ensure
that the data was of a high quality and deemed fit for the discovery of discriminatory
metabolites: (i) Prior to applying the %RSD filter during data pre-processing, the precision
of all the features in the QC samples were evaluated by constructing %RSD distribution
plots to provide an overall view of the technical variance. (ii) For the second procedure,
the QC samples were analysed along with the test samples (WT and KO) via principle
component analysis (PCA). Since this method aims to reduce the dimensionality of the
data and project the greatest variation present, it provides a good visual representation of
the overall variance in the data sets. (iii) For the final assessment, the data was inspected
for potential batch effects (intra- and inter- batch signal drifts). Here, two approaches were
used: In the first approach, the total signal of each sample (y-axis) was plotted as a
function of its run order (x-axis) in each batch. This visually aids in inspecting for the
presence of potential trends in signal drift. The total signal was calculated by adding
together all of the relatively quantified peaks (via IS normalisation) in a given sample. In
addition to this, the total signal intensity of each sample was also plotted by first applying
logarithm transformation (base 2) to each relatively quantified peak.

e Lastly, following data quality assessment, the data was inspected for potential WT and
KO sample outliers by conducting PCA on each individual group at a confidence level of
95%.

3.8.11 Statistical analysis

The data was subjected to both uni- and multivariate statistical analyses. Firstly, the data (KO vs
WT) was inspected visually using PCA to observe the clustering of the two groups, as well as
whether natural separation existed between the two groups. Thereafter, univariate analyses were
performed to identify metabolites/features that differed significantly between the two groups.

Features/metabolites were considered significant if their false discovery rate-corrected p-value
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(i.e. g-value) and effect size d-value was < 0.05 and > 0.8, respectively. Finally, PCA was
performed again using only the combined significant features from both the untargeted- and
targeted platforms, to visually inspect the discriminatory power of these features between the two

groups.

3.8.12 Confidence of metabolite identities

As described in Section 3.8.8, a feature (from the untargeted platform) was initially given a
tentative identity if a spectral match of at least 80% was present between the feature and the
libraries. Features that were found to differ significantly between the WT and KO groups, were
ranked from level 1-5, based on the confidence of their identities (with level 1 indicating the
highest confidence), as defined by Schymanski et al. (2014). Only those features with confidence
levels ranging from 1 to 3 were interpreted and discussed. Level 3 was assigned to a metabolite
that had been identified based solely on a spectrum match (tentative candidate). Level 2 was
similar to level 3, except that the probable structure (compound class) could be allocated with
more certainty. Lastly, a level 1 (confirmed structure) identity was given to metabolites that
matched both the spectral and retention time/index of the reference standards. All the metabolites
analysed on LC-MS/MS were assigned a confidence level of 1, since reference standards were
available for all these metabolites, and also due to the targeted nature of the analysis. These
reference standards were used to: (i) construct MRM transitions; (ii) obtain retention times; and
(iii) spike urine samples to confirm the peak of interest, when multiple peaks were present (i.e.

untargeted metabolites that could be detected with that particular MRM transition).
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CHAPTER 4:
RESULTS AND DISCUSSION

4.1 Introduction

The previous chapter provides a thorough description of all the experimental procedures used to
achieve the objectives, as outlined in Section 2.9.2. In this chapter, the results pertaining to the
objectives are presented and discussed. Data from other relevant procedures mentioned in
Chapter 3, but not presented here, can be found in Appendix B. Conclusions drawn from the
results, the strengths and limitations of this study, as well as future recommendations are provided
in Chapter 5.

4.2 Phenotypic evaluation of the Ndufs4 knockout mice

To evaluate the effect of Ndufs4 deficiency on the postnatal growth of the mice, the bodyweight
measurements of WT and KO males and females (3: WT = 3, KO = 2; Q: WT = 4, KO = 3), from
two litters, were taken every other day from P22/23 (litter one: P22; litter two: P23). For statistical
reasons, growth curves were only plotted up until P56/57, when one of the male KO mice was
euthanised after having lost > 10% of its maximum bodyweight, thereby leaving only one KO

male.

As shown in Figure 4.1, the WT and KO mice initially displayed very small differences in
bodyweight, which increased as the mice aged. Similarly, this trend was observed between male
and female WT mice, which displayed similar growth curves that did not reach a plateau. Notably,
however, while the male and female KO mice also displayed similar growth curves, no significant
differences in bodyweight were observed and a plateau in growth was reached at around P38/39
and 40/41 for male and female mice, respectively — in contrast to the male and female WT mice.
At around P46, the KO male and female mice, respectively, weighed approximately 44% and 31%
less than their WT counterparts. Due to the large difference in bodyweight, it was thus possible

to visually distinguish between the WT and KO mice at this age.
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Figure 4.1: Growth curves of Ndufs4 WT and KO mice. Mice were weighed every other day from the
ages of P22/23 to P56/57. The groups consisted of four WT females, three WT males, three KO females
and two KO males. Data points and error bars represent the mean bodyweight values (in g) and + standard
deviation, respectively. Symbols: @, female; &, male. Abbreviations: g, gram; KO, knockout; P, postnatal
day; WT, wild-type.

In addition, some of the KO mice presented with alopecia, as depicted in Figure 4.2. Alopecia has
been described previously in the Ndufs4 KO mice (Kruse et al., 2008) and is associated with the
infiltration of inflammatory macrophages into the skin of the KO animals (Jin et al., 2014). As can
be seen from the figure, the two KO mice (Mouse #2 and #3) developed alopecia around P22,
while the WT mouse (Mouse #1) did not show any signs of hair loss. The observed alopecia,
however, was only transient, since the hair coats of the KO mice returned to normal around P40.

Lastly, the KO mice displayed a typical hunched posture, as can be seen in Figure 4.3.
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Figure 4.2: Alopecia observed in (some) Ndufs4 KO mice. Alopecia is a common phenomenon in
Ndufs4 KO mice, which appears at around P20-22. In this study, the mice were examined for signs of
alopecia over time (P20-35). Mouse #1 (WT), Mouse #2 (KO) and Mouse #3 (KO) are depicted in this figure,

with clear differences visible between the animals. Symbols: #, number. Abbreviations: KO, knockout; P,

postnatal day; WT, wild-type.

Figure 4.3: Photograph of Ndufs4 WT and KO mice at P46 days. The two Ndufs4 KO mice (marked A
and B) are clearly smaller in size than the other three animals (WT). Furthermore, the hunched posture of
the two KO animals is typical of Ndufs4 KO mice. Abbreviations: KO, knockout; P, postnatal day; WT,

wild-type.
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4.3 Biochemical evaluation of Ndufs4 knockout mice

In order to confirm the lowered activity of Cl in the Ndufs4 KO mice (caused by the knockout of
the Ndufs4 gene), the activity of this enzyme complex was measured in the liver of five WT and
five KO male mice (P45-50), as described in Section 3.7.

Cl activity is typically normalised to that of CS to compensate for differences in mitochondrial
content. This normalisation approach, however, can only be a valid if CS activity remains
unaltered in the Ndufs4 KO mice. For this reason, it was necessary to evaluate CS activity in both
the WT and KO groups. As shown in Figure 4.4 A, comparable CS activities were observed in the
WT and KO mice (p = 0.750), indicating that CS activity remained unaltered in the Ndufs4 KO
mice. Based on these findings, CS activity was proven to be a valid normalisation method and
used to normalise ClI activity in this study.
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Figure 4.4: CS and Cl activity of Ndufs4 WT vs KO mice. (A) CS and (B) ClI activity of WT and KO mice
(P45-50; n = 5 per group) were measured in 600 xg supernatant derived from liver homogenates.
Statistically, the difference between the CS activity of the WT and KO mice was insignificant (p = 0.750),
whereas the ClI activity differed significantly (p < 0.001). Each bar represents the mean CI specific activity
(expressed per unit of CS, UCS) + standard deviation (error bars). Abbreviations: Cl, complex I; CS, citrate
synthase; KO, knockout; n, number analysed; WT, wild-type.

A significant difference (p < 0.001) in CI activity (Figure 4.4 B) was observed between the WT
(45.5 nmol/min/UCS) and KO mice (6.6 nmol/min/UCS), which equated to a residual Cl activity of
15% in the KO mice. These results corresponded relatively closely to the findings of Calvaruso et
al. (2012), Jin et al. (2014) and Leong et al. (2012), who reported residual activities of 20%, 16%
and 10%, respectively. By contrast, the work of Kruse et al. (2008), in which the mice used in this

study were first described, reported no residual CI activity in the liver. The authors attributed this
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finding to the harsh sample preparation techniques used to generate sub-mitochondrial particles,
and postulated that it could have resulted in the complete loss of activity in partially stable Cl as
a result of the Ndufs4 deficiency. This theory is further supported by the fact that the mice did not
present with any severe phenotypic characteristics of the disease until approximately five weeks
(Kruse et al., 2008), whereas a complete absence of Cl activity would have most likely led to

embryonic death (Calvaruso et al., 2012).

In summary, these results not only indicate kinetically defective Cl in the Ndufs4 KO mice, but
further support the findings of Calvaruso et al. (2012), Leong et al. (2012) and Jin et al. (2014),
confirming that a significant reduction of CI activity occurs in the liver of Ndufs4 KO mice.

4.4 Metabolomics evaluation of Ndufs4 knockout mice

The primary objective of this study was to investigate the metabolic consequences of Ndufs4
deficiency. To this end, a multi-platform metabolomics approach was used to compare the urinary
metabolome of WT (n = 30) and KO (n = 23) mice, incorporating both untargeted (GC-TOF-MS)
and targeted (LC-MS/MS) analyses in order to obtain a comprehensive view of the metabolic

consequences.

44.1 Intra- and inter-plate precision of the creatinine assay

Before any urine samples could be used for metabolomic analyses, the urinary creatinine
concentrations were determined to account for differences in urine dilution. Therefore, a

pre-acquisition normalisation approach was used.

It is, however, important to obtain repeatable quantification of the creatinine concentrations to
ensure reliable normalisation. To this end, both intra- and inter-plate precision were inspected
across four 96-well plates. Since all the urine samples (test and QC samples) were analysed in
triplicate, the test samples were sufficient to inspect for intra-plate precision, whereas the QC
samples were used to evaluate inter-plate precision (as a precautionary measure, two QC

samples were used to validate the repeatability of one another).

The precision achieved was satisfactory, with all the test and QC samples exhibiting low intra-
and inter-plate variability (RSD < 10%). These results therefore demonstrated that the
guantification of creatinine was reliable and thus suitable for the normalisation of the

metabolomics data obtained in this study.
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4.4.2 Data quality assessment of untargeted and targeted analysis

Using the untargeted GC-TOF-MS platform, a total of 359 features were obtained, along with 47
metabolites (AAs, carnitine and acylcarnitines) using the targeted LC-MS/MS platform. However,
before data analysis could be performed to identify discriminatory metabolites, it was crucial to
first assess the quality of the data derived from both the untargeted and targeted analyses, in
order to ensure that the discovery of discriminatory features was reliable. As a result, the data
quality in this study was assessed using approaches (procedures) that are commonly used in
metabolomic studies.

4.42.1 Analytical precision

Typically, a 30% RSD filter is used in untargeted metabolomic studies (Martin-Blazquez et al.,
2019; Pirttila et al., 2019), where the data is considered of high quality if at least 70% of all the
features have an RSD of less than 30% (Gika et al., 2014; Le Pogam et al., 2019). Even though
a more relaxed filter (50% cut-off) was used in this study, the 30% RSD limit serves as a useful
benchmark in assessing the quality of the data. As shown in Figure 4.5 A, the majority of features

are distributed below an RSD of 30%, which accounts for 93.3% of all the measured features.

For targeted analysis, many studies use the criteria as specified by the U.S. Food and Drug
Administration, which states: “the precision determined at each concentration level should not
exceed 15% of the CV [RSD] except for the lower limit of quantification, where it should not exceed
20% of the CV” (Broadhurst et al., 2018; FDA, 2001). One should, however, keep in mind that
these criteria were not set out with metabolomics in mind (where precision is the primary concern),
but rather for highly targeted analyses, where accuracy is an important factor. A number of other
studies have, instead, set the limit of acceptable precision to 25%, which makes more sense in
the case of the targeted analysis used in this study, since highly targeted sample preparation (e.g.
extracting analytes of interest) and absolute quantification were not performed. As expected, the
targeted analyses provided much better precision (Figure 4.5 B), with the variability of almost all

of the metabolites below an RSD of 10%, accounting for 95.7% of all targeted metabolites.

The higher degree of technical variation observed in the untargeted data set, compared to that of
the targeted data, can be ascribed, in particular, to the trimethylsilylation step used in the
untargeted method. Taking into consideration that (i) the samples of each batch were derivatised
simultaneously; (i) the silylation reagent was not removed (derivatisation is therefore not
guenched); (iii) time had elapsed between samples injected in the beginning, middle and end of
each batch; and (iv) unstable derivatives could have degraded leading to certain metabolites that
may not have derivatised completely during the short derivatisation steps (Kanani et al., 2008),
one can thus expect varying concentrations of these derivatives within each batch. In addition,

the higher variation can also be attributed to low abundant peaks with low signal-to-noise ratios
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for certain features/metabolites, which hinder the software from distinguishing the features from

noise, and therefore, lead to improper detection and integration (Harada et al., 2018).
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Figure 4.5: The RSD (expressed as a percentage) distribution of all features/metabolites in the QC
samples.The precision of (A) GC-TOF-MS and (B) LC-MS/MS was assessed by calculating the RSD
(expressed as a percentage) of all features/metabolites in the QC samples across all three batches. Each
grey column represents a percentage of the total number of features/metabolites within the specified RSD
range, while the black line represents the cumulative sum of the relative frequencies within the specified
RSD range. Abbreviations: GC-TOF-MS, gas chromatography time-of-flight mass spectrometry; LC-
MS/MS, liquid chromatography-tandem mass spectrometry; RSD (%), relative standard deviation
(expressed as a percentage).

4.4.2.2 Evaluation of the technical and biological variation

As illustrated in the PCA score plots (Figure 4.6 A and B), the QC samples clustered together
closely in comparison to the test samples (WT and KO), which displayed a much greater variance
in both the GC-TOF-MS and LC-MS/MS analyses. This not only indicated excellent analytical
performance of both the platforms utilised (i.e. the presence of little technical variance), but also
showed that the majority of the variation observed in the test samples was due to biological
variation. This variation was observed in the WT and KO groups themselves, but also, more
importantly, between the groups — as is evident from the distinct separation tendency shown
between the WT and KO groups in Figure 4.6 A and B.
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Figure 4.6: Two-dimensional PCA score plots of the QC, WT and KO samples. PCA was performed to
visualise variation of the QC (green) samples in relation to that of the WT (blue) and KO (red) samples
subjected to (A) GC-TOF-MS untargeted analysis and (B) LC-MS/MS targeted analysis. Abbreviations: GC-
TOF-MS, gas chromatography time-of-flight mass spectrometry; KO, knockout; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; PC, principle component; PCA, principle component analysis;

QC, quality control; WT, wild-type.

4.4.2.3 Batch effect inspection

Figure 4.7 A to D displays the sequential total intensity scatter plots of the collected data. In the
figure, the QC samples are distributed in a relatively straight line across all three batches,
indicating overall analytical stability across the entire course of data acquisition. Greater
fluctuations were observed for the QC samples used in the untargeted analysis (Figure 4.7 A and
C). This was to be expected, due to the %RSD acceptance criteria used as well as the occurrence
of missing values and the fact that an untargeted approach inherently displays greater variation
(as mentioned in Section 4.4.2.1). By contrast, these fluctuations were hardly present in the
targeted analysis (Figure 4.7 B and D). With regards to the test samples (WT and KO), however,

no noticeable trends were observed.
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Figure 4.7: Sequential total intensity scatter plots. Scatter plots depicting the total intensity of each
sample in the order they were analysed for all batches (blue, green and black represent the first, second
and third batch, respectively). Each batch was comprised of QC (red), WT and KO samples. The sum of
relative intensity of the GC-TOF-MS untargeted and LC-MS/MS targeted analyses are depicted in (A) and
(B), respectively, while the sum of logarithm transformed relative peaks of the GC-TOF-MS untargeted and
LC-MS/MS targeted analyses are shown in (C) and (D), respectively. Abbreviations: GC-TOF-MS, gas
chromatography time-of-flight mass spectrometry; KO, knockout; LC-MS/MS, liquid chromatography-

tandem mass spectrometry; QC, quality control; WT, wild-type.

In the second approach, PCA was used to plot the WT and KO samples in their respective
batches. As depicted in Figure 4.8 A and B, all three batches of each platform overlapped with

each other, indicating that no batch effects were present in the data.
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Figure 4.8: Two-dimensional PCA score plot representing the sample batches analysed. PCA was
performed to visually observe the presence or absence of a batch effect in (A) GC-TOF-MS untargeted
analysis and (B) LC-MS/MS targeted analysis. All three batches [comprised of QC (red) WT and KO
samples] from both platforms display integrated distribution, indicating the absence of batch effects (blue,
green and black represent the first, second and third batch, respectively). Abbreviations: GC-TOF-MS, gas
chromatography time-of-flight mass spectrometry; KO, knockout; LC-MS/MS, liquid chromatography-
tandem mass spectrometry; PC, principle component; PCA, principle component analysis; QC, quality

control; WT, wild-type.

In metabolomics, technical variance is unavoidable, even when carefully planned steps are taken
to minimise it as much as possible. With this in mind, it is critical to assess the quality of the
acquired data, in order to ensure that any statistically meaningful results are reliable. Overall, both
the untargeted and targeted analyses were able to successfully provide good precision, a high
degree of biologically relevant information and signal stability across the entire run of all three
batches. The data from both analytical platforms was thus of high quality and deemed fit for

identifying potential discriminatory metabolites.

443 Data reduction

As mentioned in Section 4.4.2, a total of 359 features were obtained using the untargeted
GC-TOF-MS platform, along with 47 metabolites (AAs, carnitine and acylcarnitines) using the
targeted LC-MS/MS platform. Prior to performing statistical analyses to identify discriminatory
features/metabolites, the data was inspected for potential sample outliers via PCA (results not

shown), which detected 3 WT outlier samples in the untargeted data set, of which 1 one was
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common in both platforms, and 2 KO and 2 WT outlier samples in the targeted data set. These
samples were subsequently removed from the data sets of both platforms that left a total of 30
WT and 23 KO mice for the final metabolic comparison. Next, the data was processed to remove
contaminant peaks and non-biological compounds. The “80% rule” was first applied to the data,
which states that a feature is kept in the data matrix if it has a non-zero value in at least 80% of
the samples of any of the experimental groups (Yang et al., 2015). Thus, potential differentiating
metabolites that were only detected in one experimental group and not in the other (likely due to
concentrations that fell below the detection limit of the instrument), were not removed from the
data set. After applying the 80% rule, the number of features from the GC-TOF-MS was reduced
from 359 to 185. Hereafter, a 50% RSD rule was applied, where any feature was removed from
the data set if the %RSD for that feature exceeded 50% in the QC samples across all three
batches. After applying this filter, another four features were removed, resulting in a total of 181
features for the untargeted GC-TOF-MS platform. The data of the targeted LC-MS-MS platform,
however, was of such quality that all features (n = 47) were retained after applying the 80% rule
and the 50% RSD filter to the data. Altogether, both platforms thus provided a total of 228
features/metabolites that were subjected to statistical analysis to screen for discriminatory
features/metabolites. Both data sets, after being log transformed, were combined and subjected
to PCA in order to obtain an overview of the data. As depicted in Figure 4.9, significant separation
was observed with minimal overlap occurring between the two groups, indicating metabolic

differences between the WT and KO mice.
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Figure 4.9: Two-dimensional PCA score plots obtained after data reduction. PCA was performed on
the combined data sets (GC-TOF-MS and LC-MS/MS) following data reduction (n = 228 metabolites) to

visualise the overall clustering of WT (green) and KO (red) mice in relation to each other. Abbreviations:
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GC-TOF-MS, gas chromatography time-of-flight mass spectrometry; KO, knockout; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; PC, principle component; PCA, principle component analysis;
WT, wild-type.

4.4.4 Selection of discriminatory features/metabolites

Next, univariate statistical analyses were applied to identify the discriminatory
features/metabolites. In order to be included in the list of important features, these had to display
a p-value < 0.05 (t-test) and d-value > 0.8 (effect size). A total of 93 features/metabolites were
found to differ significantly between the WT and KO groups, 62 of which were derived from the
untargeted GC-TOF-MS platform and the remaining 31 from the targeted LC-MS/MS platform.
Metabolite annotation of the discriminatory features, that displayed different intensities of
statistical and practical significance between the WT and KO samples, was performed by
comparison to known compounds. For this purpose, several in-house, commercial and public
libraries/databases were utilised and an identification confidence level was ascribed to each
feature, as previously described by Schymanski et al. (2014). In short, a Level 3 identity was
allocated if a tentative structure was obtained, based on either matching intact molecular mass or
fragmentation spectra. A Level 2 identity was allocated if Level 3 conditions held, together with
additional evidence on a more probable structure identity. If both the spectral and retention
time/index could be matched to that of an authentic reference standard, the metabolite was
labelled as Level 1. All unidentified features (> Level 3) were excluded from the data matrix. This

resulted in a final list (Table 4.1) containing a total of 73 discriminatory/significant metabolites.

Table 4.1: List of discriminatory metabolites identified between the Ndufs4 KO and WT groups.

1-Methylhistidine ! LC-MS/MS <0.001 1.03 1
2,6-Dihydroxybenzoate ) GC-TOF-MS <0.001 1.07 3
2-Aminoadipate ! LC-MS/MS <0.001 0.88 1
2-Hydroxyadipate l GC-TOF-MS <0.001 2.95 3
2-Hydroxyglutarate l GC-TOF-MS <0.001 1.09 1
2-Keto-3-methylvalerate ! GC-TOF-MS <0.001 1.69 3
2-Ketoglutarate 1 GC-TOF-MS 0.003 0.87 1
3-Alanine ! LC-MS/MS <0.001 1.38 1
3-Amino-isobutyrate l Both <0.001 1.37 (0.97) 1(3)
3-Methylhistidine ! LC-MS/MS <0.001 1.13 1
3-Ureidopropionate l GC-TOF-MS <0.001 0.97 3
4-Aminobutyrate (GABA) l LC-MS/MS <0.001 2.06 1
4-Hydroxymandelate l GC-TOF-MS <0.001 2.05 3
4-Hydroxyphenylacetate l GC-TOF-MS <0.001 0.99 1
4-Hydroxyphenylpyruvate l GC-TOF-MS 0.003 0.87 3
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5-Hydroxy-indole l GC-TOF-MS <0.001 1.55 3
5-Hydroxylysine l LC-MS/MS <0.001 1.43 1
Alanine 1 Both <0.001 1.06 (1.44) 1(2)
Alanyl-threonine l GC-TOF-MS <0.001 0.81 3
Arginine ! LC-MS/MS <0.001 1.34 1
Butyrylglycine l GC-TOF-MS <0.001 1.58 3
Carbamate ! GC-TOF-MS <0.001 1.08 3
Carnitine 1 LC-MS/MS 0.005 0.84 1
Citramalate 1 GC-TOF-MS <0.001 1.80 3
Citrulline ! LC-MS/MS <0.001 0.98 1
Cystathionine l LC-MS/MS <0.001 1.45 1
Cystine ! LC-MS/MS 0.002 0.86 1
Decanoylcarnitine l LC-MS/MS <0.001 1.29 1
Erythrose ! GC-TOF-MS <0.001 2.64 2
Fumarate 1 GC-TOF-MS <0.001 1.71 1
Glucarate ! GC-TOF-MS <0.001 0.87 3
Gluconate ! GC-TOF-MS 0.002 0.95 3
Glutamate l LC-MS/MS <0.001 1.30 1
Glutamine l LC-MS/MS <0.001 2.32 1
Glutarate ! GC-TOF-MS <0.001 1.21 3
Glycerate ! GC-TOF-MS <0.001 0.99 1
Glycerol l GC-TOF-MS <0.001 1.46 3
Glycine ! LC-MS/MS <0.001 1.08 1
Gulonate ! GC-TOF-MS <0.001 1.61 3
Hexanoylglycine l GC-TOF-MS <0.001 1.40 3
Histidine ! LC-MS/MS <0.001 1.05 1
Hydroxy-proline l LC-MS/MS <0.001 3.03 1
Isoleucine/Leucine l LC-MS/MS <0.001 2.13 1
Isovalerylglycine l GC-TOF-MS <0.001 1.31 3
Lactate 1 GC-TOF-MS <0.001 1.31 1
Malate 1 GC-TOF-MS <0.001 1.40 1
Methionine l LC-MS/MS <0.001 1.69 1
N,N,N-trimethylglycine l LC-MS/MS <0.001 2.63 1
N,N-dimethylglycine l LC-MS/MS <0.001 2.78 1
N-acetylglutamate (NAG) l GC-TOF-MS <0.001 2.88 3
Octanoylcarnitine l LC-MS/MS <0.001 1.32 1
Orotate ! GC-TOF-MS <0.001 1.55 3
Oxalate ! GC-TOF-MS <0.001 1.73 1
Phenylalanine l LC-MS/MS <0.001 1.24 1
Phosphate l GC-TOF-MS <0.001 1.37 1
Phosphoglycerol l GC-TOF-MS <0.001 1.06 3
Proline l LC-MS/MS <0.001 1.85 1
Propionylcarnitine 1 LC-MS/MS <0.001 1.32 1
Pyroglutamate l GC-TOF-MS <0.001 1.11 1
Pyruvate 1 GC-TOF-MS <0.001 1.29 1
Ribitol ! GC-TOF-MS 0.002 0.84 3
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Ribonate ! GC-TOF-MS <0.001 2.95 3
Ribose ! GC-TOF-MS <0.001 0.98 2
Sarcosine l LC-MS/MS <0.001 3.24 1
Serine ! Both <0.001 1.46 (1.27) 1
Sorbose ! GC-TOF-MS <0.001 1.28 2
Tartronate l GC-TOF-MS < 0.001 1.49 3
Threonate ! GC-TOF-MS <0.001 3.45 3
Threonine l LC-MS/MS 0.001 0.92 1
Uracil ! GC-TOF-MS <0.001 1.89 1
Uric acid ! GC-TOF-MS 0.002 0.84 1
Valerylglycine l GC-TOF-MS <0.001 1.93 3
Valine ! Both <0.001 1.50 (1.46) 1

The direction of the arrow indicates the change observed in the metabolite in the KO mice relative to the
WT mice (i.e. 1, increase/ |, decrease). If a metabolite was detected using both platforms, information
derived from the LC-MS/MS analysis (p-/d-value and ID level) is listed first, followed by that derived from
GC-TOF-MS analysis in brackets to specify differences (if present). Abbreviations: GABA, 4-aminobutyrate;
GC-TOF-MS, gas chromatography time-of-flight mass spectrometry; ID, identification; KO, knockout;
LC-MS/MS, liquid chromatography-tandem mass spectrometry; NAG, N-acetylglutamate; WT, wild-type.

The significant metabolites identified from both platforms were combined into a single data matrix
and subjected to PCA (Figure 4.10) to visually inspect the discriminatory effect of the selected
metabolites. From this figure it can be seen that the significant metabolites resulted in significant
differentiation between the two groups, with only a slight overlap. The latter (the slight overlap),
along with the higher intra-group variation displayed by the KO mice (i.e. the lesser degree of
clustering) were to be expected, since the KO mice had exhibited different levels of disease

severity. Therefore, a larger variation in their metabolome was likely.
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Figure 4.10: Two-dimensional PCA score plot following feature selection. PCA was performed using
the statistically significant metabolites derived from both analytical platforms (GC-TOF-MS and LC-MS/MS),
to illustrate the discriminatory effect between the urinary metabolome of the WT and KO mice.
Abbreviations: GC-TOF-MS, gas chromatography time-of-flight mass spectrometry; KO, knockout;
LC-MS/MS, liquid chromatography-tandem mass spectrometry; PC, principle component; PCA, principle

component analysis; WT, wild-type.

445 Urinary metabolic perturbations caused by knocking out Ndufs4

4451 Glycolysis and the TCA cycle

As anticipated, the examination of the urinary metabolome of the Ndufs4 KO mice revealed
classic perturbations generally observed in MDs, including elevated levels of lactate, pyruvate
and alanine. In support hereof, increased levels of lactate have also been described in the brain
(Johnson et al., 2013; Lee et al., 2019), cardiac muscle, skeletal muscle (Lee et al., 2019) and
serum of Ndufs4 KO mice (Jin et al., 2014; Kruse et al., 2008; Lee et al., 2019), while increased
levels of pyruvate have been reported in the brain (Johnson et al., 2013). These perturbations are
believed to reflect a decreased NAD*/NADH ratio, and thus an altered redox status. Under normal
conditions, pyruvate, the end-product of glycolysis, is mainly transported into the mitochondrion,
where it is oxidatively decarboxylated to acetyl-CoA by the NAD*-dependant PDHc. Acetyl-CoA
then enters the TCA cycle to be catabolised. However, in the case of a defective ClI, brought about
by the deficiency of the NDUFS4 protein, the efficiency of NADH oxidation is reduced. Since the
activity of the PDHc is inhibited by NADH, a decreased NAD*/NADH ratio in the KO mice will

actively inhibit the activity of the PDHc, and therefore, result in the accumulation of pyruvate. The
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accumulated pyruvate can then subsequently be converted to either lactate via lactate
dehydrogenase — an enzyme which favours a low NAD*/NADH ratio, and therefore, provides a
way to lower high levels of NADH — or be transaminated to alanine via alanine aminotransferase.
This observation is supported by the research of Lee et al. (2019), who identified an altered redox
status in the brain, liver, heart and skeletal muscle of Ndufs4 KO mice. In further agreement with
this view, the lactate/pyruvate ratio, which serves as an indicator of the cytosolic redox status,
was revealed to be significantly higher (p < 0.001) in the urine of Ndufs4 KO mice (median ratio
of 36.9) when compared to that of WT mice (median ratio of 3.9) (Munnich et al., 1996).

A decreased NAD*/NADH ratio can also explain the occurrence of a congested TCA cycle. In the
KO mice, increased levels of 2-ketoglutarate, malate and fumarate were detected, of which the
former two are NAD*-dependant. Elevated levels of fumarate are further known to cause protein
succination: a non-enzymatic post-translational modification where fumarate irreversibly reacts
with cysteine residues. Consequently, this modification, which has been implicated in diseases
such as diabetes and cancer, can impair the function of susceptible proteins, and as a result, alter
cellular function (Merkley et al., 2014). Accordingly, Piroli et al. (2016) have demonstrated for the
first time, using Ndufs4 KO mice that augmented protein succination occurs in regions where
pathomorphological changes are also observed. Based on their results, areas that displayed the
greatest degree of pathomorphological change were accompanied by a greater degree of
increased succination, and included the brainstem, cerebellum and olfactory bulbs. The authors
noted that a prominent increase in succination had occurred, in the brainstem in particular, at
approximately three weeks of age, after which succination increased progressively until the mice
died of respiratory failure at approximately nine weeks. In turn, the respiratory failure was
attributed to the vestibular nuclei of the brainstem, which the authors had reported as being one
of the areas displaying the greatest pathomorphological changes and increase in protein
succination. Moreover, the vestibular nuclei play an important role in the regulation of posture and
breathing patterns. Accordingly, in an earlier study, Quintana et al. (2012), reported that Ndufs4
KO mice displayed an increased frequency of breathing irregularities and apnea as they aged.
Therefore, the elevated fumarate detected in this study corresponds with existing knowledge on

the role of increased succination in the phenotype observed in Ndufs4 KO mice.

In addition to the inefficient metabolisation of pyruvate (as discussed above), the altered redox
status also results in a condition which further contributes to increased levels of pyruvate, lactate
and alanine. This condition, known as pseudohypoxia, is a metabolic adaptation which mimics
hypoxic conditions, regardless of the O, status. Hypoxia-inducible factor 1 (HIF-1) is central to
this is adaptation, and may be defined as a ubiquitously expressed transcription factor comprising
an alpha subunit (HIF-1a) and a constitutively expressed beta subunit (HIF-1B). The level of

HIF-1a is regulated by post-translational modifications, which are based on the cellular O,
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concentration. Under normoxic conditions (i.e. normal cellular O, concentration), HIF-1a is
hydroxylated by O,-dependant prolyl hydroxylases (PHDs), thereby enabling its ubiquitination via
the von Hippel-Lindau tumour suppressor protein, which allows proteasomal degradation.
However, under hypoxic conditions (i.e. insufficient cellular O, concentration), the degradation of
HIF-1a does not occur, due to the inhibition of PHDs. This enables HIF-1a to dimerise with HIF-13
in the nucleus, which leads to the upregulation of the transcription (and hence, the expression) of
genes involved in a multitude of processes. Such processes include the increased expression of
enzymes that enhance the glycolytic flux, namely (i) the glucose transporter 1; (ii) glycolytic
enzymes; (iii) lactate dehydrogenase A; (iv) as well pyruvate dehydrogenase kinase 1, which
decreases the conversion of pyruvate to acetyl-CoA by inhibiting the PDHc (Jochmanova et al.,
2013; Mulukutla et al., 2016). Thus, the accumulation of pyruvate and lactate not only occurs due
to a shortage of NAD*, but also as a result of metabolic reprogramming. As stated above, hypoxia
may be mimicked via the metabolic adaption called pseudohypoxia. During this adaptation,
HIF-1a levels are instead stabilised by a variety of accumulated metabolites, which inhibit the
activity of PHDs. Two such metabolites, pyruvate and fumarate, were found to be increased in
this study (via untargeted analysis). This metabolic adaption is also supported by a number of
studies on Ndufs4 KO mice, in which the following were detected: (i) an upregulation of HIF-1a
messenger RNA (MRNA) levels in the liver (Jin et al., 2014), and HIF-1a protein levels in the brain
and skeletal muscle (Lee et al., 2019); (ii) an upregulation of pro-glycolytic genes, which are
targeted by HIF-1a, namely 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (mMRNA
levels in the liver) (Jin et al., 2014), hexokinase and glucose transporter 1 (protein levels in the
brain) (Johnson et al., 2013; Lee et al., 2019), and lactate dehydrogenase A (protein levels in the
brain and skeletal muscle) (Lee et al., 2019); and (iii) increased glycolytic intermediates in the
brain (Johnson et al., 2013).

To refer back to the TCA cycle, 2-ketoglutarate can also be reduced to 2-hydroxyglutarate via
mitochondrial malate dehydrogenase. Considering that the urinary metabolome seems to indicate
an altered redox status (i.e. a decreased NAD*/NADH ratio) in the mitochondrion and that the
reduction of 2-ketoglutarate to 2-hydroxyglutarate is NADH-dependant, the decreased level of
2-hydroxyglutarate detected in this study seems rather contradictory, especially since this
metabolite has been reported to be elevated in a number of other metabolomic studies that have
investigated MDs in humans (Bao et al., 2016; Esterhuizen, 2018; Reinecke et al., 2012; Smuts
et al., 2013). The elevated level of 2-hydroxyglutarate revealed in those studies is sensible, since
the reduction of 2-ketoglutarate favours high levels of NADH, similar to the conversion of pyruvate
to lactate. However, it has been shown that 2-hydroxyglutarate exhibits an inhibitory effect on
glycolysis (Oldham et al., 2015). Since glycolysis appears to be upregulated in Ndufs4 KO mice,

as mentioned in Section 4.4.5.1, the accumulation of 2-hydroxyglutarate would be
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counterproductive. Thus, not only does the decreased level of 2-hydroxyglutarate agree with an
increase in glycolysis, but it also indicates the likelihood that other factors are at play in regulating

the formation of 2-hydroxyglutarate, and therefore, warrants further investigation.

4.45.2 Protein and lipid catabolism
From this study, an overall decrease of AAs were detected in the urine of the Ndufs4 KO mice,
indicating a possible reduction in the rate of protein catabolism. This finding was supported by a

number of additional alterations observed in the urinary metabolome:

Firstly, the levels of glutamine and glutamate were found to be decreased. These two AAs are
not only proteinogenic, but also play an important role in carrying amino groups derived from the
oxidation of other AAs. There are two ways by which amino groups may be removed from AAs:
(i) the predominant manner involves the transfer of the amino group to 2-ketoglutarate to yield
glutamate; (ii) the alternative route involves the synthesis of glutamine from glutamate and the
amino group (as ammonia) released during the non-oxidative deamination of AAs. Glutamine and
glutamate are then transported to the liver where they are metabolised to 2-ketoglutarate and the
free ammonia can enter the urea cycle. However, although the KO mice in this study displayed
reduced glutamine and glutamate levels, elevated levels of 2-ketoglutarate were observed. This
finding was inconsistent with the former, since elevated levels of 2-ketoglutarate can indicate an
increase in protein catabolism. Instead, a more plausible explanation is that the elevated
2-ketoglutarate level measured is the result of a congested TCA cycle, which agrees with the

observed increase in the levels of fumarate and malate.

Secondly, decreased levels of N-acetylglutamate (NAG) were detected. NAG is an allosteric
activator of carbamoyl phosphate synthetase (the first enzyme in the urea cycle), and fluctuates
in quantity based on the degree of AA oxidation. In other words, in cases of increased AA
oxidation (e.g. higher protein intake and an increased gluconeogenic state during the initial stage
of fasting), NAG levels will increase in order to upregulate the urea cycle to ensure the
detoxification of the increased ammonia level. Thus, the lower level of NAG could be indicative of
decreased ureagenesis, an explanation which is further supported by the decreased levels

observed for two intermediates of the urea cycle namely, arginine and citrulline.

Thirdly, 1- and 3-methylhistidine, two histidine derivatives, were found to be decreased. The latter
derivative is found exclusively in skeletal muscle and the measurement thereof is used as an
index of skeletal muscle protein breakdown, since it is not re-utilised after being released (Ballard
& Tomas, 1983). Taken together, these results indicate a decrease in the protein catabolism of

the Ndufs4 KO mice, relative to their WT counterparts.

In addition to the observed reduction in protein/AA catabolism, the urinary metabolome of the KO
mice also indicates a decrease in the lipid/triacylglycerol catabolism. This is denoted by (i) a
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decrease in glycerol, which suggests that there is a reduction in lipolysis, and (ii) by a decrease
in the levels of carnitine- (octanoyl- and decanoylcarntine) and glycine- (butyryl-, valeryl- and
hexanoylglycine) conjugated fatty acids. Moreover, this is accompanied by an elevated level of
free carnitine, which signifies a reduction in free fatty acids and their oxidation via the B-oxidation
cycle. In support of these results, Jin et al. (2014) detected elevated levels of triacylglycerol and
free fatty acids in the serum of Ndufs4 KO mice, while Johnson et al. (2013) reported decreased
levels of fatty acids in the brain and liver of these animals. Taken together, these findings could
indicate that the uptake of fatty acids is downregulated, resulting in the accumulation thereof in
the serum and a decrease of fatty acids in the tissues. This explanation is plausible, considering,
as already discussed, that there is an upregulation of glucose transporter 1 in the brain of the
Ndufs4 KO mice, which can be utilised to support glycolysis.

One rather peculiar metabolic perturbation identified, involves propionylcarnitine — the only
acylcarnitine that was found to be elevated in the urine of the KO mice. Propionyl-CoA can be
derived in various ways, including the catabolism of several essential AAs (isoleucine,
methionine, threonine and valine), odd-chain fatty acids, the pyrimidines thymine and uracil, and
the side-chains of cholesterol (Sentongo et al., 2009). Considering the reduced AA- and fatty acid
catabolism discussed above, as well as the fact that the urinary metabolome of the KO mice
suggests a decrease in the catabolism of thymine (decreased 3-amino-isobutyrate) and uracil
(decreased uracil, 3-ureidopropionate and 3-alanine), the increased level of propionylcarnitine
seems inconsistent. However, another source of propionyl-CoA is the gut microbiota, which
produces propionate that can cross the epithelial cell line and undergo esterification with CoA via
acyl-CoA synthase in the host. Interestingly, a recent study by Scheiman et al. (2019) has shown,
using C tracing analysis, that lactate is able to cross the epithelial cell line into the intestinal
lumen, where it can be metabolised to short chain fatty acids (predominantly propionate) by the
gut bacteria, and cross back through the epithelial cell line into the host. Their finding, therefore,
provides a possible explanation for the elevated levels of propionylcarnitine, since the Ndufs4 KO

mice had significantly elevated levels of lactate.

Even though propionyl-CoA was not specifically measured in this study, propionylcarnitine has
been shown to not only be a successful biomarker in patients with methylmalonic- and propionic
acidaemia (Chace et al., 2001), but has also been proven, via untargeted metabolomics, to be
the most significant discriminatory feature in these disorders (Wikoff et al., 2007). Thus, one can
conclude that propionylcarnitine is an accurate alternative measurement of propionyl-CoA.
Propionyl-CoA has been shown to cause mitochondrial dysfunction by affecting a number of
enzymes, including the PDHc and 2-ketoglutarate dehydrogenase (Schwab et al., 2006).
Consequently, there is a high probability that propionyl-CoA (as represented by

propionylcarnitine) contributes to the elevated urinary levels of pyruvate and 2-ketoglutarate (as
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detected in this study). Moreover, the increased levels of propionyl-CoA could, in addition to a
congested TCA cycle, also have contributed to the elevated levels of fumarate, since propionyl-
CoA is metabolised to succinyl-CoA and then succinate, which is finally oxidised to fumarate via
Cll of the RC. Therefore, this observation underscores the importance of not neglecting the
interaction between host and microbial metabolism, which should always be borne in mind when

interpreting metabolomic findings.

4.45.3 Biosynthetic pathways

In this study, metabolic perturbations were not only observed in the catabolic pathways discussed,
but also in some biosynthetic pathways, as was evident from the altered levels of the associated
intermediates and products/degraded products, which included: (i) orotate (a substrate required
for de novo pyrimidine synthesis); (i) GABA; (ii) glycine, N,N-dimethylglycine,
N,N,N-trimethylglycine, sarcosine, serine, methionine, cystine and cystathionine (metabolites
centered around the one-carbon metabolism); (iv) ribose and erythrose (metabolites from the
pentose phosphate pathway); (v) glucarate and gluconate (metabolites from the glucuronate
pathway — a pathway which can diverge into the ascorbic acid synthesis pathway); as well as (vi)
threonate and oxalate (breakdown products of ascorbic acid) — all of which were found to be
decreased in the urine of Ndufs4 KO mice.

Firstly, the reduced levels of orotate (i) and GABA (ii) may be explained by the decreased levels
of their respective precursors, glutamine and glutamate. Secondly, apart from the partitioning of
glycolysis-derived pyruvate to lactate and alanine, the glycolytic pathway may also divide at
various other steps, leading to metabolic pathways, including: the serine synthesis pathway (iii;
which leads to one-carbon metabolism); the pentose phosphate pathway (iv); and the glucuronate
pathway (v). The decreased flux through the abovementioned pathways (iii-v) may be explained
by an upregulated glycolysis. Considering this, it is possible that glucose and the glycolytic
intermediates are preferentially oxidised to pyruvate, and that the partitioning of glycolysis into
other pathways thus occurs to a lower extent. In addition, feeding difficulties have been reported
in Ndufs4 deficient patients (Ortigoza-Escobar et al., 2016) as well as an Ndufs4 KO Drosophila
model (Foriel et al., 2018). Taking this into account, it is further likely that this symptom was
present in the Ndufs4 KO mice, considering the growth retardation and loss in bodyweight
displayed by these animals. As a result, a reduction in caloric intake will result in less substrate
availability for biosynthetic pathways. Metabolically, glycolysis may thus be used preferentially
over the other glucose-utilising pathways, not only to maintain sufficient ATP levels, but also to
produce enough gluconeogenic substrates (e.g. lactate and alanine) to maintain glucose
homeostasis. This explanation is plausible as the gluconeogenic substrates (AAs and glycerol)

were found to be decreased in this study. This notion is further supported by the study of Kruse
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et al. (2008), who reported no significant differences in the fasting blood glucose levels of the WT
and Ndufs4 KO mice.

Moreover, de novo pyrimidine synthesis (i), one-carbon metabolism (iii) and the pentose
phosphate pathway (iv) are important for the synthesis of nucleotides, with the latter two pathways
further being required for the reduction of NADP*. Therefore, these three pathways (i, iii and iv)
are important for the proliferation of cells (i.e. growth and development). Since a reduced flux was
observed in these pathways, cell proliferation might be greatly supressed in the Ndufs4 KO mice,
which can also potentially explain the growth retardation observed. Apart from the important role
of NADPH in biosynthetic pathways, it is also key in maintaining ROS homeostasis. A decrease
in NADPH could theoretically lead to the accumulation of ROS, resulting in oxidative stress. This
theory is corroborated by a number of studies, which have reported augmented ROS in primary
skeletal muscle and skin fibroblasts (Valsecchi et al., 2013), as well as an increase in oxidative
stress markers in the brain (de Haas et al., 2017; Johnson et al., 2013; Lee et al., 2019) of Ndufs4
KO mice. Interestingly, unlike humans, mice are also able to synthesise ascorbic acid (vi), which
not only aids in ROS homeostasis, but also serves as a cofactor for PHDs. A decrease in ascorbic
acid synthesis will therefore additionally contribute to HIF-1a stabilisation and increase ROS

production in mice.

62



CHAPTER 5:
SUMMARY AND CONCLUSIONS

5.1 Introduction

MD remains a challenge within the scientific community, due to the complex genotype-phenotype
correlation and our poor understanding of the pathological mechanisms. This explains why there
are very limited treatment options available, as well as the absence of evidence supporting their
efficacy. Among all MDs known to date, Cl deficiencies not only make up the greatest proportion,
but also predominantly manifest as LS — the most commonly reported clinical presentation of MDs
— for which the Ndufs4 gene is a mutational hotspot. With a whole-body Ndufs4 KO mouse model
available, which can serve as a suitable representative model for MDs, it is therefore only fitting
that this model be at the forefront of MD research. To date, the use of urine as a means to
metabolically characterise Ndufs4 KO mice has been lacking. Since urine is a biofluid, which
functions as an excretory medium, it can provide a global view of the altered metabolic status of
the Ndufs4 KO mouse. This study was, therefore, conducted to investigate the metabolic
consequences in whole-body Ndufs4 KO mice, using a urinary metabolomics approach. This aim
was achieved through the implementation of two main objectives: (1) the validation of the
whole-body Ndufs4 KO mouse model and (2) the urinary metabolomics analyses of the Ndufs4
KO and WT mice.

5.2 Summary of the findings and final conclusions
5.2.1 Validation of the whole-body Ndufs4 KO mouse model

First and foremost, validation of the whole-body Ndufs4 KO mouse model was required to ensure
that any findings derived from the second objective of this study were valid. To this end, validation
was performed and achieved on three levels: Firstly, by the genotype assay (PCR) used for
animal selection and again at post-mortem for confirmation, which was successful in
differentiating between the different genotypes (i.e. Ndufs4 KO, WT and HET); secondly, by the
phenotypic evaluation of the Ndufs4 KO mice, which displayed symptoms previously reported in
this model, including: growth retardation, transient alopecia and hunched back posture; and
thirdly, by the evaluation of CI activity in the liver of the mice, where Ndufs4 KO mice exhibited a

significant low level of residual CI activity of only 15%, in comparison to WT mice.
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5.2.2 Urinary metabolomic analyses of Ndufs4 KO and WT mice

Following the successful confirmation of the mouse model, the second objective of this study,
which entailed the metabolomic analyses of urine samples using both an untargeted (GC-TOF-
MS) and targeted (LC-MS/MS) approach, was implemented. In this study, a pre-acquisition
normalisation approach utilising creatinine was followed. Accordingly, the creatinine
concentrations of all the urine samples were first determined, which displayed satisfactory intra-
and inter-plate precision, followed by the successful metabolomic analyses of the urine samples.
Thereafter, the creatinine normalisation approach was evaluated against other methods of
normalisation to determine whether creatinine clearance was significantly affected in this disease
model. Overall, creatinine as a normalisation factor not only correlated strongly with the other
methods of normalisation, but was also found to be very similar between the Ndufs4 KO and WT
urine samples. Furthermore, similar amounts of discriminatory features were derived from each
normalisation method (including creatinine), of which the majority were found to be common to
all. These results therefore suggested that there was no (or at least no significant) altered
creatinine clearance. Next, the data quality was assessed, where both platforms yielded high
quality data in terms of precision, biologically relevant information and signal stability. The
satisfactory results derived from the abovementioned evaluations thus showed that the
metabolomics data was reliable to use for the discovery of discriminatory features/metabolites.
Finally, the data was processed and subjected to statistical analyses, which yielded a combined
total of 73 discriminatory features/metabolites from both analytical platforms. In turn, these
metabolites revealed a global metabolic perturbation caused by the deficiency of the NDUFS4

protein.

Perturbations considered to be a hallmark of MDs due to an altered redox status, were observed,
including elevated levels of pyruvate, lactate and alanine as well as the TCA cycle intermediates
2-ketoglutarate, fumarate and malate. Elevated levels of pyruvate and lactate have also been
shown to occur as a result of upregulated glycolysis and lactate production via the stabilisation of
the transcription factor HIF-1a, which has been implicated in Ndufs4 KO mice. Even though this
study could not provide direct evidence for upregulated glycolysis, since glycolytic intermediates
were not detected by the analytical platforms employed, it did, nonetheless, provide evidence that
supported the findings of previous studies in two ways: Firstly, this study provided causative
evidence by the elevated levels of fumarate, a potent inhibitor of PHDs; and secondly, this study
provided consequential evidence by the elevated levels of pyruvate and lactate, which have been

shown to be the result of enhanced glycolysis.

Globally, the urine metabolome of the Ndufs4 KO mouse indicated a downregulation in protein/AA

catabolism, as evident by the decreased levels of numerous AAs (e.g. glutamine, glutamate,
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leucine, isoleucine, valine and phenylalanine), 3-methylhistine (which is an index of skeletal
muscle breakdown) and metabolites associated with the urea cycle (arginine, citrulline and NAG).
Similarly, lipid/fatty acid catabolism also seemed to be downregulated, as indicated by lowered
levels of glycerol, numerous carnitine- and glycine fatty acid conjugates (octanoyl- and
decanoylcarntine; butyryl-, valeryl- and hexanoylglycine) and elevated levels of free carnitine
(which indicates decreased fatty acid import into the mitochondrion for (3-oxidation). There was
also a decrease in the metabolites present in pathways associated with biosynthetic processes
and/or ROS scavenging. These included metabolites of the pentose phosphate pathway,
one-carbon metabolism and de novo pyrimidine synthesis. These pathways, in particular, not only
provided supportive evidence for increased oxidative stress, which has been reported in Ndufs4
KO mice, but could also explain why these mice displayed growth retardation, as these pathways

are important for cell proliferation.

When considering the overall findings, two metabolites exhibited unexpected alterations. The first
metabolite, 2-hydroxyglutarate, was found to be decreased in Ndufs4 KO mice, thereby displaying
a change in direction, contradictory to the observed altered redox status and what other studies
have reported. On the other hand, a decrease in 2-hydroxyglutarate does, however, seem to be
in line with the abovementioned findings and other studies that support upregulated glycolysis,
since 2-hydroxyglutarate has an inhibitory effect on glycolysis at high concentrations. The second
metabolite, propionylcarnitine, was found to be elevated in Ndufs4 KO mice, regardless of all the
propionyl-CoA-producing pathways that were shown to display decreased activity. It is well-known
that propionyl-CoA can also be derived from propionibacteria in the intestinal lumen and it has
recently been shown that lactate from the host can indeed cross the intestinal epithelial cells into
the intestinal lumen, where it can be metabolised by gut bacteria to propionate, which can then
cross back into host’s bloodstream to ultimately lead to the formation of propionyl-CoA (Scheiman
et al., 2019). This provides a possible explanation, since the urinary metabolome displayed
significant elevated levels of lactate. From these two metabolites, two important conclusions can
thus be drawn: Firstly, that the altered redox status is not the only factor at play; and secondly,
that more attention should be given to the gut microbiome-host interactions, which have been

shown to have an effect on the phenotype of diseases.

In conclusion, the aim of this study was successfully accomplished and revealed global metabolic
perturbations in the Ndufs4 KO mice, thereby contributing to the scientific community in several
ways: Firstly, by being the first study to conduct urinalysis using a multi-platform metabolomics
approach in order to provide a global metabolic profile of Ndufs4 KO mice; secondly, by revealing
perturbations in the Ndufs4 KO mice that validate and support the findings of previous studies;
and thirdly, by providing additional insights and raising new questions from the metabolic

consequences detected. The findings and contributions of this study reiterate the value of urine
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in providing greater insights into diseases, and should therefore encourage researchers to not

overlook this biofluid, which serves as a mirror to reflect the overall physiological status.

5.3 Strengths of the study

Researching MDs remains problematic due to the scarcity of patients, which greatly hinders
sample availability. Obtaining samples is further hindered due to the fact that these diseases
display poor genotype-phenotype correlation and often do not fit into a well-defined syndrome. A
major strength of this study, therefore, is the use of a mouse model, which represents the most
prevalent clinical presentation reported in MDs, namely LS. Since the mice are genetically
homogenous and exposed to the same controlled environmental conditions, heterogeneity is
greatly reduced, which simplifies the interpretation of metabolic perturbations. Additionally, due
to the fact that mice have short gestation periods and produce large numbers of offspring, this
study did not suffer from an insufficient number of samples and thus exhibited a high statistical

power.

From a physiological perspective, this study is the first to utilise urine for the multi-platform
metabolomic characterisation of Ndufs4 KO mice. Even though the LS phenotype is considered
to be mainly neuropathological, it does not mean that other tissues do not contribute to the overall
pathology and symptoms observed in these mice. As already mentioned, this is evident from the
study of Jin et al. (2014), which demonstrated that a deficiency in NDUFS4 causes systemic
inflammation that manifests as transient alopecia. As urine contains a vast number and wide
variety of metabolites/waste products derived from all organs/tissues, urinary metabolomics has
the potential to reveal metabolic perturbations that might be implicated in the pathophysiology of
this disease. Accordingly, this study confirmed the potential of urine to capture metabolic
perturbations/differential metabolites that have been implicated in the phenotype of Ndufs4 KO
mice and, therefore, corroborated the findings of previous studies (Section 4.4.5). Additionally,
urinary metabolomics also provided new insights into the altered metabolome of Ndufs4 KO mice:
in particular the altered one-carbon metabolism, pentose phosphate pathway and de novo
pyrimidine synthesis, which might be major contributors in the observed growth retardation and

oxidative stress observed in these mice.

Taking into consideration that analytical platforms are biased towards metabolites with specific
physical-chemical properties, it would thus be highly beneficial to incorporate multiple platforms
to increase the overall metabolome coverage. Unfortunately, the majority of metabolomic studies
to date, only employ one analytical platform (Bhinderwala et al., 2018). Therefore, another

strength of this study was the incorporation of two analytical platforms, which not only increased
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the metabolome coverage, but as seen in Table 4.1, increased the credibility of a number of

differential metabolites that were detected in both platforms.

5.4 Limitations of the study

This study was, however, not without limitations. Although genetically homogenous and housed
under controlled environmental conditions, the Ndufs4 KO mice used in the study, nonetheless,
still displayed a high degree of variability, as was particularly evident from the PCA projection of
the differential metabolites/features (Figure 4.10). Clearly, the age range used in this study (P45-
50) was not an optimal indicator of disease progression and severity. Furthermore, taking into
consideration that feeding difficulties have been reported in Ndufs4 deficiency and that the food
intake of the mice used in this study was not monitored, this factor could have possibly influenced
the results to some degree. With regards to urine collection, the Ndufs4 KO mice, in general,
provided less urine than the WT mice. Even though precautionary measures were taken in order
to collect as much urine as possible (i.e. treating the metabolic cages with NaNs, as described in
Section 3.5), it only alleviated the problem to a small degree. Bearing this in mind, and taking into
consideration that urine was required (i) to determine the creatinine concentrations, (ii) to prepare
QC samples and (iii) to perform the analysis on two analytical platforms, the amount of urine
(based on a fixed concentration of creatinine) used for metabolomics analyses had to be reduced,
which led to a reduced metabolic coverage in the untargeted analysis (possibly as a result of low
abundant metabolites, which hindered metabolite identification by databases due to low quality

fragmentation spectra).

55 Future prospects

This study established the foundation for many future endeavours. Firstly, if possible, the
limitations of this study should be addressed. In order to reduce the variability observed in the
metabolome of the Ndufs4 KO mice as well as the slight overlap between the metabolomes of
the Ndufs4 KO and WT mice (Figure 4.10), it is recommended that phenotype score sheets based
on neurobehavioral patterns and physical traits be utilised to ensure a more phenotypically
homogenous sample group. Furthermore, feeding habits (the frequency and amount of food
intake) should be strictly monitored, to ensure that differential feeding habits do not have a

confounding effect on the urinary metabolome.

The overall lower urinary output of Ndufs4 KO mice is an important issue to look into, especially
since this factor restricted the metabolic coverage obtained in the untargeted analysis, as

explained in Section 5.4. It is highly recommended that future studies endeavour to obtain a
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greater metabolic coverage in order to uncover the possible presence of more metabolic
perturbations. A number of steps can be taken to overcome this limitation to some degree: firstly,
a study by Stechman et al. (2010) demonstrated that mice placed within a new environment (i.e.
metabolic cage) require 3-4 days of acclimatisation for variables such as water intake and urinary
output to increase and reach stable values. It is, therefore, recommended that future studies allow
mice to acclimatise in metabolic cages, which could increase the urinary output of Ndufs4 KO
mice. Secondly, from an analytical standpoint, greater metabolic coverage can be obtained by
implementing certain changes, of which some examples include: (i) using other analytical
platforms that provide greater sensitivity and/or display less inherent bias towards metabolites
with particular physical-chemical properties; (ii) in the case of gas chromatography, using an
injection liner that allows for a greater injection volume and/or using lower split ratios; and (iii)
although not highly recommended, using a single analytical platform (preferably an analytical
platform similar to that stated in the first example), where the volume of urine will not be a limiting
factor. Regardless of which approach will be followed, compromises will still have to be made;
therefore, it is advised that careful consideration be taken in order to ensure the best possible
outcome. For example, researchers from other universities that are interested in expanding on
this study, but that are relatively new to metabolomics and have no/limited analytical platforms,
could collaborate with other research entities that are metabolomics-driven (e.g. the Centre of
Human Metabolomics, where this study was conducted), have many different analytical platforms
available and can aid with research inputs in terms of selecting the metabolomic methodologies

to be implemented.

One inherent caveat of all untargeted metabolomic studies, and thus not considered/regarded as
a limitation in this study, is the presence of unidentifiable features. These can be the result of (i)
low abundant metabolites that prevent databases from making correct identifications due to low
quality fragmentation spectra; (ii) the use of databases that differ in the number of metabolite
entries (Liu et al., 2016); and (iii) metabolites that are yet to be discovered and characterised
(Markley et al., 2017). In this study, these unknown differential features were removed, since they
could not contribute to biological interpretation. It is, however, recommended that their identities
be investigated as they may be metabolites, and not merely analytical artefacts, that can provide
further insight into this debilitating disease. In the meantime, while new metabolites are being
discovered/characterised and databases’ entries are expanding, this caveat can be approached
by using additional databases and by analysing more concentrated QC samples that might

provide higher quality fragmentation spectra.

From a validation standpoint, a number of steps should be taken to not only corroborate the
findings in this study, but to also consolidate the interpretations presented. Firstly, it is advised

that the differential features derived from the untargeted analysis (GC-MS), that have ID levels
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higher than 1, should be confirmed. This can be achieved using the same approach for
unidentified features (i.e. analysing a more concentrated QC sample). Additionally, reference
standards (if available) can be analysed by using a matrix-free approach or by spiking them into
a QC sample to further aid in verifying feature identities. External biological validation, for
example, where a new set of samples is analysed, is also recommended in order to verify that
the differential features/metabolites obtained in this study are reproducible. Secondly, validating
the metabolic interpretations based on the findings is a critical step, as erroneous interpretation
will lead to failure in the development of targeted therapeutic interventions. Here, the affected
pathways should be investigated and more targeted approaches (e.g. by developing or using
existing targeted methods and incorporating absolute quantification of the metabolites of interest)
as well as stable-isotope tracing analyses (e.g. to validate that the elevated levels of
propionylcarnitine is the result of the gut microbiome-host interaction) should be included.
Additionally, even though a number of studies have provided evidence for upregulated glycolysis,
which was further supported by the causative and consequential evidence obtained from this
study, it is, nonetheless, recommended that direct evidence be obtained by analysing all glycolytic
intermediates in the urine, since this may reveal whether there is a global upregulation in
glycolysis. This would provide a better picture relating to the energy metabolism in Ndufs4 KO
mice, since the findings of this study provide evidence for global reduction in protein/AA- and
lipid/fatty acid catabolism. This glycolysis-targeted approach should also be performed on tissue
samples, since this metabolic reprogramming might not occur in all tissues, due to tissue-specific

differences in energy metabolism.
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APPENDIX A:

SUPPLIERS OF MATERIALS AND REAGENTS

Table A.1: Materials/reagents used in the study

Material/reagent ‘ Supplier Catalogue #
10x Bionic™ Buffer Sigma-Aldrich (MO, USA) B6185
. Cambridge Isotope Laboratories
13¢C ,15N]5- . - -
C4™N2-Asparagine:H20 Inc. (Andover, MA, USA) CNLM-3819-H
. Cambridge Isotope Laboratories
13C 15N - - -
CsN2-Glutamine Inc. (Andover, MA, USA) CNLM-1275-H
1-Butanol Sigma-Aldrich (MO, USA) 281549
1-Methyl-L-histidine Aldrich 67520
2,2'-dinitro-5,5'-dithiobenzoic acid Sigma-Aldrich (MO, USA) D8130
2,6-dichloroindophenol sodium salt Sigma-Aldrich (MO, USA) D1878
hydrate
2-[4-(2-hydroxyethyl)piperazin-1-yl] . .
ethanesulfonic acid (HEPES) Sigma-Aldrich (MO, USA) H3375
. Cambridge Isotope Laboratories
2 . - -
Hio-Isoleucine Inc. (Andover, MA, USA) DLM-141-0.1
. . Dr H.J. ten Brink (VU Medical
2H - L-

Hs-Acetyl-L-carnitine hydrochloride Center, Amsterdam) N/A
2Hs-Octadecanoyl-L-carnitine Dr H.J. ten Brink (VU Medical N/A
hydrochloride Center, Amsterdam)

" . Dr H.J. ten Brink (VU Medical
2H,- -] -
Hs-Octanoyl-L-carnitine hydrochloride Center, Amsterdam) N/A
- . Cambridge Isotope Laboratories
24 ,- -
Ha-Arginine hydrochloride Inc. (Andover, MA, USA) DLM-6038
N Cambridge Isotope Laboratories
24 ,- -
Ha-Citrulline Inc. (Andover, MA, USA) DLM-6039
. . . Cambridge Isotope Laboratories
24 ,- -

Ha-Lysine dihydrochloride Inc. (Andover, MA, USA) DLM-2640
2Hg-Valine Euriso-top E161P
3-Alanine BDH Biochemicals 37009
3-Hydroxy-DL-kynurenine Sigma H1771
3-Methyl-L-histidine Sigma M9005
3-Phenylbutyrate Aldrich 116807
4-Aminobutyrate Sigma A5835

- —
6x DNA loading dye Thermo Fisher Scientific™ (MA, SM0242

USA

Acetonitrile

Honeywell Burdick and Jackson®

017-4 or 015-4

Acetyl chloride

Fluka

990

Acetyl-CoA lithium salt Sigma-Aldrich (MO, USA) A218
. . Dr H.J. ten Brink (VU Medical
Acetyl-L-carnitine hydrochloride Center, Amsterdam) N/A
Agarose CONDA Pronadisa 8100
Antimycin A Sigma-Aldrich (MO, USA) A8674
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Bicinchoninic acid (BCA) solution Sigma-Aldrich (MO, USA) B9643
BSA Sigma-Aldrich (MO, USA) P0914
- . Dr H.J. ten Brink (VU Medical

Butyryl-L-carnitine hydrochloride Center, Amsterdam) N/A
. . Dr H.J. ten Brink (VU Medical
Carnitine hydrochloride Center, Amsterdam) N/A
Chlorotrimethylsilane Fluka 92360
Copper(ll) sulfate solution Sigma-Aldrich (MO, USA) C2284
Creatine Monohydrate Fluka 27900
Creatinine anhydrous Sigma-Aldrich (MO, USA) C4255
" . Dr H.J. ten Brink (VU Medical
Decanoyl-L-carnitine hydrochloride Center, Amsterdam) N/A
Decylubiquinone Sigma-Aldrich (MO, USA) D7911
Dimethyl sulfoxide Sigma D8418
DL-3-Aminoisobutyrate Fluka 8290
DL-5-Hydroxylysine hydrochloride Sigma HO377
DL-Isoleucine Aldrich 298689
D-Mannitol Sigma-Aldrich (MO, USA) M9546
- . Dr H.J. ten Brink (VU Medical
Dodecanoyl-L-carnitine hydrochloride Center, Amsterdam) N/A
Ethidium bromide Sigma-Aldrich (MO, USA) 46065
Ethylene glycol tetraacetic acid . i .
(EGTA) Sigma-Aldrich (MO, USA) E4378
Ethylenediaminetetraacetic acid .
tetrasodium salt (EDTA) Sigma ED4SS
Formic acid Sigma-Aldrich 94318
- —
GeneRuler™ 100 bp DNA ladder Egmo Fisher Scientific™ (MA, | gy10041
Glycine Sigma G7126
Hexadecanoyl-L-carnitine Dr H.J. ten Brink (VU Medical N/A
hydrochloride Center, Amsterdam)
" . Dr H.J. ten Brink (VU Medical
Hexanoyl-L-carnitine hydrochloride Center, Amsterdam) N/A
- . Dr H.J. ten Brink (VU Medical
Isovaleryl-L-carnitine hydrochloride Center, Amsterdam) N/A
L-2-Aminoadipate Sigma A7275
L-Alanine Fluka 5130
L-Arginine Fluka 11010
L-Asparagine anhydrous Fluka 11150
L-Aspartate Fluka 11190
L-Citrulline Fluka 27510
L-Cystathionine Fluka 30055
L-Cystine Fluka 30200
L-Glutamate Sigma G-8415
L-Glutamine Fluka 49419
L-Histidine Fluka 53320
L-Isothreonine Sigma H-6515
L-Kynurenine Sigma K8625
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L-Leucine Sigma L8000
L-Lysine Fluka 62840
L-Methionine Fluka 64320
L-Ornithine hydrochloride Aldrich 0830-5
L-Phenylalanine Fluka 78020
L-Proline Sigma P0380
L-Pyroglutamate Sigma F-3634
L-Serine Fluka 84960
L-Threonine Fluka 89180
L-Tryptophan Fluka 93659
L-Tyrosine Fluka 93830
L-Valine Sigma-Aldrich (MO, USA) V0500
Methoxyamine hydrochloride Aldrich 226904
N,N,N-trimethylglycine anhydrous Fluka 61962
N,N-dimethylglycine Sigma D1156
N,N-dimethyl-L-phenylalanine Sigma-Aldrich (MO, USA) 273910
N,O-bis(trimethylsilyl)- SUPELCO 33027

trifluoroacetamide (BSTFA)

NADH

Roche Diagnostics

10 107 735 001

Norleucine Sigma-Aldrich (MO, USA) 74560
Nuclease-free PCR grade H20 Qiagen 129114
Octadecanoyl-L—carnitine Dr H.J. ten Brink (VU Medical N/A
hydrochloride Center, Amsterdam)

Octanoyl-L-carnitine hydrochloride g;:‘té]r t}inmthg?g;x;J Medical N/A
Oxaloacetate Sigma-Aldrich (MO, USA) 04126
Picric acid solution Fluka 80456
Potassium hydroxide Sigma-Aldrich (MO, USA) P5958
Propionyl-L-carnitine hydrochloride g;:‘té]r t}inmthg':g;x;J Medical N/A
Pyridine Sigma-Aldrich (MO, USA) 270407
Quick-DNA™ Miniprep Plus Kit D3050 Ingaba Biotec
Ring-?Hs-phenylalanine Euriso-top E151P
Rotenone Sigma-Aldrich (MO, USA) R 8 875
Sarcosine Sigma S-9881
Sodium azide Sigma-Aldrich (MO, USA) S2002
Sodium hydroxide Sigma-Aldrich (MO, USA) S8045
Sucrose Sigma-Aldrich (MO, USA) S7903
TetradecanoyI-L-carnitine Dr H.J. ten Brink (VU Medical N/A
hydrochloride Center, Amsterdam)
trans-4-Hydroxy-L-proline Sigma-Aldrich (MO, USA) 41875
Triton™X-100 Sigma-Aldrich (MO, USA) T9284
Tropic acid Fluka AG, Buchs SG 93540
Tween® 20 Merck 822184 (Art. 822184)
Water Honeywell Burdick and Jackson® | 365-4

Symbols: #, number. Abbreviations: H20, water; N/A, not applicable.
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APPENDIX B:
EVALUATION OF CREATININE’S VIABILITY AS NORMALISATION
APPROACH

B.1 Background

Under normal physiological conditions, urine volume can vary up to 15-fold, stemming from
factors such as H-O intake, diet and the excretion of H,O via sweating (Ryan et al., 2011). As a
result, metabolite concentrations can differ significantly, thereby masking variations that are of
biological importance. For this reason, the normalisation of urinary compounds is an absolute
critical step in metabolomics (and other clinical applications) to compensate for biologically

irrelevant variation (Warrack et al., 2009).

Normalisation can be employed either prior, or subsequent to data acquisition. By performing pre-
acquisition normalisation, a more complete data set is obtained (with less missing values). For
example, the quantity of many metabolites will be below the analytical detection limit when a
diluted urine sample (with a low creatinine concentration) is analysed, leading to missing values
in the data. This problem can be circumvented by adjusting the urine samples to similar
concentration levels before analysis, which has several advantages for metabolomics data,
including obtaining a greater urinary metabolome coverage, which is an especially important aim
in untargeted metabolomics; and reducing missing values, which increases the effectivity of

downstream data processing procedures (like logarithm transformation).

Clearly, a pre-acquisition normalisation approach is beneficial in untargeted metabolomics, albeit
time-consuming. Because of the latter, several analysts prefer normalising data derived from
urinary analysis post-analysis, using either the urinary creatinine concentration, urine osmolality
or mathematical equations (Warrack et al., 2009). The referenced paper discusses the
advantages and pitfalls of each method (which will be briefly addressed below). Therefore, it was

decided that the two normalisation strategies be compared.

The use of creatinine as a normalisation factor was employed prior to data acquisition (refer to
Section 3.8.1). Creatinine, which is excreted at a relatively constant rate by the kidneys via
glomerular filtration, allows for the adjustment of metabolite concentrations to account for
differences in urine dilutions. The use of creatinine, however, does raise concerns, especially in
studies related to dysfunctional energy metabolism (Esterhuizen, 2018). For this reason, it was
deemed important to establish whether the use of creatinine as a surrogate marker was viable in

this study by evaluating it against another well-known and effective normalisation approach,
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known as mass spectral total useful signal (MSTUS) normalisation (Warrack et al., 2009) — in

which all features are normalised against the sum of the signals, common in all samples.

For this comparison, only the data derived from untargeted analyses was used, since this
approach yielded a greater number of peaks and thus covered a greater portion of the urine
metabolome — an important factor for MSTUS normalisation (Warrack et al., 2009). However,
MSTUS may potentially give rise to skewed normalisation factors derived from features that
statistically differ significantly between groups (e.g. highly elevated metabolites in one group),
consequently leading to inaccurate normalisation. For this reason, a variant of the method
[MSTUSexci.ssn] Was evaluated, where all features were also normalised using only the sum of all
the statistically insignificant features (i.e. MSTUS minus statistically significant features).
Statistically significant features were selected as described in Section 3.8.11. For the final
normalisation approach, the data was normalised against the median of all the peaks in a sample.
Unlike MSTUS, which can potentially be strongly affected by large abundant metabolites, this
method is generally more robust and has also been shown to be an effective normalisation

approach in urinary metabolomics (Warrack et al., 2009).

Before these normalisation approaches could be applied, the creatinine normalisation factor first
had to be removed from the data. This was achieved by dividing each feature in a sample by the
volume of urine used for that sample. Creatinine normalisation was first inspected by comparing
the samples’ creatinine concentrations against their calculated MSTUS, MSTUSexc.ssn and
median values (Figure B.1). This was done by conducting a bivariate correlation analysis, using
Spearman’s correlation to examine the type and strength of relationship between the creatinine
concentrations and their calculated MSTUS, MSTUS excissn and median values. Since all of the
normalisation approaches yielded the same outliers via PCA [one of which fell far outside the 95%
confidence region and skewed the correlation of creatinine and the other normalisation
approaches in the WT group (data not shown)], the outliers were first removed. This step was
deemed crucial, as these outliers could possibly have been the result of technical variance and
therefore, could not accurately reflect any relationship when comparing normalisation

approaches.
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Figure B.1: Correlation between creatinine and three alternative normalisation approaches. Dot blots
depicting the comparison of creatinine normalisation with (A-B) MSTUS, (C-D) MSTUSexci.ssn and (E-F)
median normalisation methods. The normalisation approaches were assessed for both the KO (A, C and
E; red) and WT (B, D and F; blue) groups. The regression line (dotted line) and R? value are displayed on
each graph and outliers have been removed. Abbreviations: KO, knockout; MSTUS, mass spectral total

useful signal; R?, R-squared value (a measure of how well the data fits the regression line); WT, wild-type.

As shown in Figure B.1 A-F, creatinine not only correlated strongly with all of the normalisation
factors, but also yielded very similar results in both the WT and KO groups, suggesting that
creatinine clearance does not seem to be altered in any significant way in the KO mice. Creatinine
displayed the strongest correlation with MSTUS exq1.ssf) (Figure B.1 C and D), and this correlation
further differed very little from that observed between creatinine and MSTUS (Figure B.1 A and
B). From this, it could thus be concluded that the statistically significant features obtained from

MSTUS normalisation had very little (if any) effect on MSTUS as a normalisation factor. Lastly, it
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was important to assess the outcome of feature selection among the four normalisation
approaches. To this end, a Venn diagram was constructed to illustrate the features common and
unique to each normalisation approach. As depicted in Figure B.2, the majority of features
remained significant, regardless of normalisation approach.

Median
54 features
7
2
Creatinine MSTUS
61 features 3 58 features

MSTUS(excl.ssf)
57 features

Figure B.2: Venn diagram illustrating the number of common and unique features derived from the
four normalisation approaches. The yellow, blue, red and green circles indicate the unique features
derived from the creatinine, MSTUS, MSTUSexc1.ssh and median normalisation approaches, respectively.
Abbreviations: MSTUS, mass spectral total useful signal.

Based on these findings, the utilisation of creatinine in this animal model did not seem to be
compromised, and was thus acceptable to use as a normalisation factor. As a result of the
continued use of creatinine in clinical laboratories today, it was decided to further use creatinine

as a normalisation factor in the selection of discriminatory features.
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