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ABSTRACT

The medium-chain triglyceride ketogenic diet (MCT KD) is an effective treatment for
drug-resistant epilepsy. However, its complexity and associated side effects necessitate
the need for improved therapeutic strategies. Although the exact mechanisms for its
efficacy remain unknown, there is a growing interest in the potential roles of medium-
chain fatty acids octanoic (C8) and decanoic (C10) acids, present in MCT oil
administered in the diet and found to be elevated in patient plasma. Moreover, it is
emerging that C10, but not C8, elicits anti-seizure effects, inhibits AMPA receptor, and
enhances neuronal catalase activity and mitochondrial biogenesis via peroxisome
proliferator-activated receptor-y (PPARy). In this thesis, the biochemical and
mitochondrial effects of C8 and C10 were further characterised in neuronal cell line
SH-SY5Y, in addition to the effects of a C10-enriched MCT product in drug-resistant
epilepsy patients. In cells treated for 6 days with 250uM of either fatty acid, C10, but
not C8, was found to regulate mitochondrial content, as measured by mitochondrial
enzyme marker citrate synthase (CS). The effect of C10 was observed to be dependent
on control CS activity, increasing mitochondrial content in cells with low control levels
and decreasing it in cells with high control activities. Furthermore, C10, but not C8,
was found to raise mitochondrial membrane potential in cells, whilst neither of the two
fatty acids were seen to affect cellular energy charge. The evidence suggests C10 may
potentially optimise mitochondrial enrichment, generating mitochondria with
increased function. For these effects to occur in the brain, however, significant
concentrations are likely to be required. The neuronal p-oxidation rates of C8 and C10
were investigated and C10 B-oxidation was found to be significantly lower than that of
C8. C10 B-oxidation was also found carnitine-dependent, whilst C8 was only partially
dependent. In the presence of C8, Cl0 p-oxidation was further decreased.
Consequently, C10 may be relatively spared from f-oxidation, permitting
accumulation for it to exert its effects. In view of the evidence presented, the effects of
a Cl0-enriched MCT product was examined in a feasibility study with drug-resistant
epilepsy patients. Plasma levels of C8 and C10 were raised in participants. However, a
lack of ketosis and no effects on blood lipid and acylcarnitine profiles were observed.
Participants were found to have high baseline white blood cell CS activities, which
decreased with treatment with the product. How these effects relate to seizure control
remains to be determined, but the findings presented in this thesis suggest that a shift

towards greater C10 enrichment in the MCT KD may be potentially beneficial.






IMPACT STATEMENT

Epilepsy is a chronic neurological disorder that affects approximately 50 million people
worldwide, the majority young children and older adults. However, approximately 1 in
3 patients suffer from drug-resistant epilepsy, meaning that seizures are uncontrolled
by medication. In these patients, the medium-chain triglyceride (MCT) ketogenic diet
is often used to control their seizures. A high-fat, low-carbohydrate diet, the MCT
ketogenic diet is highly effective against seizures. However, the diet is difficult to
maintain and not without its complications, including unpleasant gastrointestinal side
effects. As a result, very few patients adhere to the diet, necessitating the need for new

and improved therapies.

The fatty acids decanoic and octanoic acids, which are provided in the MCT ketogenic
diet, are thought to play a role against seizures. Decanoic acid, particularly, has been
previously reported to block seizures, increase antioxidant levels and increase the
function of mitochondria in neurons, the key energy producers of cells. Building on
this research, the studies in this thesis explored the metabolic effects of decanoic and
octanoic acids in neuronal cells, uncovering several findings that provide further
insight into the mechanism of the diet and lay the foundations for new treatments to

be developed.

Decanoic acid, but not octanoic acid, was found to increase the function and regulate
the number of mitochondria in cells to potentially optimum levels. With mitochondria
underpinning cell function, ensuring optimal numbers of enhanced mitochondria may
be vital in protecting the brain against seizures. The studies here also shattered
common misconceptions about how cells metabolise these two fatty acids. Despite
their similarities, decanoic acid is metabolised more slowly by neurons than octanoic
acid, allowing it to accumulate. In the presence of octanoic acid, decanoic acid
metabolism was further slowed down, suggesting the benefit of having both fatty acids
in dietary treatments. The findings, which reveal how decanoic acid might build up in
the brain during the diet to exert its potent antiepileptic effects, are published in the

journal Epilepsia.

This discovery enabled the development of a new nutritional product, Betashot, for
drug-resistant epilepsy patients in the management of their seizures. Currently on trial
with adults and children at the National Hospital for Neurology & Neurosurgery and

Great Ormond Street Hospital, Betashot contains a mixture of decanoic and octanoic
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acids. Available as a drink or powder, Betashot offers an innovative approach to treating
epilepsy, with patients able to consume it with their normal diets. Whilst the trial
remains ongoing, Betashot has already been found to influence patients, including
altering their mitochondrial levels, but how Betashot affects seizures has yet to be
established. If successful, the trial may pave the way to providing simpler treatments
for drug-resistant epilepsy patients, improving their quality of life without the caveats
of the MCT ketogenic diet, making treatment accessible to a wider group of patients.
With the effects of decanoic acid on antioxidants and mitochondria in the brain,
Betashot also offers a novel therapy in the treatment of a huge range of neurological

and metabolic diseases, including Alzheimer’s disease and cancer.
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.1 EPILEPSY

Epilepsy is a common chronic neurological disorder, affecting approximately 50
million people worldwide (Megiddo et al., 2016; World Health Organization, 2005).
Accounting for 1% of the global burden of disease, epilepsy occurs at an incidence of
4-101in 1000 people (Fisher et al., 2005; Wallace, Shorvon, & Tallis, 1998) and although
ubiquitous across all age groups, its prevalence is bimodal, primarily affecting children
and the elderly (World Health Organization, 2005). Epilepsy is characterised by
seizures, defined as atypical synchronous or excessive neuronal electrical activity in the
brain, as well as alterations in the brain that increase predisposition to seizure
generation (Fisher et al., 2005). These seizures lead to transient uncontrollable changes
in behaviour, altered awareness and/or motor movements, detrimentally impacting

neurological function, cognition and mental health.

Underlying seizure aetiology varies greatly amongst patients, and whilst aetiology often
remains unclear, seizures are known to be caused by a number of factors, including
genetic defects, structural brain abnormalities, infection, trauma, autoimmune
responses and metabolic disorders. In some cases, epilepsy may also be cryptogenic,
with no apparent genetic, structural or metabolic defects. Table 1.1 summarises a range

of common aetiologies, causes and the typical conditions associated with the causes.
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TABLE I.l General aetiology and causes of epilepsy, and typical examples
of associated conditions. Adapted from the ILAE online Diagnostic Manual

(www.EpilepsyDiagnosis.org).

Genetic Single gene defects West syndrome; juvenile myoclonic
epilepsy; Lennox-Gastaut; familial lobe
epilepsy; Rett syndrome; Angelman
syndrome; Dravet syndrome

Chromosomal defects Down syndrome; Fragile X syndrome; 4p-
syndrome; isodicentric chromosome |5;
ring chromosome 20

Structural Acquired Traumatic brain injury; stroke; hypoxic-

ischaemic injury; neurosurgery
Developmental malformation ~ Tuberous sclerosis; focal cortical

dysplasia; lissencephaly; schizencephaly;

hypothalamic hamartoma

Vascular malformation Cerebral angioma; Sturge Weber
syndrome; arteriovenous malformation
Tumours Hypothalamic hamartoma; ganglioglioma;
Dysembryoplastic neuroepithelial tumour
(DNET)
Metabolic Mitochondrial disorders Myoclonic epilepsy with ragged-red fibers

(MERRF); Mitochondrial
encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS); Alpers’
syndrome; Leigh syndrome

Creatine disorders Guanidinoacetate methyltransferase
(GAMT) deficiency; creatine transporter
(CT1) deficiency

Peroxisomal disorders Zellweger syndrome; neonatal
adrenoleukodystrophy (NALD); infantile
Refsum disease (IRD)

Other Glucose transporter type | (GLUTI)
deficiency; Pyridoxine dependent
epilepsy/pyridoxine 5' phosphate oxidase
(PNPO) deficiency

Immune -- Rasmussen syndrome; Systemic Lupus
Erythematosus (SLE)

Cryptogenic -- Febrile infection related epilepsy
syndrome

Of particular interest to this thesis is the role that mitochondria play in epilepsy.
Mitochondrial disorders are a common group of metabolic diseases, with epilepsy
reported in approximately 35-60% of patients (Rahman, 2012). Whilst mitochondrial

disorders, such as myoclonic epilepsy with red ragged fibres (MERRF) and
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mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS),
often present epileptic seizures as a primary manifestation, mitochondrial defects have
also been associated with a range of symptomatic and acquired epilepsies (Chang & Yu,
2010; Kudin et al., 2009; Lee et al., 2008; Sabbagh et al., 2010). Experimental studies
also reveal a relationship between mitochondrial dysfunction and seizures, although it
remains unclear if alterations in mitochondrial function are primary or secondary to
seizure generation (Cock et al., 2002; Kovac et al., 2012; Kovacs et al., 2005; Kudin et

al., 2002; Rowley et al., 2015).

.2 EPILEPSY AND ENERGY

Defects in mitochondrial energy metabolism have long been considered to underlie the
pathology of neurodegenerative diseases (Beal, Hyman, & Koroshetz, 1993). Whilst
epilepsy has historically been considered a disease of neuronal excitability and
transmission, substantial advances in research place dysfunctions of mitochondria and
energy metabolism as a primary cause of epilepsy, raising the need for broader
perspectives of the disease (Scharfman, 2015; Zsurka & Kunz, 2015). However, prior to
considering the role of mitochondria in epilepsy, an appreciation for how neurons are

excited and how these mechanisms are impacted during seizures is necessary.

.2.1 Neuronal Excitability

Neuronal electrical activity is regulated by a complex series of tightly knit processes. At
the most fundamental level though, neuronal excitability is dependent on the
homeostasis of ions that govern the electrical basis of nerve cell function. Disruption
of these mechanisms can perturb the delicate balance of excitation and inhibition

within this system. Thus, seizures are essentially a manifestation of this imbalance.
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Action potentials are the basic mechanism underlying neuronal excitability, and the
means through which electrical information is transferred within the brain. Propagated
by waves of depolarisation and repolarisation of neuronal membranes, action
potentials culminate in synaptic transmission at axon terminals, where
neurotransmitters are released. They occur in an all-or-none fashion, induced by local
changes in membrane potential, caused by neurotransmitter binding or intracellular
ion compartmentalisation (Bromfield, Cavazos, & Sirven, 2006). Local stimulation
causes an influx of Na* ions into neurons through Na* channels, resulting in
depolarisation of the membrane that triggers a positive feedback loop at a threshold
potential. This induces the opening of additional Na* channels, further depolarising
the membrane. At peak depolarisation, Na* channels begin to close whilst voltage-
gated K* channels open, causing an efflux of K* from the cell. This net positive outward
flux of ions repolarises the membrane, with the voltage-gated K* channels closing once
the membrane is hyperpolarised. Resting membrane potential is then restored by the
action of transmembrane Na*/K*-ATPase pumps, which re-establish the Na* and K*
gradients across the cell membrane, by exporting Na* and importing K* into the cell
(Holm & Lykke-Hartmann, 2016; Purves et al., 2004). Na*/K*-ATPase pumps rely on
energy from adenosine triphosphate (ATP) to power its activity. The self-generating
nature of action potentials ensures that they are propagated along axons, with the
initial depolarisation stimulating the opening of adjacent Na* channels farther along
the axon, triggering further action potentials that lead to synaptic transmission.
Glutamate and y-aminobutyric acid (GABA), the major excitatory and inhibitory
neurotransmitters, respectively, are released for neurotransmission according to
neuronal cell type, before active reuptake from the synaptic cleft by transporters

(Scharfman, 2007).
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1.2.2 The Metabolic Cost of Neuronal Signalling

Despite the brain only making up ~2% of total body weight, it is thought to utilise more
than 20% of resting whole-body metabolism (Schonfeld & Reiser, 2013). The neuronal
signalling processes described above represent a significant energy demand on the
brain, with approximately 75% of total energy expenditure in neuron-rich grey matter
estimated to be involved in neuronal excitatory signalling (Attwell & Laughlin, 2001).
Action potentials and postsynaptic transmission make up the bulk of this expenditure,
with the majority of ATP consumption utilised by numerous ion pumps to restore ion
gradients and maintain membrane potential (Attwell & Laughlin, 2001; Liotta et al.,
2012), whilst presynaptic energy consumption is mostly devoted to vesicle cycling for
neurotransmission (Rangaraju, Calloway, & Ryan, 2014). Mitochondria are the main
producers of ATP within the brain (Schénfeld & Reiser, 2013), with mitochondria
found highly distributed in areas of significant need within neurons (Zsurka & Kunz,
2015). Therefore, ATP supplied by mitochondria is crucial to meeting the energy

demands of the brain.

1.2.3 The Neuronal Energy Crisis of Seizures

The rate of action potentials also strongly affects metabolic demand, with increased
frequency of discharges significantly increasing ATP utilisation (Attwell & Laughlin,
2001). During seizures, action potentials fire in excess in an abnormally synchronised
manner, soliciting hyperexcitability in populations of neurons either locally or across
the whole brain. This observed hyperexcitability of neurons may arise from a
combination of factors that shift the balance of inhibition and excitation, including
increased excitatory synaptic transmission, reduced inhibitory synaptic transmission,
changes in voltage-gated ion channels and alterations in local ion concentrations

(Bromfield et al., 2006; Scharfman, 2007).
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Regardless of their cause, however, seizures impose an excessive energy burden on the
brain. Increased neuronal discharges and the necessary restoration of the changes
induced by excitation present a substantial bioenergetic challenge in cells, leading to
an energy crisis. Furthermore, seizure activity has been associated with decreased levels
of ATP and metabolic substrates in the brain (King et al., 1967; Kovac et al., 2012;
Sanders et al., 1970). This depletion of ATP is thought to affect the function of ion-
pumping ATPases, particularly Na*/K*-ATPase which is estimated to utilise up to 50%
of total energy production in the brain (Ames III, 2000; Astrup, Megller Serensen, &
Rahbek Sgrensen, 1981). In addition to maintaining the Na*/K* electrochemical
gradients necessary for regulating action potentials, the ion gradients generated by
Na*/K*-ATPase are also essential for neurotransmitter reuptake (Albers, Siegel, & Xie,
2012; Holm & Lykke-Hartmann, 2016). Thus, disruption of ATPase activity can have
severe consequences on neuronal excitability and neurotransmission. Increased
extracellular K* concentrations from reduced Na*/K*-ATPase activity can trigger
depolarisation, leading to hyperexcitability, with defects in pump function also
reported in experimental models of epilepsy (Clapcote et al., 2009; Du et al., 2016;
Fernandes, Naffah-Mazzacorati, & Cavalheiro, 1996; Grisar, Guillaume, & Delgado-

Escueta, 1992; Haglund & Schwartzkroin, 1990; Somjen, 2002).

Conversely, decreased neurotransmission as a result of depressed ATPase activity and
loss of ionic homeostasis can also occur, leading to seizures. This is particularly salient
when considering the role of synaptic transmission in the balance between inhibition
and excitation. Depleted energy supply may depress the activity of inhibitory
interneurons, local-circuit cells pivotal in the regulation of excitatory neurons,
resulting in the increased neuronal network excitation observed during seizures

(Haglund & Schwartzkroin, 1990; Kann et al., 2011; Kudin et al., 2009; Vaillend et al.,
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2002). Thus, with the dependence of these processes on an adequate energy supply,

mitochondrial function and ATP production are of critical importance.

1.3 MITOCHONDRIA IN EPILEPSY

Often described as the powerhouses of cells, mitochondria play a pivotal role in cellular
homeostasis and function, and are involved in a range of processes that influence
neuronal excitability, including energy metabolism, calcium signalling,
neurotransmitter biosynthesis and cell death. Mitochondria are also a primary site of
reactive oxygen species (ROS) production, leaving them vulnerable to oxidative
damage (Lenaz, 2001; Marchi et al., 2012; Popa-Wagner et al., 2013; Turrens, 2003).
Consequently, alterations in mitochondrial function frequently underpin a range of
disease conditions, particularly epilepsy. Thus, understanding mitochondrial function,
and dysfunction thereof, is imperative in the quest towards understanding the

pathogenesis of epilepsy.

1.3.1 Mitochondrial Structure

Double-membrane bound organelles, mitochondria present an inner and outer
phospholipid membrane, separating the intermembrane space between the inner and
outer membranes, and the mitochondrial matrix, bounded by the inner membrane.
The inner mitochondrial membrane is further compartmentalised into folds called
cristae and is highly impermeable to ions and solutes, containing specific ion channels
and transport systems, including those for ATP and fatty acid translocation. The inner
mitochondrial membrane is also home to the electron transport chain, involved in
oxidative phosphorylation and ATP synthesis. In contrast, the outer mitochondrial
membrane is more permeable, containing porins for the regulated flux of small

molecules and metabolites (Rich & Maréchal, 2010).
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Mitochondria also contain their own unique and independent genome which is critical
for cellular function. Circular and double-stranded in structure, mitochondrial DNA
(mtDNA) is composed of 16,569 base pairs and encodes for 37 genes, 13 of which
encode for polypeptide subunits of the electron transport chain complexes, and the
remainder for the essential machinery involved in their translation (22 transfer RNAs
(tRNAs) and 2 ribosomal RNAs (rRNAs)) (Duchen, 2004; Taylor & Turnbull, 2005).
However, mitochondria are under dual genetic control of both nuclear and
mitochondrial DNA, with most mitochondrial gene products encoded by nuclear DNA
and specifically imported into mitochondria. Maternally inherited, mtDNA is also
highly prone to heteroplasmy, with frequent replication giving rise to numerous

heterogeneous copies of mtDNA in individual mitochondria (Taylor & Turnbull, 2005).
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1.3.2 The TCA Cycle

The primary function of mitochondria is the generation of ATP, the energy currency
utilised by cells to fuel cellular processes. Free energy is captured into ATP during the
oxidation of fuels, with ATP acting as a free-energy donor, through hydrolysis, to drive
a range of processes. The tricarboxylic acid (TCA) cycle, otherwise known as the Krebs
or citric acid cycle, constitutes the first step in cellular respiration, before leading to
the electron transport chain, from which energy is harvested to synthesise ATP.
Consisting of a series of eight catalytic reactions, the TCA cycle converts acetyl
coenzyme A (acetyl CoA), derived from the oxidation of carbohydrates, amino acids
and fatty acids, into CO», with the energy conserved into NADH, FADH,, and GTP
(Berg, Tymoczko, & Stryer, 2012). Taking place in the mitochondrial matrix, the
pathway acts as the final central hub for the catabolism of all metabolic fuels and can

oxidise an unlimited amount of acetyl CoA due to its cyclical nature.

The TCA cycle is initiated by the condensation of two-carbon acetyl CoA with four-
carbon oxaloacetate to produce the six-carbon compound citrate, a process catalysed
by the enzyme citrate synthase. The enzyme aconitase then catalyses the reversible
isomerisation of citrate into isocitrate. The third step of the TCA cycle is the oxidative
decarboxylation of isocitrate into five-carbon a-ketoglutarate, via the enzyme isocitrate
dehydrogenase. The oxidation of isocitrate results in the reduction of the cofactor
nicotinamide adenine dinucleotide (NAD*) to form NADH, with the resultant
intermediate decarboxylated to release CO,. This step generates the first NADH
electron carrier and CO> of the cycle. The enzyme o-ketoglutarate dehydrogenase
catalyses the oxidative decarboxylation of a-ketoglutarate into succinyl CoA, also
releasing NADH and CO:.. It is of note that the CO, formed in these steps of the cycle

are not derived from the acetyl CoA that initially entered the cycle, but from the TCA
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cycle substrates. CO> generated from acetyl CoA is released in subsequent rounds of
the cycle. Upon formation of succinyl CoA, the enzyme succinyl CoA synthetase cleaves
the high-energy thioester bond in succinyl CoA to form succinate, and utilises the free
energy released to drive substrate-level phosphorylation that generates either
guanosine triphosphate (GTP) or ATP (Berg et al.,, 2012; Pratt & Cornley, 2014).
Succinate subsequently undergoes a series of reactions to regenerate oxaloacetate and
complete the cycle. Succinate dehydrogenase oxidises succinate into fumarate,
reducing flavin adenine dinucleotide (FAD) to FADH,. Located in the inner
mitochondrial membrane, succinate dehydrogenase is also known as complex II and
participates in the electron transport chain, providing a direct link to the TCA cycle.
FADH, requires re-oxidation prior to the next cycle, and thus transfers electrons to
succinate dehydrogenase, which subsequently passes them to the lipid-soluble electron
carrier Coenzyme Q (CoQ, Q or ubiquinone), a key component of the electron
transport chain (see Section 1.3.3). Fumarate is then catalysed by fumarase in a
hydration reaction to form malate. Finally, malate dehydrogenase oxidises the
conversion of malate into oxaloacetate via reduction of NAD* to NADH, and thus

drawing the TCA cycle back to the beginning to repeat the process once more.

For every turn of the TCA cycle, electrons are recovered in a total of three NADH and
one FADH: molecules, with one GTP or ATP also produced. Electrons gained from the
TCA cycle can be transferred to the electron transport chain from NADH and FADH,,
and ultimately lead to the generation of ATP through oxidative phosphorylation. An

overview of all the reactions and products described are presented in Figure 1.2.
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FIGURE 1.2 Reactions of the TCA cycle. Acetyl CoA, derived from the
oxidation of various substrates, is converted into CO,, with the energy conserved
into NADH, FADH,, and GTP or ATP (substrates in black; enzymes in pink;

coenzymes in blue).
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1.3.3 The Electron Transport Chain and Oxidative

Phosphorylation

As previously described, the electron transport chain is located in the inner
mitochondrial matrix, where electrons derived from the TCA cycle are shuttled to
reduce Oz to H2O and the energy from electron transport conserved in the production
of ATP in a process known as oxidative phosphorylation (Figure 1.3). This transfer of
electrons occurs through a chain of four protein complexes embedded within the inner
mitochondrial membrane, three of which also function as redox-driven proton pumps

to generate a proton gradient across the membrane (Rich & Maréchal, 2010).

Complex I, also known as NADH:ubiquinone oxidoreductase or NADH dehydrogenase,
begins the chain by accepting two electrons from NADH and transferring them via
prosthetic group flavin mononucleotide (FMN) and a series of iron-sulphur clusters to
the electron carrier CoQ. As CoQ is reduced to CoQH, (QH: or ubiquinol), complex I
transfers four protons from the mitochondrial matrix to the intermembrane space.
Coupling of electron transfer with proton translocation greatly increases the efficiency
of NADH oxidation and consequential ATP generation (Rich & Maréchal,
2010).However, electron leak at complex I can also occur, with electrons reacting with
oxygen to generate superoxide (Jastroch et al., 2010). Alterations in complex I function
are implicated in a wide range of pathologies, including epilepsy, with defects affecting
respiratory chain capacity and producing a significant source of ROS (Jastroch et al.,

2010; Kunz et al., 2000; Rahman, 2012; Sipos, Tretter, & Adam-Vizi, 2003).

CoQHa, having taken up two protons from the matrix, leaves complex I to join a pool
of CoQ in the lipid bilayer, already reduced by complex II. Complex II (succinate CoQ

oxidoreductase; succinate dehydrogenase), as previously mentioned, is integral to the
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TCA cycle, with FADH, forming a component of the complex. As a consequence of this
coupling to the TCA cycle, electrons from FADH, are transferred to iron-sulphur
clusters within complex II before reducing CoQ to CoQH,. Unlike complex I, complex
I does not pump protons between the mitochondrial matrix and intermembrane

space.

CoQH, is then oxidised by complex III (CoQ-cytochrome c¢ oxidoreductase;
cytochrome bc1) to reduce cytochrome c in a two-cycle process, commonly known as
the Q cycle (Pratt & Cornley, 2014; Rich & Maréchal, 2010; Voet, Voet, & Pratt, 2013).
Much like in complex I, electron transfer through complex III is coupled to proton
translocation. Cytochrome c is an electron-transferring protein that contains a haem
prosthetic group. As cytochrome c can only carry one electron at a time, the two
electrons from CoQH> must follow two paths. Complex III contains three cytochromes
by, br and ¢, as well as an iron-sulphur protein (the Rieske centre), and two binding
sites: Qo for CoQH: and Qi for CoQ. In the first cycle, CoQH: binds to Qo, donating one
electron to the iron-sulphur protein which is then transferred to cytochrome c; before
finally reducing cytochrome c, which is free to diffuse to the next component of the
electron transport chain. Two protons are released and pumped into the
intermembrane space, and a stable semiquinone radical CoQ is yielded. The second
electron is transferred from CoQ- to cytochrome by and then to cytochrome by, to form
CoQ. CoQ binds to Qi, where it accepts the electron from cytochrome by to form CoQ~
once more. In the second cycle, an additional CoQH: joins the Q cycle, transferring
one electron to reduce cytochrome c, releasing two protons as described before, with
the other electron going to cytochrome b, where it reduces the CoQ- waiting at Q; into
CoQH: using protons from the mitochondrial matrix. Overall, this process yields the

pumping of four protons into the intermembrane space and the removal of two protons
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from the matrix, contributing to the proton gradient. The nature of these processes
also places complex III as a major site of ROS production. Inhibition of complex III,
such as with antimycin A which blocks Qj, results in superoxide generation (Lenaz,
2001; Sipos et al., 2003). In is also thought that in conditions of high energy demand,
such as during seizures, complex III contributes to the ROS production associated with

seizures (Malinska et al., 2010).

Finally, the reduced cytochrome c generated from complex III shuttles electrons to
complex IV (cytochrome c oxidase). Complex IV catalyses the transfer of four electrons
from cytochrome c to reduce O3 into H>O. This process occurs within the redox centre
of complex IV, which contains two haem groups (haem a and haem as), a pair of copper
ions (Cua) and an individual copper ion (Cug). Two cytochrome c¢ molecules
sequentially transfer electrons into complex IV, via Cua and haem a, to reduce haem as
and Cus. O3 binds to the reduced Cug and iron in haem a3, forming a peroxide bridge
between the two groups. This is cleaved upon the addition of two electrons from two
cytochrome c molecules, and two protons from the matrix, resulting in hydroxyl groups
being formed on haem a3 and Cus. The addition of two further protons from the matrix
then results in the final product of H>O, formed from the hydroxyl groups. Overall, this
process contributes to a total of four protons being removed from the mitochondrial
matrix, with four protons pumped into the intermembrane space. With its vital role in
the electron transport chain, changes in complex IV function are critical. Complex IV
deficiency is a common cause of mitochondrial disease, such as Leigh syndrome or
MERREF, with seizures frequently presenting in patients (Patel, 2004; Rahman, 2012).

The resultant proton gradient from the translocation of protons across the inner
mitochondrial membrane during electron transfer is key to ATP synthesis. The

increased concentration of protons in the intermembrane space and the decreased
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proton concentration in the mitochondrial matrix results in an imbalance in electrical
charge, also known as an electrochemical gradient, or more specifically, a proton-
motive force (Zorova et al., 2017). This difference in charge also results in the
polarisation of the inner mitochondrial membrane, called the mitochondrial
membrane potential. Coupled with this proton motive force is an associated free

energy, which is utilised by ATP synthase to produce ATP (Rich & Maréchal, 2010).

ATP synthase (also known as Complex V) is a transmembrane proton pump that
catalyses the phosphorylation of ADP with orthophosphate (P;) to form ATP. ATP
synthase is composed of two units: Fo, which forms a transmembrane channel for
proton flow into the matrix, and Fi, which comprises the catalytic unit of the protein,
found in the matrix. Passage of protons through Fo is coupled to ATP synthesis. As
protons flow through Fo, conformational changes are induced that cause a mechanical
rotation in structure, affecting F; affinity for ADP and P;, and allowing ATP synthesis
and release. In the absence of a proton gradient, ATP synthesis is unable occur. When
mitochondrial respiration is compromised and membrane potential drops, ATP
synthase can reverse, hydrolysing ATP to pump protons across the membrane and into
the intermembrane space to generate a proton gradient (Popa-Wagner et al., 2013).
Prolonged reversal of this reaction, however, leads to ATP depletion and can precipitate

cell death.

The effective coupling of the oxidative phosphorylation processes described is essential
to ATP production and mitochondrial function. Defects in any of the components of
the electron transport chain can present in a variety of clinical abnormalities, including
inborn errors of metabolism, epilepsy and other neurodegenerative disorders

(Onyango et al., 2010; Rahman, 2012). These deficiencies have a deleterious impact on
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ATP supply, ROS generation and energy demand, potentially leading to cell death,

neurodegeneration and seizures (Folbergrova & Kunz, 2012).
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FIGURE 1.3 Overview of the electron transport chain. (Abbreviations: OMM, outer mitochondrial membrane; IMS, intermembrane

space; IMM, inner mitochondrial membrane; cyt ¢, cytochrome ¢; AW, mitochondrial membrane potential.)
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.3.4 Mitochondrial Dysfunction in Epilepsy

In neuronal cells, a substantial proportion of ATP produced by mitochondria is used to
maintain cellular plasma membrane potential and neuronal excitability, as described
in Section 1.2. Thus, defects in the electron transport chain or oxidative
phosphorylation can have severe consequences on neuronal excitability and lead to
seizures. Loss of mitochondrial electron transport chain function, particularly complex
I, has been reported in the brains of both animal seizure models and samples derived
from epilepsy patients (Cock et al., 2002; Kudin et al., 2002; Kunz et al., 2000), whilst
peripheral defects in electron transport chain function are frequently reported in
mitochondrial epilepsies and other symptomatic/non-symptomatic epilepsies (i.e.
epilepsy that presents with features typical of syndromes or idiopathic epilepsies that
occur alone) (Khurana et al., 2008; Lee et al., 2008; Rahman, 2012; Sabbagh et al.,,
2010). Dysfunctions in complex I have also been found to inhibit synaptic vesicle
cycling, with neuronal vesicle cycling thought to be highly dependent on
mitochondrially-derived ATP, potentially affecting neurotransmission and excitability
(Pathak et al., 2015). In an experimental model of epilepsy, decreased expression
mitochondrial proteins involved in energy metabolism was also observed following
seizure insult, further implicating the bioenergetic importance of mitochondria in
epilepsy (Araujo et al., 2014). Mutations in mtDNA are also associated as a genetic
cause of epilepsy (Lightowlers, Taylor, & Turnbull, 2015; Wallace et al., 1994; Zsurka

& Kunz, 2015).

The role of mitochondria in ATP synthesis and oxidative phosphorylation also results
in mitochondria generating the primary source of ROS in cells. Electron leak from the
electron transport chain leads to the formation of superoxide radicals (O»*),

particularly at complexes I and III, and hydroxyl radicals (OH*") from H,O (Jastroch et
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al., 2010; Turrens, 2003). Whilst this ROS generation is a normal process of electron
transport chain activity, it leaves mitochondria susceptible to oxidative damage.
Aberrant ROS generation can lead to damage of surrounding mitochondrial
components, such as the electron transport chain and mtDNA, as well as damage to
other cellular components. Increased evidence suggests a role for mitochondrial
oxidative stress in epilepsy and epileptogenesis, with experimental studies revealing
increased ROS generation in various models of epilepsy (Erakovic et al., 2003; Liang &
Patel, 2006; Malinska et al., 2010; Rowley et al., 2015), decreased seizure threshold
and hippocampal cell loss in antioxidant deficient (Sod27/*) mice (Liang et al., 2012;
Liang & Patel, 2004), and indications of oxidative damage in acquired epilepsies such
as temporal lobe epilepsy (Rowley et al., 2015). Furthermore, the involvement of
mitochondrial oxidative stress in epilepsy is further implicated with the observation
that increased age increases seizure vulnerability (Brodie & Kwan, 2005). Increased
mitochondrial oxidative stress is a hallmark of ageing and strongly associated with age-

related neurodegenerative disorders (Mariani et al., 2005).

.4 EPILEPSY TREATMENT

Typically, in high-income countries, the first line of treatment for patients is through
antiepileptic drugs (AEDs), which provide symptomatic treatment of the condition,
suppressing seizures rather than treating disease origin. Prognosis for most patients is
good with AEDs, but for approximately 20-40% of epilepsy patients, pharmacological
treatment is clinically ineffective (French, 2007; Kwan & Brodie, 2000). These patients
are rendered as drug-resistant (i.e. refractory), pronounced upon the failure of two or
more appropriate and tolerated drug treatments (alone or in combination) to control
seizures (Kwan et al., 2010). Despite the increasing range of AEDs available, the

incidence of drug-resistant epilepsy remains high, and patients are often required to
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undergo alternative therapies, such as vagal nerve stimulation (VNS), surgery or the
ketogenic diet. VNS uses electrical stimulation to attenuate seizures, and although
minimally invasive, it provides modest efficacy and is currently limited to patients who
experience a specific seizure classification (i.e. focal onset epilepsy) (Binnie, 2000;
Morris & Mueller, 1999). Surgery offers the most aggressive intervention, involving
resection of brain tissue thought to be the focus of seizures. Whilst highly effective,
much like VNS, patients with focal onset epilepsy are most amenable to surgery, thus
making it an unsuitable procedure for all epilepsy patients (Téllez-Zenteno, Dhar, &
Wiebe, 2005). The ketogenic diet, however, remains a treatment option for a wide
range of epilepsies, and whilst complex to maintain, it offers an alternative non-

invasive, nonpharmacological therapy to drug-resistant epilepsy.

With the mechanisms of drug-resistance largely unclear and data conflicting on the
factors associated with poor responsiveness to drugs (Mohanraj & Brodie, 2013), there
remains a need to develop effective therapies for drug-resistant epilepsy. The broad-
ranging impact of the ketogenic diet, however, provides a suitable avenue for the
advancement of a therapeutic intervention that can be geared towards drug-resistant

patients.

I.4.1 The Ketogenic Diet (KD)

Since antiquity, fasting has been known to exert a beneficial effect on seizures in
epilepsy patients. In the 1920s, medical interest in these effects re-emerged (Geyelin,
1921), and the ketogenic diet (KD) was developed to simulate the metabolic profile of
fasting (Wilder, 1921). A high-fat, low-carbohydrate, low-protein regimen, the KD
induces ketone body generation from fats to provide an alternative fuel source during

glucose restriction. This form of the diet, known as the classical KD, traditionally
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provides long-chain fats in a 4:1 or 3:1 ratio (in grams) to carbohydrates plus protein
combined, with 90% of daily energy intake from fat (Kossoff et al., 2009; Neal, 2012b).
Patients undergo ketosis as a result, producing elevated levels of ketone bodies from

the high fat intake, lending the diet its name.

.4.2 Medium-chain Triglyceride Ketogenic Diet (MCT KD)

With the restrictive nature of the classical KD, several variations of the diet have since
emerged, including the medium-chain triglyceride ketogenic diet, the modified Atkins
diet and the low-glycaemic index treatment. Of particular interest is the medium-chain
triglyceride ketogenic diet (MCT KD), an alternative diet developed in the 1970s
(Huttenlocher, Wilbourn, & Signore, 1971). In the MCT KD, fats are provided by
medium-chain triglycerides (MCTs), generally in the form of an MCT oil or emulsion
composed of the saturated medium-chain fatty acids octanoic acid (~60%), an eight-
carbon chain, and decanoic acid (~40%), a ten-carbon chain. Rapidly absorbed and
metabolised by the body, MCTs are more ketogenic than LCTs, yielding greater
amounts of ketone bodies per kilocalorie of energy. Consequently, the MCT KD is
favoured for its reduced carbohydrate and protein restriction, with approximately 60-
80% of energy intake required from fat (Neal, 2012b), making it more palatable than
the classical KD (Figure 1.4). Moreover, the MCT KD relies on a percentage of calories
to calculate MCT intake instead of ratios, allowing flexible modification of the diet.
Accordingly, MCT intake generally varies from 30-60%, based on patient response and
tolerability, with the remainder supplemented by LCTs (Kossoff et al., 2009; Neal,

2012b; Schwartz et al., 1989b).
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FIGURE 1.4 Typical compositions of the classical 4:1 ratio and MCT KDs.
In the classical 4:1 ratio KD, the approximate percentages of dietary energy
provided are 90% fat, 6% protein and 4% carbohydrate, whilst the MCT KD
provides 73% fat, 10% protein and 17% carbohydrate (Neal 2012).

1.4.2.1 Fatty Acid Digestion and Transport

As described above, MCTs are utilised in the MCT KD for their increased ability to
generate ketone bodies, in comparison to LCTs. When dietary triglycerides are
consumed, they are hydrolysed by pancreatic lipoprotein lipases. MCTs are fully
degraded into free fatty acids, whilst LCTs are broken down into monoacylglycerol and
free fatty acids. MCFAs are then absorbed directly into the bloodstream and delivered
to the liver via the hepatic portal vein. Meanwhile, long-chain fatty acids (LCFAs) and
monoacylglycerol are incorporated into lipoproteins called chylomicrons and
transported to the hepatic portal via the lymphatic system before reaching the liver. As
a result, MCFAs are metabolised more readily than LCFAs due to more efficient
absorbance into the bloodstream. Within the liver, fatty acids are generally

metabolised through B-oxidation to generate ketone bodies.
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1.4.2.2 Fatty Acid 68-Oxidation

In addition to differing delivery systems into the liver, the mechanisms controlling
MCFA and LCFA B-oxidation also differ. Fatty acid -oxidation takes place in the
mitochondrial matrix. However, fatty acid entry into the mitochondria is regulated
according to fatty acid chain length (Kerner & Hoppel, 2000). Prior to entry into the
mitochondria, both LCFAs and MCFAs are linked to CoA, a process that takes place on
the outer mitochondrial membrane (Figure 1.5). This reaction is driven by acyl CoA
synthetase and ATP, forming fatty acyl CoAs upon activation (Pratt & Cornley, 2014).
Activated LCFAs are required to enter mitochondria via the carnitine shuttle, whilst

activated MCFAs can enter independently of carnitine.

Prior to entry into the mitochondrial matrix, activated LCFA must be conjugated to
carnitine to form acyl carnitine, a reaction catalysed by carnitine palmitoyltransferase
I (CPT1), bound to the outer mitochondrial membrane. The long-chain fatty acyl
carnitine is shuttled through the inner mitochondrial membrane via carnitine acyl
carnitine translocase (CAT). Once in the mitochondrial matrix, the carnitine is
removed from the acyl group and a fatty acyl CoA is formed once more, via carnitine
palmitoyltransferase II (CPT2). The long-chain fatty acyl CoA can now undergo -

oxidation.
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FIGURE 1.5 Overview of long-chain fatty acid entry into mitochondria via
the carnitine shuttle. (Abbreviations: MCFA, medium-chain fatty acid; LCFA,
long-chain  fatty acid; ACS, acyl CoA synthetase; CPTI, carnitine
palmitoyltransferase I; CAT, carnitine acyl carnitine translocase; CPT2, carnitine

palmitoyltransferase II.)

Fatty acid B-oxidation consists of four major steps in order to produce acetyl CoA
(Figure 1.6). The pathway begins by oxidation of the fatty acyl CoA by acyl CoA
dehydrogenase, forming an enoyl CoA with a trans double bond between C-2 and C-3.
Two electrons are also transferred to FAD to yield FADH,, which delivers them to CoQ
through a series of steps. Next, the trans double bond of the enoyl CoA is hydrated by
enoyl CoA hydratase, producing 3-hydroxyacyl CoA. This is also oxidised, this time by
3-hydroxyacyl CoA dehydrogenase, yielding a ketoacyl-CoA and transferring electrons
to NAD". In the final step of this cycle, the enzyme thiolase catalyses the cleavage of
ketoacyl-CoA to produce an acetyl CoA and a fatty acyl CoA shortened by two carbons.
This process repeats itself once more with the shortened fatty acyl CoA, the f-oxidation
pathway cycling continuously until only acetyl CoA remains. MCFAs and LCFAs

undergo B-oxidation in the same manner, differing only in the acyl CoA dehydrogenase
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used (medium-chain acyl CoA dehydrogenase for MCFAs and long-chain acyl CoA

dehydrogenase for LCFAs).

With rapid uptake into the liver and the ability to bypass the carnitine shuttle to enter
mitochondria for B-oxidation, MCFAs can more efficiently generate ketone bodies,
producing more ketone bodies than LCFAs per kilocalorie of energy. In addition to
hepatic metabolism, MCFAs can also readily cross the blood-brain barrier (Olendorf,
1971, 1973; Spector, 1988), permitting further B-oxidation within the brain, where
MCFAs have been shown to contribute approximately 20% of brain oxidative energy

production (Ebert, Haller, & Walton, 2003).
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|.4.3 Efficacy of the KD and MCT KD

Primarily a paediatric treatment option, the KD is highly effective in children, with
approximately half of all patients showing a =50% seizure reduction whilst on the diet
and a proportion of patients also becoming seizure-free (Keene, 2006; Kossoff, 2012).
Whilst the diet also appears to have an effect in adults (Cervenka et al.,, 2016;
Lambrechts et al., 2012; Schoeler et al., 2014; Sirven et al., 1999), the KD is not
frequently offered to adult patients. Lack of efficacy in adults has been posited as a
cause for this disparity, with some studies suggesting that patient response is less
favourable in adolescents and adults (Coppola et al., 2002; Freeman et al., 1998). This
may reflect an age-dependent metabolic capacity to extract ketone bodies into the
brain (Morris, 2005), putting children at an advantage over adult populations.
However, lack of compliance, due to the rigidity of the KD, and poor tolerability may
simply be responsible for the perceived inefficacy in adults, as opposed to physiological

and metabolic differences (Mosek et al., 2009; Schwartz et al., 1989b).

In the MCT KD, seizure control studies report high efficacy in patients, with at least
50% of patients responding to the diet (=50% seizure reduction) (Huttenlocher et al.,
1971; Lambrechts et al., 2015; Ross et al., 1985; Sills, Forsythe, & Haidukewych, 1986;
Wibisono et al., 2015). Similar effects have also been observed in experimental rodent
studies (Likhodii et al., 2000; Nakazawa, Kodama, & Matsuo, 1983; Thavendiranathan
et al., 2000). Efficacy of the MCT KD in patients has been found to be comparable to
that of the classical KD, despite the differing fat components of the two diets (Neal et
al., 2009; Schwartz et al., 1989b; Wibisono et al., 2015). Thus, with its more flexible
approach to dietary management, the MCT KD remains a more favourable treatment

option to the classical KD.
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.5 MECHANISMS OF ACTION OF THE MCT KD

Despite the efficacy of the MCT KD at reducing seizures, the precise mechanisms of
action remain unknown. Furthermore, the MCT KD is frequently associated with a
range of gastrointestinal side effects and poor tolerability in patients (Kang et al., 2004;
Kossoff et al., 2009). Consequently, compliance rates are low amongst patients,
necessitating the need for the development of novel treatments to enhance or replace

the MCT ketogenic diet.

A number of mechanisms of action have been proposed for its anticonvulsant and
antiepileptic effects, including alterations to mitochondrial bioenergetics and cellular
energy metabolism, neurotransmitter levels and antioxidant activity (Rho & Sankar,
2008). The KD has been found to increase mitochondrial biogenesis in the brains of
rats (Bough et al., 2006), with mitochondrial enrichment proposed to contribute to the
antiepileptic effects of the diet by targeting mitochondrial bioenergetics and
metabolism, decreasing brain excitability. The KD has also been found to increase the
ratio of ATP:ADP in rats (DeVivo et al., 1978), increasing brain energy capacity.
Changes in glucose oxidation and cellular energy metabolism incurred through the diet
may also alter neurotransmitter modulation, with generation of y-aminobutyric acid
(GABA), a neurotransmitter involved in inhibitory synaptic transmission, dependent
on TCA cycle activity (Waagepetersen et al., 1999). Increased GABA levels have been
observed in the cerebrospinal fluid of KD patients (Dahlin et al.,, 2005), and in
experimental mouse studies (Calderdn et al., 2017), with changes in brain GABA also
measured in KD patients using magnetic resonance spectroscopy (Wang et al., 2003).
Moreover, increased antioxidant capacity and reduced ROS generation has been

reported in KD animal studies (Jarrett et al., 2008; Sullivan et al., 2004).

60



How these effects are specifically exerted by the KD have yet to be fully elucidated. The
biochemical changes associated with the KD have been a focal interest of studies,
particularly in regard to direct anti-seizure effects. Ketone bodies, a hallmark feature
of the KD, have been the primary subject of initial studies into the mechanisms of the
KD. In more recent years, however, there has been a growing interest in the potential
role of fatty acids in the KD effects, particularly medium-chain fatty acids such as

octanoic and decanoic acid.

.5.1 Ketone Bodies

Increased levels of plasma and urinary ketone bodies are a key clinical marker of the
KD and MCT KD. The ketone bodies B-hydroxybutyrate, acetoacetate and acetone
(Figure 1.7) accumulate during glucose restriction, resulting in ketosis (McNally &

Hartman, 2012).

(@) (@) (@) o OH
H3C)'LCH3 o CH, o CH,
Acetone Acetoacetate B-hydroxybutyrate
FIGURE 1.7 Chemical structures of the ketone bodies, acetone,

acetoacetate and B-hydroxybutyrate.

During the diet, where glucose consumption is restricted and fat intake is increased,
acetyl CoA synthesis from fatty acids exceeds TCA cycle activity (McNally & Hartman,
2012; McPherson & McEneny, 2012). This acetyl CoA is then used to generate ketone
bodies in a process known as ketogenesis, which takes place in hepatic mitochondria
(Figure 1.8).
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Two molecules of acetyl CoA are condensed by a thiolase enzyme to form a four-carbon
acetoacetyl-CoA. The enzyme HMG-CoA synthase then catalyses the condensation of
this compound with an additional molecule of acetyl CoA, producing the six-carbon -
hydroxy-f-methylglutaryl-CoA (HMG-CoA). HMG-CoA lyase then degrades HMG-
CoA into acetoacetate and acetyl CoA. Acetoacetate may then be reduced to -
hydroxybutyrate by B-hydroxybutyrate dehydrogenase, and may also undergo non-
enzymatic decarboxylation to acetone (responsible for the distinctive “keto breath”
observed with patients in ketosis) and CO,. Approximately 40% of acetoacetate
produced is thought to undergo conversion to acetone (Reichard et al., 1979), which
builds up in the plasma during the KD (Seymour et al., 1999). These ketone bodies are
soluble and can pass into the blood-brain barrier with ease, allowing for their use as
fuels in brain cells, where they are converted back to acetyl CoA (Morris, 2005). Here,
B-hydroxybutyrate is oxidised back to acetoacetate via [-hydroxybutyrate
dehydrogenase, followed by the conversion of acetoacetate to acetoacetyl-CoA using a
CoA group donated by succinyl CoA, a process catalysed by B-ketoacyl-CoA transferase.
Using a free CoA group, acetoacetyl-CoA is then cleaved by thiolase to produce two
acetyl CoA molecules, which can then be utilised in the TCA cycle for subsequent ATP
synthesis. Acetone is thought to be metabolised through a number of different
pathways. The enzyme acetone monooxygenase converts acetone to acetol, which is
subsequently converted into either two-carbon (propanediol) or three-carbon
(methylglyoxal) fragments that are then processed by several separate pathways,
ultimately producing pyruvate (Kalapos, 2003). Part of this pyruvate is then processed
into glucose, or converted into acetyl CoA by the pyruvate dehydrogenase complex

(Berg et al., 2012; Kalapos, 2003), contributing towards the TCA cycle.

62



Acetyl CoA + Acetyl CoA

Thiolase

CoA
Acetoacetyl CoA

Acetyl CoA
HMG-CoA

Synthase
CoA

HMG-CoA

HMG-CoA Lyase

Acetyl CoA

Acetoacetate
NADH +H*

coO,
NAD* B-Hydroxybutyrate
Dehydrogenase

B-Hydroxybutyrate Acetone

FIGURE 1.8 The generation of ketone bodies through ketogenesis.

Consequently, ketone bodies have been postulated to play a direct role in seizure
control, with plasma levels of all three ketone bodies found to rise during the KD
(McNally & Hartman, 2012). Evidence suggests that acetone and acetoacetate may
have anticonvulsant properties in several experimental models (Gasior et al., 2007;
Likhodii et al., 2000; Rho et al., 2002), whilst data on acetoacetate effects appear to be
incongruent (Likhodii, Nylen, & McIntyre Burnham, 2008; Rho et al., 2002; Thio,
Wong, & Yamada, 2000). It is also worth noting that the concentrations of acetone
utilised in these studies to achieve effective seizure control may exceed those found in
the brains of patients on the KD (Seymour et al., 1999). Additionally, no anticonvulsant
effect has been observed with -hydroxybutyrate (Rho et al., 2002; Samala, Willis, &
Borges, 2008; Thio et al., 2000). Whilst it may not have a direct effect on seizures, -

hydroxybutyrate has been postulated to exert an indirect effect on epilepsy by affecting
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brain amino acid handling, increasing GABA levels in the brain and reducing the
availability of glutamate, an excitatory neurotransmitter (Erecinska et al., 1996; Lund

et al., 2009; Yudkoff et al., 2001).

Although the role of ketone bodies in the effects of the KD remains unclear,
maintaining ketosis appears to be a precursor to seizure control, where carbohydrate
consumption can result in the temporary loss of seizure control (Huttenlocher, 1976).
However, studies investigating the relationship between ketone levels and seizure
control are conflicting. Whilst some studies have suggested that increased [-
hydroxybutyrate levels correlate with improved seizure control (Gilbert, Pyzik, &
Freeman, 2000; Huttenlocher, 1976; van Delft et al., 2010), with a suggested threshold
of 4mM in blood required (Gilbert, Pyzek, & Freeman, 2000), others have shown poor
correlation between ketosis and seizure control (Fraser et al., 2003; Likhodii et al.,
2000; Ross et al., 1985; Schwartz, Boyes, & Aynsley-Green, 1989a; Thavendiranathan

et al., 2000).

[.5.2 Medium-Chain Fatty Acids (MCFAs)

Whilst increased ketone body levels are generally associated with the KD and MCT KD,
elevated blood levels of medium-chain fatty acids (MCFAs) have also been observed in
patients on the MCT KD (Haidukewych, Forsythe, & Sills, 1982; Sills et al., 1986). In
the study conducted by Haidukewych et al. (1982), patients on the MCT KD were
required to supplement the diet with MCT oil containing approximately 80% octanoic
acid (C8) and 20% decanoic acid (C10). In these patients, plasma levels of C8 and C10
were found to range at 30-861pM and 23-553pM respectively, with mean
concentrations of 307uM C8 and 157pM C10. Sills et al. (1986) examined the

association between seizure control and MCFA blood levels, but no correlation was
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found. Since these findings, little more was done to further investigate the potential
roles of C8 and C10 in the MCT KD. In recent years, however, there has been a growing
interest in C8 and C10, with increased evidence suggesting direct and indirect effects

on seizure control.

o o
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FIGURE 1.9 Chemical structures of octanoic (C8) and decanoic (CI10)

acids.

.6 THE ROLE OF C8 AND CI10 IN THE MCT KD

Recent studies into the neuronal and peripheral effects of C8 and C10 provide novel
insight into the key roles of MCFAs in the MCT KD, particularly in regard to seizure
control and mitochondrial function. Most pertinent, however, is that the data is
indicative of a disparity in effect between C8 and C10, despite the elevation of patient
plasma levels of both fatty acids. Here, these findings are reviewed, introducing the

therapeutic potential that these fatty acids may have in epilepsy treatment.

Experimental seizure studies reveal a direct role of C8 and C10 in seizure control,
potentially contributing to the clinical efficacy of the MCT KD. In animal models
examining the role of C8, acute and chronic administration of C8 was found to increase
seizure threshold in 6-Hz psychomotor and pentylenetetrazole (PTZ) seizure tests
(McDonald et al., 2014; Wlaz et al., 2012), with an adenosine receptor-dependent

effect on seizure threshold also observed in a glucose-restricted 6-Hz seizure model
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(Socala et al., 2015), although no effect was observed with the maximal electroshock
seizure threshold (MEST) tests (Wlaz et al., 2012). Moreover, data surrounding the
anticonvulsant profile of C8 appear to be inconsistent, with other studies reporting no

effect of C8 on seizure control (Chang et al., 2012, 2016; Tan et al., 2017).

C10 has also been shown to exert seizure control in a number of seizure models. In ex
vivo hippocampal slices, acute application of C10 was found to exert complete seizure
inhibition in PTZ- and low magnesium-induced seizures (Chang et al., 2012, 2016). In
animal models, acute C10 administration increased seizure threshold in the 6-Hz and
MEST tests, although no effect was observed with PTZ-induced seizures (Wlaz et al.,
2015), whilst mice fed chronically with a C10 triglyceride-enriched chow were also
found to exhibit improved seizure tolerance (6-Hz test) and increased latency to
seizures (fluorothyl test) (Tan et al., 2017), suggesting that C10 activity may vary with
seizure type. Tan et al. (2017) investigated the in vivo effects of C10 on glycolytic
enzymes, but found no changes in activity, suggesting that C10 may affect seizure

generation independently of this pathway.

Further highlighting the potent anti-seizure effects of C10 is the recent finding that the
fatty acid acts as a selective inhibitor of the o«-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPA) receptor (Chang et al., 2016). A receptor for
the neurotransmitter glutamate, AMPA receptors mediate excitatory synaptic
transmission and are thus involved in seizure generation. C10 inhibition of AMPA
receptors was found to be non-competitive to glutamate, also occurring at
concentrations reported in patient plasma, suggesting that this mechanism may

underlie the anticonvulsant efficacy observed with the MCT KD.
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Whilst both C8 and C10 appear to exhibit anti-seizure properties, differences in effect
on mitochondria are apparent. Previously, in this laboratory, C10 was found to
significantly alter mitochondrial function in the human neuroblastoma cell line SH-
SY5Y, as well as in human fibroblast cells (Hughes et al., 2014; Kanabus et al., 2016).
Treatment of these cells with 250uM C10 over the course of 6 days was shown to
significantly increase mitochondrial enrichment, as measured by the activity of
mitochondrial enzyme marker, citrate synthase. Interestingly, this marked increase in
activity was not observed with C8 treatment. Additionally, C10, but not C8, was found
to cause a pronounced increase in complex I activity, potentially suggesting increased
mitochondrial function. C10 treatment, but not C8, also amplified activity of the
antioxidant, catalase. These C10 effects on citrate synthase activity and catalase were
found to be mediated by the peroxisome proliferator-activated receptor gamma
(PPARY), a nuclear receptor involved in mitochondrial regulation and neuroprotection
(Berger & Moller, 2002). Interestingly, C10 has been identified as a PPARy agonist,
binding directly to the receptor to activate it (Malapaka et al., 2012), suggesting that
the fatty acid may potentially play a role in the increased mitochondrial biogenesis
associated with the KD (Bough et al., 2006). Furthermore, the ketone bodies B-

hydroxybutyrate and acetoacetate were not found to have any effects in this study.

Increased mitochondrial biogenesis may exert beneficial effects on brain energy
metabolism by increasing ATP availability, and consequently, improving seizure
threshold. Increased respiration, suggesting increased mitochondrial function, has also
been observed in C10-treated astrocytes (Tan et al., 2017). In addition to improved
energy availability, antioxidant effects of C10 suggest a potential neuroprotective effect
of the fatty acid. Increased antioxidant status in vivo has been reported following C10-

enriched feeding of rodent models, with increased catalase, superoxide dismutase,
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glutathione reductase and glutathione peroxidase activity, as well as reduced lipid
peroxidation, observed in brain tissue and increased antioxidant status in plasma
(Sengupta & Ghosh, 2012; Sengupta, Ghosh, & Bhattacharyya, 2014; Tan et al., 2017),
further corroborating previous reports (Hughes et al., 2014). C8 administration has
also been found to improve antioxidant status in vivo (Sengupta & Ghosh, 2012;
McDonald et al.,, 2014), suggesting that both fatty acids may contribute to the

antioxidative and neuroprotective effects observed with the diet.

In the brains of mice fed a C10-enriched chow, the concentration of the fatty acid has
been found to average 240puM (Wlaz et al., 2015), a value that corresponds closely with
the required concentration for mitochondrial proliferation and increased antioxidant
activity (Hughes et al., 2014). This concentration also permits AMPA receptor
inhibition, and reflects the range of C10 observed in MCT KD patient plasma,
suggesting that it may be possible to achieve these levels in human brains. However,
current understanding of MCT metabolism would suggest that MCFAs are primarily
oxidised to ketone bodies, in contrast to the observed accumulation of C10 in rodent

brains.

Moreover, whilst this data suggests the potential for C10 to directly contribute to
seizure control and neuroprotection in experimental studies, how this may translate to
patients has yet to be investigated. In light of this, a C10-enriched MCT product, named
Betashot, was recently developed by nutritional company Vitaflo International Ltd, to
be used as a supplement to the MCT KD. The increased C10 content in the product
raises the potential for improved efficacy of the MCT KD. At the time of writing, a
feasibility study was launched, assessing the clinical biochemical effects of Betashot, as

well as compliance, tolerability and palatability, in adult and children epilepsy patients.
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Thus, in view of this, this thesis aims to further elucidate the in vitro neuronal effects
of C10 on mitochondrial content and function, including mitochondrial membrane
potential and cellular energy charge, and delineate the metabolic fate of C10 that leads
to its elevated levels in the brain. Understanding this may provide further insight into
how C10 may affect brain energy metabolism, as well as its impact on its mitochondrial
and anti-seizure targets. For these studies, the human neuroblastoma cell line SH-
SH5Y was utilised. A well-characterised cell line, SH-SY5Y cells possess a range of
biochemical, molecular and functional properties associated with neurons (Kovalevich
& Langford, 2013; Ross, Spengler, & Biedler, 1983; Xie, Hu, & Li, 2010), and are thus
frequently employed as experimental models in neurological studies. Whilst the use of
an immortalised cell line affords considerable practical advantages, cell lines are not
without their limitations, including differences in neuronal marker expression and the
lack of heterogeneity typically present in neuronal phenotypes (Audesirk, 2010),
therefore requiring careful interpretation of experimental data. These limitations may
potentially be addressed through numerous methods, such as differentiation of SH-
SY5Y cells to confer a more mature neuronal phenotype, the use of additional cell lines
in conjunction with SH-SY5Y, or culture of primary neurons. However, for this thesis,
undifferentiated SH-SY5Y cells were used to ensure consistency and comparability with
the work of Hughes et al. (2014), as well as to develop a more comprehensive
understanding of the effects of C10 within this model. In addition to examining the in
vitro effects of C10, this thesis also aims to evaluate the biochemical effects of the C10-
enriched MCT formulation Betashot in epilepsy patients, including f-hydroxybutyrate
levels, lipid profiles and acyl carnitine profiles, as well as develop a quantitative method

of analysis to assess MCFA plasma levels in participants.
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1.7 AIMS
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Since C10 exerts a range of pro-mitochondrial effects in neuronal cells, this
thesis aims to further characterise the effects of C10 on mitochondrial content
and function in human neuroblastoma SH-SY5Y cells, examining the effects of
treatment on the mitochondrial content marker citrate synthase,
mitochondrial membrane potential and cellular energy charge.

To understand how C10 may exert its effects within the brain, this thesis also
aims to determine the neuronal metabolic fate of C8 and C10, exploring in
detail the mitochondrial B-oxidation of the two MCFAs in SH-SY5Y cells.

With evidence suggesting that C10 may exert a range of potentially anti-
epileptic effects, C10-enrichment of MCT formulae may provide an effective
alternative to current mainstream MCT products. This thesis aims to evaluate
the biochemical effects of a C10-enriched MCT formulation, Betashot, on adult
and child epilepsy participants in a feasibility study. To aid analysis, this thesis
also aims to develop a quantitative GC-MS method to analyse and monitor

MCFA levels in the plasma of patients involved in the study.



CHAPTER 2

Materials and Methods
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2.1 MATERIALS

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (Poole, UK)
or from ThermoFisher Scientific (Paisley, UK). The human neuroblastoma cell line, SH-
SY5Y, was purchased from the European Collection of Cell Cultures (Public Health

England, Salisbury, UK).

2.2 TISSUE CULTURE

2.2.1 SH-SY5Y Cell Line

SH-SY5Y is a human neuroblastoma cell line, originally derived as a subline from the
SK-N-SH cell line. Established from a metastatic bone marrow biopsy in 1970, the
parental SK-N-SH line comprised two morphologically distinct cell types/phenotypes,
neuroblast-like and epithelial-like. The neuroblast-like cells were serially subcloned,

thrice, into SH-SY, SH-SY5 and eventually SH-SY5Y lines (Biedler et al., 1978).

Biochemically, SH-SY5Y cells exhibit a range of neuronal properties, and are known to
express activities for tyrosine hydroxylase and dopamine-B-hydroxylase, a trait
characteristic of catecholaminergic neurons (Biedler et al., 1978; Ross et al., 1983).
Moreover, they have also been found to be able to convert glutamate to the

neurotransmitter GABA.

Morphologically, SH-SY5Y cells are characterised by neuroblast-like cell bodies with
neurite-like projections, also expressing immature neuronal markers (Kovalevich &
Langford, 2013). However, with a number of methods, they can also be differentiated
into more mature neuron-like cells, defined by specific neuronal markers and
phenotypes. Cultures of undifferentiated SH-SY5Y cells contain both adherent and

suspension cells. However, for the purpose of this thesis, only adherent cells were used.
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Furthermore, loss of neuronal characteristics has been described with increasing
passage numbers. Therefore, use of cells was also limited to passages 20-24 for all

experimental procedures.

FIGURE 2.1 SH-SY5Y human neuroblastoma cells under a light

microscope.

2.2.2 Cell Recovery and Seeding

Frozen cells were thawed rapidly at 37°C and immediately transferred to a falcon tube
containing 9ml complete growth medium, comprised of 1:1 DMEM/F12 media,
containing 17.5mM glucose and supplemented with 100ml/L heat-inactivated foetal
bovine serum (FBS) and 10ml/L 200mM L-glutamine. Cells were gently mixed in the
medium, before centrifugation at 500xg for 4 minutes. The cell suspension was
removed and cells were resuspended in fresh growth medium, before transfer to a T75
flask. All cells were maintained in a humidified atmosphere at 37°C and 5% CO,. The

next day, the medium was changed to remove traces of dimethyl sulfoxide (DMSO)
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present from the freezing medium. Cells were left to grow until 80-90% confluency

before subculture.

2.2.3 Cell Subculture

Cells were subcultured by removing growth medium and gently washing with
10ml/flask Mg?*/Ca**-free Dulbecco’s phosphate-buffered saline (DPBS). The DPBS
was removed and the cells then lifted with 2ml 0.25% trypsin-EDTA, before suspension
in 8ml complete growth medium to inactivate the trypsin. This cell suspension was
then centrifuged in a falcon tube for 4 minutes at 500xg. After removing the
supernatant, the cells were suspended in a known volume of fresh medium and
counted using Trypan Blue exclusion, testing for viability. A known volume of the cell
suspension was mixed 1:1 with 0.4% Trypan Blue solution and counted with a Bio-Rad
TC20™ Automated Cell Counter (Hemel Hempstead, UK). Cells were then seeded at a
density of 5-10 x 10 cells/cm? in either T25 or T75 flasks and made up to a final volume
of 5-10ml with fresh growth medium. Cells were cultured until 80-90% confluent at

37°C and 5% CO,, refreshing medium every 2-3 days.

2.2.4 Cell Cryopreservation

Cells at low passage number were frequently cryopreserved and stored for future use.
Confluent cells were passaged as described above. However, after counting, cells were
centrifuged for 4 mins at 500xg and the supernatant discarded. The cell pellet was then
suspended in a known volume of cold Gibco™ Recovery™ Cell Culture Freezing
Medium and stored in 1ml aliquots in cryovials containing approximately 1 x 10°
cells/ml. Cells were then frozen immediately at -80°C in a Mr Frosty™ Freezing
Container (Fisher Scientific UK Ltd, Loughborough, UK) and left overnight. After 24h,

the cells were then transferred into liquid nitrogen for long-term storage.
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2.2.5 Mycoplasma Testing

Mycoplasma infections are a frequent issue in tissue culture and can cause a myriad of
problems, from interference with cell function and gene expression to cell growth and
survival (Drexler & Uphoff, 2002). Resistant to antibiotics, Mycoplasma are also
undetectable by the naked eye, requiring routine testing for infection. SH-SY5Y cells
were periodically tested for Mycoplasma contamination using the MycoAlert™
mycoplasma detection kit (Lonza, Slough, UK), following manufacturer instructions.
The test kit detects Mycoplasma through a luminescence assay, that exploits the
reaction of mycoplasmal enzymes with MycoAlert substrate to catalyse the conversion
of ADP to ATP, with changes in ATP levels used to indicate Mycoplasma

contamination.

Cells were tested once deemed confluent, prior to subculture, with medium unchanged
for at least 48h prior to testing. Without touching the cell monolayer, 1ml of culture
medium was removed from flasks and transferred to a sterile microtube. The sample
was centrifuged for 3 mins at 500xg and 100l supernatant was transferred to a flat
clear-bottom 96-well plate with opaque white walls. MycoAlert buffer (100pl) was
utilised as a negative control, whilst 100ul positive control, provided by the kit, was
also added to the plate. To each well, 100ul MycoAlert reagent was added, which had
been previously reconstituted and equilibrated in the assay buffer provided as per
manufacturer instructions. Samples were incubated for 5 mins at room temperature,
before measuring luminescence with a 1 second integrated reading on an Infinite F200
PRO plate reader (Tecan, Mannedorf, Switzerland). This measurement was deemed
Reading A. To the same wells, 100pl reconstituted MycoAlert substrate was added,
with samples incubated for 10 mins at room temperature. A final luminescence

reading, denoted Reading B, was measured and the ratio of luminescence detected at
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Reading B to Reading A was calculated. This ratio was then utilised to determine

mycoplasma infection based on the range provided by the manufacturer.

2.3 CELL TREATMENT

2.3.1 SH-SY5Y Treatment with C8 and CI10

Stock solutions of 50mM C8 and C10 were prepared in DMSO, sterile-filtered and
stored in aliquots at -20°C. Cells were passaged as previously described and seeded at
5 x 10° cells/cm? in T25 flasks. They were then treated with 5ml complete growth
medium, containing 25ul of either vehicle control DMSO, C10 or C8. Cells were
incubated for 6 days, with day of seeding considered day 0. Treatment medium was

refreshed every two days. Cells were harvested on day 6 as described below.

2.3.2 Cell Harvesting

To harvest cells for analysis at the end of experimental procedures, cells were washed
with 5ml DBPS and lifted with 1ml 0.25% trypsin-EDTA. The cells were suspended in
5ml fresh culture medium, centrifuged for 4 minutes at 500xg and the supernatant
removed. Without breaking the pellet, the cell pellet was gently washed once with 2-
3ml DPBS and the DPBS removed. The pellet was then suspended in a known volume
of cold protein isolation buffer, composed of 320mM sucrose, 10mM Tris and 1mM
EDTA in Milli-Q water (pH 7.4). The cell suspension was divided into two aliquots
where necessary, for enzymatic assays and protein quantification. Samples were

immediately frozen in dry ice and then stored at -80°C until further analysis.
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2.4 CITRATE SYNTHASE ACTIVITY ASSAYS

2.4.1 Principle

Citrate synthase (EC 4.1.3.7) is a mitochondrial enzyme that catalyses the first step of
the TCA cycle, the condensation of acetyl CoA with oxaloacetate to produce citrate and
free CoA (CoA-SH). Located in the mitochondrial matrix (Marco et al., 1974), citrate
synthase activity can be utilised as a biochemical measure of mitochondrial content
(Hughes et al., 2014; Jacobs et al., 2013; Larsen et al., 2012), and is used as a validated
diagnostic marker in accredited mitochondrial services in the NHS. The activity of the
enzyme can be determined using a colorimetric method described by Shepherd and
Garland (1969), which measures the reaction between CoA-SH, generated from citrate
synthase enzyme activity, and the reagent 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB
or Ellman’s reagent) (Shepherd & Garland, 1969). This produces 5-thio-2-
nitrobenzoate (TNB) (Figure 2.2), a by-product with an absorbance at 412nm and an

absorbance intensity proportional to citrate synthase enzyme activity.

Citrate Synthase
Acetyl CoA + Oxaloacetate —» Citrate + CoA-SH + H* + H,0

CoA-SH + DTNB I TNB + CoA-S-S-TNB

FIGURE 2.2 Citrate synthase assay reaction. CoA-SH produced from the
reaction between acetyl CoA and oxaloacetate, catalysed by citrate synthase,
reacts with DTNB to produce the yellow by-product TNB, which is then measured

spectrophotometrically.

2.4.2 Citrate Synthase Activity in SH-SY5Y Cells

Citrate synthase (CS) enzyme activity was assessed using an Uvikon XL
spectrophotometer (Secomam, Ales, France). Assays were carried out at 37°C and

samples were assayed in duplicate. CS assay buffer (100mM Tris, 0.1% v/v Triton X-
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100, in Milli-Q water, pH 8.0), was warmed to 37°C and kept at that temperature
throughout the duration of the procedure. A stock of 10mM acetyl CoA was prepared
in Milli-Q water, aliquoted and stored at -20°C until use, during which aliquots were
thawed at room temperature and then kept in ice. Prior to each experiment, 20mM

DTNB and 20mM oxaloacetate were freshly prepared in Milli-Q water and kept in ice.

To 1.5ml polystyrene cuvettes, 10ul acetyl-CoA and 10ul DTNB were added. Cell
samples were thawed at 37°C and diluted appropriately with protein isolation buffer,
before adding 20pl of the diluted sample to cuvettes. Samples were immediately frozen
in dry ice after use. To sample cuvettes, 950pl citrate synthase assay buffer was added,
with 960pl added to reference cuvettes. Samples were blanked to reference cuvettes
containing the cell sample and all reagents, except for oxaloacetate. Reagents were
mixed in the cuvettes by inversion and baseline citrate synthase activity was measured
in each sample for 3 minutes at 412nm. Once determined, the reaction was started by
adding 10pl of oxaloacetate to sample cuvettes and inverting each cuvette to mix.
Sample absorbance was measured immediately afterwards for 10 minutes at 30 second
intervals, with samples assayed in duplicate. CS activity was calculated using the Beer-
Lambert law (Equation 2.1) and expressed in nmol/min/mg, normalised to protein
content in each sample. Normalising CS activity to protein content takes into
consideration that enzymes are proteins, but also provides a standardised approach
measurable against publications (De Vogel-Van Den Bosch et al.,, 2011; Gegg et al.,
2010; Hughes et al., 2014; Kanabus et al., 2016; Kudin et al., 2002) and the procedures
employed in specialist NHS-accredited laboratories that support the NHS Highly

Specialised Service for Rare Mitochondrial Disorders.
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EQUATION 2.1 Beer-Lambert law. CS activity was calculated using the Beer-
Lambert law, where AA = change in absorbance, € = extinction coefficient of TNB

(13,600 M"' ¢m™'), I = path length (Icm) and Ac = enzyme activity in mole/min/L.

Pooled control SH-SY5Y cell samples were used to generate quality control (QC)
samples for CS activity within the working range of the assay, with enzyme activity
cross-validated at the Neurometabolic Unit, National Hospital for Neurology and
Neurosurgery. CS activity of QC samples were determined prior to each assay of

experimental samples, with control limits set as the mean + 2SD (CV 4.85%).

Linearity of CS activity to protein content was also determined in SH-SY5Y cells to
validate the assay, consistent with practice employed in NHS-accredited laboratories.
A control sample with a known protein concentration was serially diluted in protein
isolation buffer and the CS activity of each dilution was measured. CS activity was
found to strongly correlate with protein content (r* = 0.9988) in the concentration

range used (Figure 2.3).
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FIGURE 2.3 Linearity between citrate synthase (CS) activity and protein
concentration in a typical SH-SY5Y cell sample. A typical control SH-SY5Y
sample was serially diluted in protein isolation buffer and the CS activity of each
dilution was determined. Linear regression analysis showed a strongly linear

relationship between CS activity and protein content in cells (r> = 0.9988).

2.4.3 Citrate Synthase Activity in White Blood Cells

White blood cell pellets were obtained from anonymised surplus patient samples from
Chemical Pathology, Great Ormond Street Hospital, and stored at -80°C until use. The
method described above was used to determine CS activity in white blood cell samples,
with cell samples diluted appropriately in Milli-Q water. QCs comprised of pooled
white blood cell samples were generated and cross-validated as described above. CS
activity of QC samples was determined prior to each assay of experimental samples,
with control limits set as the mean + 2SD (CV 6.04%). A reference range for CS activity
in WBCs was established from 17 samples from patients with no evidence for alteration
in mitochondrial function or diagnosis of epilepsy, with activities ranging from 102-

242 nmol/min/mg (mean + 2SD).
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Linearity of CS activity to protein content in white blood cells was measured with a
control sample of known protein concentration, as described above. CS activity was
found to be highly linear with protein content (r? = 0.9955) in the concentration range

used (Figure 2.4).
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FIGURE 2.4 Linearity between citrate synthase (CS) activity and protein
concentration in a typical white blood cell sample. A typical control patient
white blood cell sample was serially diluted in Milli-Q water and the CS activity
of each dilution was determined. Linear regression analysis showed a strongly

linear relationship between CS activity and protein content in cells (r> = 0.9955).

2.5 TOTAL PROTEIN QUANTIFICATION

2.5.1 Principle

Total protein content of cells was quantified using the Bradford assay. Based on a
method developed by Bradford (1976), the assay relies on a colorimetric shift observed
when Bradford Reagent, containing the dye Coomassie Brilliant Blue G-250, is added
to protein samples. In acidic solutions, Coomassie Brilliant Blue G-250 exists in a red-
brown cationic form, which converts to a stable blue anionic form when it binds to
proteins, primarily interacting with arginine, whilst also binding other basic and

aromatic amino acid residues to an extent (Bradford, 1976; Compton & Jones, 1985).
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This visible colour change is accompanied by a shift in absorbance maximum from

465nm to 595nm, with the protein-dye complex detected at 595nm.

2.5.2 Bradford Assay

A stock solution of 0.2mg/ml bovine serum albumin (BSA) was prepared in Milli-Q
water, aliquoted and frozen at -20°C for up to 6 months. Cell samples were assayed
against a BSA standard curve, generated from diluting the stock solution in Milli-Q
water, at a range of 0-200pg/ml. To a clear flat-bottom 96-well plate, 20ul of BSA
standards were added in duplicate. Milli-Q water was used for blanks. A known volume
of cell sample was transferred to a fresh microtube and frozen in dry ice, followed
immediately by thawing at 37°C. This freeze/thaw process was repeated three times.
The sample was diluted appropriately in Milli-Q water and 20pl of diluted sample was
then added in triplicate to the 96-well plate. Bradford Reagent was warmed to room
temperature and 180l of the reagent was added to each well. Samples and reagents
were gently mixed together, prior to incubating at room temperature for 5 minutes.
Absorbance was then measured at 595nm in an Infinite F200 PRO plate reader and
final readings utilised to determine sample protein concentration alongside the

generated standard curve (Figure 2.5).
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FIGURE 2.5 Typical BSA standard curve with the Bradford protein assay.

2.6 FLOW CYTOMETRY FOR MITOCHONDRIAL MEMBRANE
POTENTIAL

2.6.1 Principle

The mitochondrial membrane potential of SH-SY5Y cells was measured using
tetramethylrhodamine ethyl ester (TMRE), a cationic fluorescent dye that readily
accumulates in the active mitochondria of live cells. A lipophilic compound, TMRE is
taken up into the mitochondrial matrix due to its charge and solubility and equilibrates
across the inner mitochondrial membrane in a Nernstian manner (Perry et al., 2011).
It accumulates in the mitochondrial matrix inversely to the negatively charged
mitochondrial membrane potential, with greater uptake observed in mitochondria
with more polarised mitochondrial membrane potential (hyperpolarisation), whilst
mitochondria with decreased membrane potential (depolarisation) exhibit lower
uptake of TMRE. Consequently, changes in mitochondrial membrane potential can be

detected with the dye using flow cytometry.
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Flow cytometry is an analytical tool that utilises lasers to measure the characteristics
of cells and their components, and is capable of measuring a vast number of parameters
simultaneously within a single cell. Lasers are used to excite fluorochromes, such as
TMRE, that are bound to or associated with cellular components, and the fluorescence
intensity measured. Cell suspensions of stained cells are injected into the flow chamber
of the flow cytometer, where sheath fluid is used to hydrodynamically focus the
suspension into a single-file stream of cells. As the cells flow through the stream, they
intercept a laser beam, one cell at a time, scattering light and emitting fluorescence.
The scattered light is collected by two detectors that measure forward scatter (FSC)
and side scatter (SSC), with FSC correlating with cell size and SSC with cell structure
and granularity. Differences in FSC and SSC can be used to distinguish different
populations of cells. Fluorescence emitted by the excited fluorochromes is also
detected simultaneously, when positively stained cells pass through lasers with a
corresponding excitation wavelength. Scattered light and fluorescence emission are
channelled through a series of filters and mirrors that direct specific wavelengths of
emitted light to specified optical sensors called photomultiplier tubes (PMTs). PMTs
convert the detected light into electrical signals, or events, which are then processed

digitally into a measurable readout (Figure 2.6).
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FIGURE 2.6 Schematic of a flow cytometer. Upon excitation, cells stained
with fluorochromes emit fluorescence, which then passes through a series of
dichroic mirrors, which reflects specific wavelengths of light to a PMT and lets the
remaining light pass through. The reflected light then crosses through a bandpass

filter which only allows wavelengths within a certain range to transmit to the PMT.

For the purpose of measuring changes in mitochondrial membrane potential, a BD
FACSCalibur™ flow cytometer (BD Biosciences, San Jose, CA, USA) was used. TMRE
has excitation/emission wavelengths of 549/575nm and is excited by the blue argon
laser (488nm), emitting a red-orange fluorescence that can be detected by the PMT in
the FL2 (585/42nm) channel. To confirm accurate interpretation of changes in TMRE
fluorescence and determine the validity of the TMRE concentration used,
pharmacological controls were utilised to examine bidirectional changes in
mitochondrial membrane potential. Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP) is a lipid-soluble ionophoric oxidative

phosphorylation uncoupler. A weak acid, it transports protons across the inner
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mitochondrial membrane (Benz & McLaughlin, 1983), before leaving as an anion (Lee
& O’Brien, 2010), disrupting the proton gradient and dissipating the mitochondrial
membrane potential. Conversely, the antibiotic oligomycin A can be used to
demonstrate hyperpolarisation of the mitochondrial membrane potential. It acts by
binding to the Fo subunit of ATP synthase, blocking the proton channel and thereby
inhibiting proton translocation into the mitochondrial matrix (Lee & O’Brien, 2010),
resulting in increased polarisation of the mitochondrial membrane potential. Thus,

FCCP and oligomycin A can be used to either decrease or increase TMRE staining.

Finally, dead cells often bind non-specifically to fluorochromes, generating artefacts
and false positive results. TO-PRO®-3 Iodide is a carbocyanine monomer, impermeant
to live cells, that specifically stains nucleic acids (Bink et al., 2001) and can be used as
a viability dye to differentiate live and dead cells. With excitation/emission
wavelengths of 642/661nm, it emits a far-red fluorescence that can be detected on the
FL4 (661/16nm) channel on the FACSCalibur, allowing complete separation of

fluorescence from TMRE.

2.6.2 Reagent Preparation

A stock solution of 100pM TMRE was prepared in DMSO, aliquoted and stored,
protected from light, at -20°C for up to 3 months. FCCP and oligomycin A were also
prepared as 10mM and 1mM stock solutions, respectively, in DMSO before being
aliquoted and stored away from light at -20°C. Staining buffer was prepared from sterile
phenol red-free Hank’s Balanced Salt Solution (HBSS), containing magnesium and
calcium chloride, and 2% FBS. Staining buffer was stored at 4°C for up to 1 month. A

pre-purchased 1mM stock solution of TO-PRO-3 iodide in DMSO was diluted to a 1uM
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working stock solution in staining buffer. This 1uM stock solution was then aliquoted

and stored at -20°C, protected from light, until further use.

2.6.3 Flow Cytometry Sample Preparation

The final concentration of TMRE used was optimised through flow cytometry analysis,
and selected for the concentration that provided an adequate fluorescence signal
without quenching. To further validate this and to determine that changes in TMRE
can be interpreted as predicted, cells were pre-treated with the pharmacological
controls FCCP and oligomycin A prior to TMRE staining. For pharmacological control
testing, SH-SY5Y cells were seeded in T25 flasks, as described in Sections 2.2.2 and
2.3.1, and grown until confluent. Once confluent, medium was removed and cells were
washed with 5ml DPBS. Cells were then treated with 5ml HBSS containing a final
concentration of either 1ul/ml vehicle DMSO, 10uM FCCP or 1pM oligomycin A
(Schneider et al., 2011). Cells were incubated for 10 mins at 37°C and 5% CQ,, after
which cells were removed and washed with 5ml DPBS. The DPBS was then removed
and the cells lifted with 1ml 0.25% trypsin-EDTA, and the trypsin inactivated with 5ml
complete growth medium. Cells were then transferred to a falcon tube and counted as
described in Section 2.2.3, prior to centrifugation for 4 mins at 500xg. After removing
the supernatant, the cell pellet was gently washed with DPBS and then suspended in
Iml pre-warmed staining buffer. Based on the cell count of each sample, a volume of
cell suspension containing 100,000 cells was transferred to fresh microtubes. The cells
were then centrifuged for 1 min at 8000xg. The staining buffer was gently removed and
the cells resuspended in 200pl pre-warmed staining buffer containing a final
concentration of 500nM TMRE, to ensure consistent staining of cells. Cells were then
incubated for 15 mins at 37°C and 5% CO,, protected from light. After incubation, the

cell suspensions were centrifuged once more for 1 min at 8000xg, and the supernatant
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removed. Cell pellets were gently washed, and then resuspended in 100pl staining
buffer containing a final concentration of 50nM TO-PRO-3 iodide. Samples were kept
on ice, protected from light, and immediately transferred to the FACSCalibur for

analysis.

Cells treated with C8 and C10 were handled in a similar manner as described above.
However, following trypsination, cells were suspended in 10ml complete growth
medium and halved into two separate aliquots, with one aliquot of cells harvested as
described in Section 2.3.2 for CS activity analysis, as outlined in Section 2.4.2, and the
other aliquot counted and processed for TMRE staining and mitochondrial membrane

potential analysis.

2.6.4 Flow Cytometry Data Acquisition and Analysis

TMRE-stained cells were transferred either to a round-bottom 96-well plate or round-
bottom polystyrene tubes for analysis on the FACSCalibur. Control cells, treated with
TO-PRO-3 iodide alone, were also analysed alongside TMRE-stained samples to
account for cellular autofluorescence. As previously highlighted, the FACSCalibur flow
cytometer contains a blue argon laser with a 488nm wavelength, as well as a red diode
laser with a wavelength of 635nm. TMRE fluorescence emission was analysed via the
FL2 channel, containing a 585/42nm band pass filter, whilst TO-PRO-3 iodide
fluorescence was measured via the FL4 channel, with a 661/16nm band pass filter. FSC
and SSC data were also measured from each sample. BD CellQuest™ Pro software (BD
Biosciences, San Jose, CA, USA) was used to optimise flow cytometer detection
parameters and for data acquisition. Live cells were distinguished from dead cells using
TO-PRO-3 iodide staining, and used to collect 10,000 live events. Data was then

analysed using FlowJo v9 software (Tree Star, Inc., Ashland, OR, USA), with median

89



fluorescence intensity in live cells determined for each treatment. For C8- and C10-
treated cells, median fluorescence intensity was then normalised against the
corresponding CS activities to account for potential differences in mitochondrial

content between cells.
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FIGURE 2.7 Typical flow cytometry pseudocolour plot and histogram of
TMRE-stained SH-SY5Y cells. The pseudocolour plot, obtained from control
cells, shows all detected events plotted against FSC and SSC. The histogram
represents a set of cells from an individual experiment treated with FCCP and
oligomycin. The shift in peaks indicates the direction of change in fluorescence,
with FCCP-treated cells showing a decrease in fluorescence and oligomycin-

treated cells showing an increase in fluorescence compared to the control.
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FIGURE 2.8 Change in TMRE median fluorescence intensity of SH-SY5Y
cells treated with FCCP and oligomycin. Cells treated with 10pyM FCCP and
IpyM oligomycin and stained with TMRE showed a shift in median fluorescence
intensity, indicating changes to mitochondrial membrane potential. FCCP
depolarised and oligomycin hyperpolarised the mitochondrial membrane potential
under these conditions. Data represents mean * SEM of three individual

experiments (n=3).

2.7 MEASUREMENT OF ENERGY CHARGE BY HPLC

2.7.1 Principle

The energy charge is a measure of the energetic state of cells, based on the ratio of ATP
to ADP and AMP present in the cellular adenylate pool (Atkinson, 1968), and is defined

by the following equation:

[ATP] + 0.5[ADP]
[ATP] + [ADP] + [AMP]

EQUATION 2.2 Cellular Energy Charge

To determine these ratios, ATP, ADP and AMP levels were measured using reversed
phase high-performance liquid chromatography (HPLC), coupled to a fluorescence

detector. Reversed-phase HPLC is an analytical chromatographic technique capable of

91



separating and quantifying mixtures of compounds, based on surface hydrophobicity
(Boone & Adamec, 2016; Canene-Adams, 2013). It relies on the use of a nonpolar
stationary phase, upon which analytes adsorb to, and a polar mobile phase to separate
them. The stationary phase is generally composed of a silica column packed with alkyl
chains, typically C18 in length (Boone & Adamec, 2016). Analytes are separated
according to polarity, with non-polar compounds adsorbing more readily to the
stationary phase than polar compounds, resulting in longer retention times. Following
separation, the analytes can then be detected by a detector, which converts the signals
into an electrical output that is generated into a chromatogram by the data system. For
the measurement of adenine nucleotides, a fluorescence detector was utilised due to
its sensitivity at detecting very low sample levels (Swartz, 2010). Fluorescence
detectors measure fluorescence emission from analytes following excitation at a high
energy wavelength and can therefore be used to detect compounds that are
autofluorescent or have been modified to fluoresce. To detect the adenine nucleotides,
the compounds were derivatized with chloroacetaldehyde to produce fluorescent 1,N°-
ethenoderivatives. This reaction forms an etheno bridge on the purine ring of the
adenine group, between the 1* nitrogen and the amino group nitrogen on carbon 6, as
represented in Figure 2.9, and is specific to adenines and cytidines (Kochetkov,
Shibaev, & Kost, 1971). Adapted from Bhatt et al. (2012), this method was further

developed and validated by Dr Simon Eaton and Dr Michael Orford.
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Figure 2.9 Derivatization of adenine purine ring with chloroacetaldehyde.
The reaction forms an etheno bridge between N' and the amino group nitrogen
on C¢, resulting in a fluorescent ethenoderivative that can be detected via a

fluorescence detector.

2.7.2 Reagent Preparation

For sample extraction, 1M perchloric acid was prepared by diluting 70% perchloric acid
(BDH Chemicals, VWR, Lutterworth, UK) in Milli-Q water, and stored at 4°C to
maintain the cold temperature necessary for extraction. A solution of 0.5M potassium
hydrogen carbonate (KHCOs) in 1M potassium hydroxide (KOH) (BDH Chemicals,
VWR, Lutterworth, UK) was also prepared in Milli-Q water for sample processing, and
stored at room temperature. For derivatization, 1M sodium acetate (VWR,
Lutterworth, UK) was prepared in Milli-Q water and the pH adjusted to 4.5 with acetic
acid, before storing at room temperature. These reagents were stored in these
conditions for up to 3 months. A 4M solution of chloroacetaldehyde (CAA) was
prepared in Milli-Q water and stored at room temperature for up to one week. If
discolouration was observed prior to that, the solution was discarded and prepared
from fresh. The HPLC mobile phase consisted of two buffers, Mobile Phase A and
Mobile Phase B. Mobile Phase A was prepared from 0.2M potassium phosphate (VWR,
Lutterworth, UK) in Milli-Q water, with pH adjusted to 5.0 with KOH. Mobile Phase B

was composed from 0.2M potassium phosphate (pH 5.0) with 10% acetonitrile (Fisher
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Scientific UK Ltd, Loughborough, UK), with pH adjusted as previously described for

Mobile Phase A.

2.7.3 Sample Treatment and Extraction

Cells were seeded at a density of 5 x 10’ cells/cm? in 6-well plates and treated with
DMSO, C8 and C10 as specified in Section 2.3.1. At the end of treatment, on day 6,
medium was removed and cells were quickly washed with 1ml DPBS. The plate was
immediately placed on ice and 1ml ice cold 1M perchloric acid was added directly to
each well. Cells were then scraped and transferred to microtubes, and the cell extracts

frozen at -20°C until processing.

To process the samples, 250pl of the cell extract was transferred to a new microtube,
and 200pu1 0.5M KHCOs in 1M KOH was added. Samples were vortexed and centrifuged
for 5 mins at 13,000xg to remove precipitated proteins and potassium perchlorate. The
supernatant was collected to a new microtube with 100pl transferred to a glass vial for
derivatization. The remaining supernatant was stored at -20°C for future use if

necessary.

2.7.4 Derivatization and HPLC Analysis

For derivatization, 100pl 1M sodium acetate (pH 4.5) and 10ul 4M CAA were added to
the glass vial containing 100pl of supernatant. After thorough mixing, the samples were
heated for 40 mins at 60°C. At the end of incubation, samples were immediately placed
on ice for 5 mins to stop the reaction, before being transferred to the HPLC

autosampler tray, pre-cooled to 4°C, for analysis.
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Reversed-phase HPLC analysis was carried out in a JASCO Automated HPLC System
(JASCO UK Ltd., Great Dunmow, UK), comprised of an AS-950 Intelligent Sampler,
PU-1580 Intelligent HPLC Pump, CO-1560 Intelligent Column Thermostat, DG-1580-
53 3-Line Degasser and MD-1510 Multiwavelength Detector, coupled to a PC for

analysis.

After loading to the autosampler tray, 20pul of sample was injected into a Hypersil™
ODS C18 column (3pm particle size, 150mm column length, 4.6mm 1.D), with the
column thermostat set to 25°C. The mobile phase flow rate was set to 0.8ml/min, with

the gradients outlined in Table 2.1 utilised for sample runs, lasting 37 mins each.

TABLE 2.1 HPLC mobile phase gradients applied to each sample run.

0 100 0
31 89 I
36 80 20
37 100 0

Detection with the fluorescence detector was set to 290nm excitation and 415nm
emission. Data was collected and analysed with EZChrom Elite v3.17 software (Agilent
Technologies, Santa Clara, CA, USA). Peak integration from the generated
chromatograms was then utilised to calculate the energy charge of cells, using Equation
2.2. A typical chromatogram observed in control SH-SY5Y cells, displaying ATP, ADP

and AMP peaks, is exemplified in Figure 2.10.
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FIGURE 2.10 Typical HPLC chromatogram representative of ATP, ADP
and AMP levels in control SH-SY5Y cells. Each peak was integrated to obtain
peak area for each compound, which was then utilised to determine the energy

charge according to Equation 2.2.

2.8 STATISTICS

Results throughout this thesis are expressed as the mean + SEM. Unless otherwise
stated, statistical analyses for two groups were performed using an unpaired Student’s
t-test. For multiple comparisons, statistical analysis was carried out with one-way
Analysis of Variance (ANOVA,) followed by a Tukey’s post-test, unless otherwise
stated. Statistical significance was considered when p<0.05. As these analyses are
parametric tests, they assume that the data analysed follow a Gaussian distribution.
The D’Agostino-Pearson Omnibus K2 test for normality was run prior to analysis to
determine that the data were not inconsistent with a Gaussian distribution. Where

skewness and kurtosis were detected, data were also transformed, with the

96



transformations utilised described where applicable. For patient data in Chapter 6,
repeated-measures ANOVA was also considered where data were matched between
treatments for the same patients and carried out where applicable. However, given the
nature of the study and continuous participant drop-out, unpaired measurements were
carried out for most datasets. Justification for the statistical analyses employed for this
data is further clarified in Section 6.3.8. All statistical analyses were performed using

the GraphPad Prism software (San Diego, CA, USA).
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CHAPTER 3

Effects of Decanoic Acid on Mitochondrial Citrate
Synthase, Mitochondrial Membrane Potential and
Energy Charge in SH-SY5Y Cells
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3.1 BACKGROUND

Mitochondrial dysfunction has been strongly implicated in epilepsy. Whilst an exact
causal relationship between seizure generation and mitochondrial dysfunction has yet
to be elucidated, targeting mitochondria may provide a useful avenue for the
development of neuroprotective therapies. Depressed mitochondrial respiration has
been implicated in seizure generation, with complex I deficiencies also linked to
mitochondrial epilepsies (Kanabus et al., 2016; Kanabus, Heales, & Rahman, 2014;
Rahman, 2012). Furthermore, ROS are speculated to contribute to seizure
development (Folbergrova & Kunz, 2012), as mitochondrial dysfunction can expose
cells to oxidative damage, leaving neuronal cells vulnerable to aberrant excitatory
activity and neurodegeneration. Likewise, epileptiform activity can also result in
mitochondrial damage through oxidative stress (Chang & Yu, 2010; Frantseva et al.,
2000; Waldbaum & Patel, 2010), resulting in a vicious and deleterious cycle of seizure

activity and mitochondrial dysfunction.

Previous work in this laboratory by Hughes et al. (2014) demonstrated the pro-
mitochondrial effects of C10, with its ability to increase complex I activity, catalase
activity and mitochondrial content. The latter, in particular, was found to be mediated
by PPARy, a nuclear receptor involved in mitochondrial biogenesis and regulation.
With C10 known to act as a PPARy ligand (Malapaka et al., 2012), the fatty acid may
play an underlying role in the increased mitochondrial biogenesis associated with the

MCT KD (Bough et al., 2006).

However, whilst improving mitochondrial function and increasing content may be
beneficial, the long-term impact and potential disadvantages of mitochondrial

accumulation have yet to be fully considered. Thus, with this thesis building on the
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work of Hughes et al. (2014), this chapter aims to further observe and evaluate the
effects of C10 on mitochondrial content in SH-SY5Y cells, as measured by citrate
synthase activity. Interestingly, at the commencement of this study, populations of SH-
SY5Y cells that differed by control citrate synthase activity were identified, including:
cells with levels comparable to the activities reported by Hughes et al. (2014), cells
with much higher control activities, and cells that exhibited intermediate values. The
effects of C10 treatment on mitochondrial content across these different levels of
control citrate synthase activity were assessed and the potential involvement of
mitophagy as an additional regulatory mechanism was also considered, with the use of
an inhibitor of mitophagy, Mdivi-1 (Cassidy-Stone et al., 2008; Kim et al., 2016; Rosdah

etal., 2016).

In addition to this, C10 effects on mitochondrial function were also explored within
this chapter. In view of the key role of mitochondrial membrane potential (AWy,) as an
indicator of mitochondprial function, with its involvement in oxidative phosphorylation,
the effects of C10 on AW, were evaluated. Interlinked with oxidative phosphorylation
capacity to generate ATP, AWy, is also closely associated with apoptosis and ROS
generation. Indeed, increased AWy, can lead to increased ROS (Zorova et al., 2017),
whilst oxidative damage of mitochondrial components, such as electron transport
chain complexes, can also result in depolarisation of AW, where prolonged dissipation
of AW, is capable of triggering apoptosis (Ly, Grubb, & Lawen, 2003). Thus, with C10
reported to increase catalase activity and brain antioxidant status (Hughes et al., 2014;
Sengupta & Ghosh, 2012; Sengupta, Ghosh & Bhattacharyya, 2014), measuring
potential changes in AW,, may provide further insight into the effects of C10 on
mitochondrial function. In conjunction with this, energy charge, a measure of the

energetic state of cells based on the adenylate system, was also assessed with C10
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treatment. Furthermore, as it is a major component of MCT oil in the MCT KD, the

effects of C8 on mitochondrial content and function were also examined alongside C10.

3.2 AIMS

* To determine the effects of C10 treatment on citrate synthase activity in SH-
SH5Y cells differing in control citrate synthase activities.

= To explore the regulatory mechanisms behind the effects of C10 treatment on
mitochondrial content.

= To investigate the effects of C8 and C10 on mitochondrial function, via AWy,

and cellular energy charge.

3.3 METHODS

3.3.1 Materials

All reagents were purchased as described in Section 2.1.

3.3.2 Cell Treatment with C8 and CI0

SH-SY5Y cells were cultured and treated as described in Section 2.3.1 in 6-well plates,
T25 or T75 flasks, where appropriate, at a cell density of 5 x 10° cells/cm?. Cells were
treated for 6 days with C8 or C10 at a final concentration of 250uM, with DMSO used
as a vehicle control. On day 6 of treatment, cells were harvested in a known volume of

protein isolation buffer, as described in Section 2.3.2.

3.3.3 Mitophagy Inhibition with Mdivi-|

To examine the role of mitophagy on the effects of C10, a mitochondrial fission

inhibitor, Mdivi-1, was used. Stock solutions of 2mM and 4mM of Mdivi-1 were
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prepared in DMSO and aliquoted prior to storage at -20°C. An additional stock solution
of 100mM C10 was also prepared and stored as outlined in Section 2.3.1. Various
treatment conditions were examined, including treating cells with Mdivi-1 alone and
in conjunction with C10. Cells were cultured in T25 flasks and treated with DMSO
vehicle control or 250uM C10 for 6 days, as described above. On days 4 and 5 of
treatment, cells pre-treated with either DMSO vehicle control or 250uM C10 were
subjected to treatment with Mdivi-1 alone or with C10 for 48h and 24h, with Mdivi-1
at a final concentration of 10uM. Total treatment volume was always maintained at
5pl/ml for all conditions. On day 6 of treatment, cells were harvested in 250pl protein

isolation buffer as outlined in Section 2.3.2.

3.3.4 Citrate Synthase Enzyme Activity Assay

Citrate synthase enzyme activity assays were carried out as described in Section 2.4.2

and normalised against protein content.

3.3.5 Protein Quantification

Protein content of samples was determined using the Bradford assay, as outlined in

Section 2.5.2.

3.3.6 Mitochondrial Membrane Potential Analysis with TMRE

Mitochondrial membrane potential was analysed in C8- and C10-treated cells by FACS
analysis using TMRE, as described in Section 2.6, with median fluorescence intensity

normalised against CS activity.
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3.3.7 Energy Charge Determination via HPLC

Cellular energy charge in C8- and C10-treated cells was determined by ATP, ADP and

AMP measurement via HPLC using the methods described in Section 2.7.

3.3.8 Statistical Analysis
All data were statistically analysed as described in Section 2.8. Linear regression
analysis and runs tests were also performed using GraphPad Prism 6. Data were

specifically transformed prior to analysis where necessary.

3.4 RESULTS
3.4.1 Differential Effects of CI0 on Citrate Synthase (CS)

Enzyme Activity

Studies have shown that C10 elicits increased citrate synthase (CS) activity in both
neuronal SH-SY5Y cells and fibroblast cells, after treatment for 6 days at a reported
concentration of 250puM (Hughes et al., 2014; Kanabus et al., 2016). The initial aim of
this study was to replicate these findings, and subsequently build on this observation
relating to effects upon CS activity. However, at the commencement of this study,
scrutiny of the control CS activity revealed distinctive populations of cells with widely
varying CS activities. Control CS activity measured was found to span a wide range of
values. Based on this, cells within the data set could be divided into approximately 2
populations. In one population, cells displayed CS activities comparable to those
reported by Hughes et al. (2014), whilst in another, cells were found to have much
higher control CS activities. In addition to these two groups, many cells also exhibited
CS activities that fell within the middle of this range. Overall, C10 treatment was found

to have no significant effect on CS activity (Figure 3.1A). However, upon examining the
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data in further detail, a differential effect of C10 on CS activity within these cells was
observed, with C10 treatment either increasing or decreasing CS activity. To further
analyse this observation, the data were divided into two separate groups based on
control CS activity. A CS activity of 130 nmol/min/mg was determined as a cut-off
point, based on the data published by Hughes et al. (2014) and documented in the PhD
thesis by Hughes (2014), where reported control CS activities were always below this
level. In 7 out of 20 experiments, control CS activity was observed to be below this cut-
off point. In these cells, C10 treatment was found to increase CS activity by an average
of 24+7 nmol/min/mg, the overall effect of which was statistically significant with a
paired analysis (*p<0.05) (Figure 3.1B). Conversely, in the remaining data sets (n=13)
(Figure 3.1C), where control CS activity was higher than the cut-off point, C10
treatment significantly decreased CS activity (**p<0.01) by a mean of 3219
nmol/min/mg, indicating that the effects of C10 on mitochondrial content may be
divergent. It is of note that the CS activities measured here were normalised to protein
content to take into consideration the nature of enzymes as proteins, and provide a
standardised approach measurable against the data published by Hughes et al., (2014)
and comparable to protocols employed in the literature (De Vogel-Van Den Bosch et
al,, 2011; Gegg et al., 2010; Kanabus et al., 2016; Kudin et al., 2002). In addition,
assessment of CS activity, employed as described here, is used as a validated
(accredited) marker of mitochondrial enrichment in the nationally commissioned

(NHS England) diagnostic service for mitochondrial disorders.
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FIGURE 3.1 CI0 treatment exerts a differential effect on CS activity in
SH-SY5Y cells. Cells treated for 6 days with 250uM CI0 displayed a differential
change in CS activity following treatment. These changes could be separated into
two separate groups. A) Overall, no significant changes in CS activity were found
with Cl0 treatment (n=20). B) Samples were separated into two groups based on
control CS activity, with 130 nmol/min/mg utilised as a cut-off point based on

Hughes et al. (2014). Here, samples with control activities below this cut-off (n=7)
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were analysed. Analysis with a paired Student’s t-test found that CI0 treatment
significantly increased CS activity in these cells (¥p<0.05). C) Samples with control
CS activities above the 130 nmol/min/mg cut-off point (n=13) were found to
exhibit a significant decrease in CS activity following Cl10 treatment (**p<0.01)
when analysed with a paired t-test. Data are represented as mean * SEM, obtained

from 20 independent experiments overall.

To further delineate the differential effects of C10, the role of cell control CS activity in
treatment outcome was also closely examined. Changes in CS activity following C10
treatment were compared to initial control levels in cells (Figure 3.2). Interestingly, a
strong linear effect was observed (r? = 0.6402, ***p<0.001), with changes in CS activity
following C10 treatment negatively correlating with control levels in control cells.
These changes in CS activity observed after C10 treatment were found to decrease as
control CS activity increased. C10 treatment also appeared to increase CS activity when
control levels were below a certain threshold, approximately determined as 138
nmol/min/mg by linear regression analysis. At this approximate threshold, cells
appeared to exhibit little to no change in CS activity with C10 treatment. Furthermore,
cells with control levels higher than this threshold generally exhibited decreased CS

activity following C10 treatment.
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FIGURE 3.2 The effects of CI0 on CS activity are dependent on initial
control CS activity levels. Linear regression analysis was performed and a
strong linear correlation was observed (r?=0.6402). CS activity increased with C10
treatment when control levels were below a certain threshold. Above this level,
CS activity was found to decrease with CI0 treatment. This threshold was
approximately determined as 138 nmol/min/mg, using the following equation of the
line (y = -0.78x+107.9). An F-stop test indicated that the slope was significantly
non-zero (¥**p<0.001), whilst a runs test was also performed to determine

deviation from the line, which was found to be non-significant.

With the data potentially suggesting a differential effect of C10 treatment on CS
activity, an attempt was made to calculate the ECso of C10 on CS activity, the
concentration that C10 is estimated to give a half-maximal response. In a pilot study,
SH-SY5Y cells were treated for 6 days with C10 at a range of concentrations up to
250pM and CS activity then measured. Dose-response curves were obtained and
compared from two independent experiments where an overall positive (n=1) and
negative (n=1) effect of C10 treatment were found. A dose-response effect appeared to
be observed in each of the experiments, with increasing concentrations of C10 either
sequentially raising CS activity (positive response) or reducing CS activity (negative
response) compared to the control. In the positive response dataset, control CS activity

was measured at 103 nmol/min/mg, rising to 149 nmol/min/mg following 250uM C10
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treatment, whilst in the negative response dataset, control CS activity was 155

nmol/min/mg, with 250puM C10 treatment reducing it to 89 nmol/min/mg.

To estimate the ECsp of C10, the data were first transformed by taking logio[C10] and
then plotting against normalised values of CS activity, designating 0% and 100% as
minimal and maximal responses for each dataset (Motulksy and Christopoulos 2004).
Sigmoidal curves were generated for each treatment response (positive response,
r’=0.9862; negative response, r’=0.8778), with each curve indicating opposite
treatment effects of C10. These were then used to estimate the ECso for both the
positive and negative responses to C10 treatment. Comparison of fits statistical analysis
suggested a model where logECso was found to be identical for each curve, as observed
by the intersection of the lines in Figure 3.3. With this assumption in mind, best-fit
ECso of C10 was estimated at 129uM for both positive and negative responses.
However, as these curves were generated from one replicate in each experiment, the

calculated ECso must be considered a preliminary estimate.
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FIGURE 3.3 Preliminary dose response curves for the differential effects
of C10 on CS activity. SH-SY5Y cells were treated for 6 days with 0-250pM C10
and CS activity measured. Data represent single points from one independent
experiment for each curve (n=1). Analysis of the dose response curves (positive
response r’=0.9862; negative response r’=0.8778) via comparison of fits suggested
that logECs, was the same for both positive and negative responses, with ECj,

estimated at 129.0uM.

3.4.2 Effects of C8 on Citrate Synthase Enzyme Activity

To determine if these effects were unique to C10, SH-SY5Y cells were treated with
250pM C8 for 6 days and CS activity was measured (Figure 3.4). No significant changes
in overall CS activity were observed following C8 treatment in these cells. Furthermore,
no apparent effects on CS activity were found within individual experiments,
suggesting that the ability of C10 to both increase and decrease CS activity in cells is

associated with C10 rather than C8.
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FIGURE 3.4 CS activity in SH-SY5Y cells following 250uyM C8 treatment
for 6 days. No significant changes in CS activity were found with C8 treatment.
Data are expressed as mean * SEM of || independent experiments (n=11). The
percentage change of CS activity following C8 treatment was also analysed (data
not shown), with a poor correlation determined (r’=0.0876) through linear

regression analysis.

3.4.3 Effects of Cl10 on Citrate Synthase Activity Following

Pharmacological Inhibition of Mitophagy with Mdivi- |

With the observed data suggesting a differential impact of C10 on CS activity, it was
hypothesised that mitophagy regulation may play a role in the effects of C10. To
understand the mechanisms underlying these effects, pharmacological inhibition of
mitophagy was considered. However, pharmacological approaches to inhibiting
mitophagy are limited. Whilst most commonly used inhibitors, such as bafilomycin A1l
and chloroquine, are effective at halting mitophagy, they are typically nonspecific and
inhibit general autophagic and lysosomal processes within cells (Georgakopoulos,
Wells, & Campanella, 2017; Tasdemir et al., 2008). Thus, with very few inhibitors
available to selectively block mitophagy without affecting autophagy, disrupting

mitochondrial fission may be used as an alternative approach.
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Mitochondrial fission is a key component of mitochondrial homeostasis, and facilitates
quality control by removing damaged mitochondria through mitophagy. Upon loss of
membrane potential, damaged mitochondria are subject to fission, generating small
daughter mitochondria which are then cleared via mitophagic processes, leaving
behind mitochondria with intact membrane potential. This process of fission is
regulated by the GTPase dynamin-related protein (Drpl), which polymerises into a
ring-like structure around the outer mitochondrial membrane that constricts to induce
mitochondrial fission (Rosdah et al., 2016). Loss of Drp1 function has been shown to
prevent mitophagy, suggesting that mitophagy may be dependent on prior
mitochondrial fission (Ikeda et al., 2015; Kageyama et al., 2014; Twig et al., 2008).
Mdivi-1 (mitochondrial division inhibitor-1) can be used to pharmacologically inhibit
mitochondrial fission. Mdivi-1 is a reversible selective inhibitor of Drpl that binds to
an allosteric site fundamental to its polymerisation, disrupting Drp1 self-assembly into
the ring structure for fission and consequently suppressing GTPase activity (Cassidy-

Stone et al., 2008).

In a preliminary study investigating the potential role of mitophagy, SH-SY5Y cells
were treated with 250puM C10 and vehicle control for 6 days, with and without 10pM
Mdivi-1 treatment for 24h and 48h. The concentration used and duration of treatment
with Mdivi-1 was based on publications that utilised SH-SY5Y cells (Gan et al., 2014;
Park et al., 2015; Saez-Atienzar et al., 2014; Solesio et al., 2012), and CS activity was
examined following treatment. No significant changes in CS activity were observed
with all treatments, including with C10 alone (Figure 3.5). Further examination of
individual replicate data suggested differences in control CS activity, and thus some

variability in response to C10 treatment (data not shown). However, the lack of effect
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observed with both 24h and 48h Mdivi-1 treatments indicates that the inhibitor may

have been ineffective in these cells at the concentration and treatment length used.
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FIGURE 3.5 CS activity in SH-SY5Y cells following 6-day treatment with
250uM CI10, 24h 10pM Mdivi-1 alone or with C10, and 48h 10pM Mdivi-|
alone or with C10. No significant changes in CS activity were found with all
treatment conditions. Data are expressed as mean * SEM of 3 independent

experiments (n=3).

3.4.4 Effects of C8 and ClI0 on Mitochondrial Membrane
Potential (AWm)

Mitochondrial membrane potential (AWy,) can be used an indicator of mitochondrial
and cellular function. To examine the effects of C10 on mitochondrial function, the
mitochondrial membrane potential (AW.,) of cells treated with 250puM C10 for 6 days
was assessed. Given the role of C8 in the MCT KD as a component of MCT oil, the
effects of 250uM C8 treatment were also investigated and compared to C10. Using the
AW -dependent fluorescent probe tetramethylrhodamine ethyl ester (TMRE), changes

in AW, were measured by flow cytometry. A lipophilic cation, TMRE is readily
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sequestered by mitochondria and accumulates inversely to AW, according to the
Nernst equation (Perry et al., 2011). The more polarized mitochondria are, the more
the dye will accumulate in the mitochondrial matrix, whilst depolarization of
mitochondria results in less dye accumulation. This translates directly into

fluorescence emitted by the probe.

The median fluorescence intensity was measured for each treatment, and the values
then normalised to citrate synthase activity (nmol/min/ml) to account for differences
in mitochondrial content. As an enzyme exclusive to mitochondria, CS activity was
used as a measure of mitochondrial content, as validated in the literature (Hughes et
al., 2014; Jacobs et al., 2013; Larsen et al., 2012) and in accordance with practice in
Highly Specialised NHS-accredited laboratories for mitochondrial services. C10
treatment was found to significantly increase AW, in these cells (*p<0.05) (Figure 3.6),
potentially indicating improved mitochondrial function in these cells. Conversely, C8
treatment did not result in any significant changes to AW, when compared to the

control, with overall AW, found to be similar to that of control cells.
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FIGURE 3.6 The effects of C8 and CI0 treatment on mitochondrial
membrane potential (AW,) in SH-SY5Y cells. No significant changes to AW,
were found with 250pM C8 treatment, whilst a significant increase in AW was
observed with 250pyM CI10 (*¥*p<0.05). Data are expressed as mean +* SEM of 6-9

independent experiments (n=6-9).

3.4.5 Energy Charge in C8- and Cl10-treated Cells

Maintaining a high ratio of ATP:ADP and ATP:AMP is of critical importance to cell
health. Energy charge (also known as adenylate charge) can be used as a linear measure
of the energetic state of cells, reflecting the levels of ATP, ADP and AMP present.
Expressed as a ratio ranging from 0-1.0, a system that contains only ATP in its
adenylate pool will have an energy charge of 1.0, whilst a fully discharged system
containing only AMP will have a charge of 0 (Atkinson, 1968; Hardie & Hawley, 2001).
Most cells will express an energy charge of 0.8-0.95. The energy charge of cells treated
with 250pM C8 and C10, for 6 days, was assessed using HPLC (Figure 3.7). Mean
energy charge for each treatment was calculated as 0.93+0.005 in control cells,
0.93+0.002 in C8-treated cells and 0.92+0.004 in C10-treated cells, with no significant
changes in energy charge found with both C8 and C10 treatments compared to the

control. This indicates that neither C8 nor C10 affect the overall ratios of ATP to ADP
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and AMP in cells. Other work on SH-SY5Y cells has shown that 48h rotenone treatment
decreases energy charge to approximately 0.85 (Mesfer Al-Shahrani, personal

communication).
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FIGURE 3.7 The energy charge of control, C8- and Cl0-treated cells. Cells
were treated for 6 days with 250uM C8 and CI10. Relative quantities of ATP, ADP
and AMP were obtained via HPLC and the mean energy charge quantified for each
treatment. No significant differences were observed for both C8 and CI0
treatments. The following mean energy charge for each treatment were obtained:
0.93+0.005 in control cells, 0.93+0.002 in C8-treated cells and 0.92+0.004 in CI0-
treated cells. Data are expressed as mean + SEM of 7-9 independent experiments

(n=7-9). Data were also transformed prior to statistical analysis using the function

y =.,/y to account for skewness of normality.

3.5 DISCUSSION

C10 has been reported to exhibit a range of effects on neuronal mitochondrial content
and function, including PPARy-mediated increases in CS activity (Hughes et al., 2014).
These effects were also reportedly mimicked in fibroblast cells, suggesting the capacity
of C10 to affect non-neuronal cells in a similar manner (Kanabus et al., 2016).
Nonetheless, whilst increased CS activity, suggestive of increased mitochondrial
content, may potentially be of benefit to cells, uncontrolled mitochondrial biogenesis

could also prove to be detrimental (e.g. through excess ROS accumulation). Enhanced
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antioxidant reserves and PPARy-dependent catalase activity are observed with C10
treatment, however, potentially inferring a balanced cellular response to C10-induced

mitochondrial enrichment.

In this chapter, cellular response to C10 treatment was further characterised. CS
activity was analysed as a measure of mitochondrial enrichment in these cells. An
exclusive mitochondrial enzyme (Marco et al., 1974), CS activity is a biomarker of
mitochondrial content (Hughes et al., 2014; Jacobs et al., 2013; Larsen et al., 2012),
also used as a diagnostic marker in specialist accredited mitochondrial services in the
NHS. Analysis of CS activity in SH-SY5Y cells, and use of the same methods, also
allowed direct comparison with data reported by Hughes et al. (2014). At the
commencement of this study, populations of SH-SY5Y cells were observed that varied
in control CS activities, with values ranging from those corresponding with reports by
Hughes et al. (2014) to relatively higher CS activities. The effects of C10 treatment on
these cells was analysed in relation to control CS activities, using data by Hughes et al.
(2014) and Hughes (2014) to determine a cut-off threshold for control activities. The
difference in control CS activity between cells was found to be associated with the
differential effects of C10 treatment, with the outcome of C10 treatment on CS activity
strongly dependent on initial levels in control cells. In cells that exhibited high control
CS activities (relative to published values by Hughes et al. (2014) and the specified cut-
off point), C10 treatment was found to significantly reduce CS activity. However, when
control CS activity was found to be below the threshold, and similar to those reported
by Hughes et al. (2014), the converse effect was observed, with C10 increasing
mitochondrial content. Moreover, in cells that displayed control CS activities close to
the threshold, C10 generally exerted minimal change to CS activity. This suggested a

balancing effect, with C10 proposed to regulate mitochondrial content to optimal
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levels. Nonetheless, the possibility of these observed effects reflecting a regression to
the mean cannot be discounted. Further experiments, including increased replication
and consideration for the influence of potential covariates, are necessary to exclude
this possibility. Interestingly, these findings also appeared to be paralleled in a pilot
study examining the dose-response effects of C10 treatment on CS activity. In
independent experiments, C10 treatment exerted a dose-dependent differential effect
on CS activity: in positively responding cells, increasing concentrations of C10 also
increased CS activity, whilst in negatively responding cells, increased C10
concentrations resulted in decreased CS activity. In each of these datasets, initial
control CS activities and the following response to 250uM C10 corresponded to the
observed paradigm described above. When plotted together, the two dose-response
curves mirror one another, reflecting the contrasting effects of C10 according to
control CS activities. The ECso of C10 estimated from these curves also suggests that
the differential effects of the fatty acid may occur at approximately the same
concentration for both positive and negative responses. However, the preliminary
nature of this experiment and the limited replicates necessitates the need for further
work before conclusions can be made to elucidate the exact dose-response effects of
C10 treatment within these cell populations. In contrast, C8 was not found to exert the
same effect on CS activity, supporting previous work that the reported effects are
specific to C10. Building on the evidence that C10 elicits mitochondrial biogenesis via
PPARy (Hughes et al., 2014), it was thus hypothesised that the effects of C10 may also

employ additional cellular mechanisms involved in mitochondrial regulation.

One such mechanism speculated to be involved was mitophagy, a branch of autophagy
that involves the selective clearance of mitochondria via autophagosomes (Youle &

Narendra, 2011). Mitophagy is a key element of mitochondrial quality control and
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regulation, and works alongside mitochondrial biogenesis to remove damaged
mitochondria and modulate mitochondrial content in response to cellular metabolic
demand and stress. Thus, the interplay of mitophagy and mitochondrial biogenesis
carefully balances mitochondrial quantity and quality, and maintains cellular
homeostasis (Palikaras, Lionaki, & Tavernarakis, 2015a; Palikaras & Tavernarakis,
2014) (Figure 3.8). Therefore, the observed differential effects of C10 on CS activity

may integrate the mechanisms involved in these two processes.
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FIGURE 3.8 The balance in the relationship between mitochondrial
biogenesis and mitophagy. Excess mitochondrial clearance through mitophagy
can leave cells under stress and with a limited energy supply, eventually leading to
cell death. Similarly, excess mitochondrial biogenesis can increase cellular

sensitivity and oxidative damage, also leading to cellular degeneration and death.

To initially test this hypothesis, the role of mitophagy in the differential effects of C10
was explored pharmacologically using an inhibitor of mitophagy. The Drp1 inhibitor,

Mdivi-1, was used in an attempt to indirectly inhibit mitophagy through the
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obstruction of mitochondrial fission. Cells were treated for 6 days with 250uM C10 and
vehicle control, and then with 10uM Mdivi-1 for 24h and 48h prior to harvesting.
Preliminary data suggested no significant overall changes in CS activity with all the
treatment conditions tested. Variability in C10 effect was observed in individual
independent replicates, which may be due to the dependency of C10 effects on control
CS activity, which was also found to vary across independent experiments. Given the
preliminary nature of these experiments, further work is also needed to optimise the
treatment conditions utilised. The parameters used were based on the literature
available for SH-SY5Y cells (Gan et al., 2014; Park et al., 2015; Saez-Atienzar et al.,
2014; Solesio et al., 2012), and were thus assumed to be effective for inhibition of
mitophagy. However, the lack of observed effect with Mdivi-1 treatment suggests that
the concentrations and conditions used may not have been sufficient for effective
inhibition of mitochondrial fission, and thus mitophagy, in this cell line. Furthermore,
it is worth noting that whilst CS activity may be used as a measure of mitophagy (Gegg
et al., 2010; Ivankovic et al., 2016), quantifying CS activity alone may not be a sufficient
marker for the effects of Mdivi-1. Measurement of changes to Drpl function,
mitochondrial structure or expression of mitophagy markers, such as components of
the PINK1/Parkin pathway, would need to be examined to determine the effective
inhibition of fission/mitophagy with Mdivi-1. In addition to mitophagy, consideration
for the potential role of non-specific autophagy in the observed C10 effects on CS
activity is also needed, which may also be investigated pharmacologically using general

autophagy inhibitors, such as bafilomycin Al and chloroquine.

Whilst C10 has been shown to exert a differential effect on neuronal citrate synthase
activity, understanding how C10 also impacts mitochondrial function is of critical

importance. To assess this, AWy, was used as a parameter of mitochondrial function.
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Established as a consequence of proton pumping across the inner mitochondrial
membrane by complexes I, Il and IV, AW,, provides energy for ATP generation via ATP
synthase (see Chapter 1). Not only does AW, influence ATP synthesis, it is also required
for control of ionic flux and mitochondrial Ca?* accumulation, ROS production and
apoptosis (Zorova et al., 2017). Thus, AWy, is critical to cell function, and aberrant
changes to AW, may result in impaired ATP production and ROS generation,
consequently leading to dysfunctional cellular homeostasis and/or cell death.
Moreover, defective mitochondria can also be marked by changes to AW, particularly

reductions in potential (i.e. depolarisation).

In SH-SY5Y cells, AW, was significantly increased with C10 treatment, whilst C8 was
observed to have no overall effect. Interestingly, with all values normalised to CS
activity, the elevated AW, with C10 treatment was found to be independent of
mitochondrial content. Increased AW, suggests potentially increased mitochondrial
function and ATP production, which may allow cells to more sufficiently meet energy
demands. Elevated respiratory activity, however, may amplify ROS generation in cells,
and whilst it may be argued that this may lead to oxidative damage, the increased
catalase and antioxidant activities reported with C10 may protect against this (Hughes
et al., 2014; Sengupta & Ghosh, 2012; Sengupta, Ghosh & Bhattacharyya, 2014).
Furthermore, raised AW, may also indicate improved capacity of mitochondria to
maintain AW, such as through reduction of proton leakage from the intermembrane
space into the mitochondrial matrix. This process is generally maintained by
mitochondrial uncoupling proteins (UCPs), although it has been reported that C10
treatment in vivo may not affect UCP expression in the brain (Tan et al., 2017).
Ultimately, however, C10 appears to increase AW, irrespective of CS activity in cells,

suggesting that C10 may have the ability to optimally influence mitochondrial content
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in cells to potentially generate mitochondria that are more efficient at maintaining
AWy, with potentially increased mitochondrial function and energy capacity as a

consequence.

Although increased AW, with C10 treatment may suggest enhanced ATP production,
the energy charge of cells was also determined as an additional measure of cell
function, to provide further insight into the ratios of ATP, ADP and AMP present within
cells. Control, C8- and C10-treated cells were all found to maintain high ratios of ATP
to ADP and AMP, and no significant differences were observed between treatments.
This indicates that the fatty acids did not affect the distribution of the nucleotides
within the adenylate pool. Maintaining a high ratio of ATP to ADP and AMP is of
critical importance, as most energy-dependent processes are driven by ATP. The lack
of change in energy charge, in conjunction with the increased AW, observed with C10
treatment, also suggest that energy is tightly controlled within mitochondria, with any
changes in ATP reflected by changes in ADP and AMP. This may occur through
regulatory mechanisms such as AMP-activated protein kinase (AMPK) signalling, a
metabolic sensor also involved in mitochondrial quality control (Cant6 & Auwerx,
2009; Hardie & Hawley, 2001), or the translocation of ATP and ADP into and out of
mitochondria via ADP/ATP carriers (Klingenberg, 2008), tightly maintaining cellular
bioenergetic homeostasis and the adenylate pool. It may be of interest to quantify the
abundance of each nucleotide following C8 and C10 treatment to gain a broader
picture of the energetic capacity of cells. Furthermore, as these experiments were
carried out under basal conditions, it may be worth examining the effects of these fatty
acids on energy charge under stress conditions, as energy charge is thought to remain
constant under normal conditions (Hardie & Hawley, 2001). With C10 potentially

influencing mitochondrial content, as judged by CS activity, and potentially improving
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mitochondrial function through increased complex I activity, catalase activity and
AW, it may be hypothesised that C10 may generate a more efficient system capable of
withstanding stress. However, further work is needed to determine this and, in
particular, the potential relationships between the effects of C10 on CS activity, AW,
and energy charge. Additional consideration for the potential effects of C10 on
mitochondrial pH may also be useful to analyse. Mitochondrial pH, and the chemical
gradient associated with it, play a key role in the generation of the proton-motive force
that drives ATP synthesis, as well as the flux of ions and metabolites across the inner
mitochondrial membrane (Santo-Domingo & Demaurex, 2012). Whilst it may be
predicted that the increased AW. observed with Cl10 may suggest increased
mitochondrial pH, changes in AW, do not always mirror changes in mitochondrial pH
(Perry et al., 2011). For these experiments, pH-sensitive probes could be utilised to
measure any potential effects of C10 treatment on mitochondrial pH and examine how

these relate to the effects observed thus far in this thesis.

To summarise, the data suggests a clear differential effect of C10 on CS activity in SH-
SY5Y cells, suggesting the potential for C10 to balance neuronal mitochondrial
content. The relationship between mitochondrial biogenesis and mitophagy plays a
pivotal role in cellular homeostasis, and whilst this mechanism was explored within
this chapter, it remains unclear if C10 exerts its balancing effects on mitochondrial
content through this system (Figure 3.9). What is clear, however, is that this balance is
necessary for optimum cellular function. In addition to its differential effects on
mitochondrial content, as measured through CS activity, C10 also increases AW,
independently of CS activity. Moreover, these effects occur without affecting the energy
charge within cells. Consequently, the data suggests that C10 treatment may result in

the generation of more efficient mitochondria with improved functional and
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respiratory capacity. Thus, with the ability of C10 to balance mitochondrial content
and function to optimum levels, the fatty acid may prove a promising intervention
against mitochondrially-compromised neurological conditions, including drug-

resistant epilepsy.
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FIGURE 3.9 The potential regulatory effects of CI0 on mitochondrial
content. The differential effects of CI10 may potentially regulate the balance of
mitochondrial content through the processes of mitochondrial biogenesis and
mitophagy, although this has yet to be confirmed. Maintaining this balance is crucial

for cellular homeostasis and optimum mitochondrial function.
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CHAPTER 4

The B-Oxidation of Decanoic and Octanoic Acids
in SH-SY5Y Cells
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4.1 BACKGROUND

Despite the growing interest in the potential anti-seizure effects of C8 and C10, little
is known about the precise metabolic fate of these two compounds in the brain. In
patients receiving the MCT KD, it is known that both C8 and C10 levels are elevated in
the blood (Haidukewych et al., 1982; Sills et al., 1986). Whether these levels are
reflected in patient brains remains unknown, and very few studies have investigated if
this accumulation is also paralleled within the brains of animal models. However, in
two separate studies by Wlaz et al. (2012, 2015), C8 and C10 levels were determined
in the plasma and brains of mice following either a C8-enriched or C10-enriched diet.
In both studies, C8 and C10 were found to accumulate in mouse brain and plasma in a
time-dependent manner. Mean C8 levels were found to reach 500puM in plasma and
250puM in the brain. Interestingly, the concentration of C10 in mouse brain and plasma
was found to reach a mean level of 240pM and 410pM, respectively, reflecting the
blood levels reported in MCT KD patients, as well as corresponding closely with the
optimum concentration (250uM) required for mitochondrial proliferation, increased
catalase activity and AMPA receptor inhibition cited in previous reports (Hughes et al.,

2014; Kanabus et al., 2016; Chang et al., 2016) and used throughout this thesis.

However, as MCFAs are typically rapidly oxidised or converted to ketone bodies, do
sufficient levels of C10 accumulate in the brain to allow it to exert its effects within
neurons? Furthermore, as MCT oils used in the MCT KD vary in ratio of C8 and C10
(Marten, Pfeuffer, & Schrezenmeir, 2006; Rogawski, 2016), does the presence of C8
further affect C10 metabolism? To address these questions, the [3-oxidation rates of C8
and C10 in SH-SY5Y cells were assessed in this chapter using gas chromatography
isotope-ratio mass spectrometry (GC-IRMS). A highly-specialised tool, GC-IRMS can

be used to precisely determine the relative ratios of stable isotopes of light elements,
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such as carbon (*C/'2C), nitrogen (*°N/N), oxygen (*¥0/'°0) and hydrogen (*H/'H),
within mixtures (Muccio & Jackson, 2009). To utilise this feature, 1*C-labelled C8 and
C10 were used to evaluate the absolute 3-oxidation rates of these compounds. As these
compounds are broken down during B-oxidation and fed into the TCA cycle, 1>CO; is
released into culture medium, which contains unlabelled bicarbonate. The changes in
13C/'2C ratio in the medium are measured over time and from this the absolute B-
oxidation rates of the compounds can be determined (Figure 4.1). This method can
also be utilised to examine the metabolism of other *C-labelled compounds, with the
oxidation of *C-labelled glucose measured alongside that of C8 and C10, to identify
the fuel preference of SH-SY5Y cells. In addition to this, as C10 may be a key
component in understanding the mechanisms of the MCT KD, this chapter also
explored whether C8 exerts any sparing effects on C10 -oxidation when administered
in an 80:20 ratio of C10 to C8, reflecting the content of the two fatty acids in C10-
enriched MCT product Betashot. Elucidating this relationship between C8 and C10
within MCT oil may provide a further basis for the push towards more C10-enriched
formulations. Furthermore, the carnitine-dependence of C8 and C10 B-oxidation was
also investigated, utilising >C-labelled long-chain fatty acid palmitic acid (C16) as a
control and pharmacologically blocking CPT1 activity. Examining the role of the
carnitine shuttle in C8 and C10 B-oxidation may provide further mechanistic insight
into how C10 accumulates within the brain. The findings from this chapter were

published in Khabbush et al. (2017) in Epilepsia.
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FIGURE 4.1 Determining the oxidation rates of glucose, C8 and C10 using

'*C-labelled compounds. Labelled glucose and C8/CI0 are broken down by
glycolysis/pyruvate dehydrogenase activity and B-oxidation, respectively, to form
'"*C-labelled acetyl CoA. The '*C-acetyl CoA then feeds into the TCA cycle where
it is further utilised in the formation of TCA cycle substrates. This results in the
production of '*CO,, which dissolves into culture medium and is later released for

GC-IRMS analysis.
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4.2 METHODS

4.2.1 Materials

Stable isotope-labelled compounds, [U->C]glucose, [1-*C]decanoic acid ([1-*C]C10)
and [1-’Cloctanoic acid ([1-°C]C8) were purchased from Cambridge Isotopes
Laboratories, Inc. via CK Isotopes (Ibstock, UK). [U-*C]palmitic acid ([U->C]C16) was
purchased from Larodan (Malmo, Sweden) and used as a 5:1 complex (molar ratio)
with fatty acid-free bovine serum albumin. All other reagents were purchased as

described in Section 2.1.

4.2.2 Experimental DMEM Preparation

All experimental procedures were carried out with the use of a specifically formulated
glucose-free DMEM medium, containing a final concentration of 15mM HEPES,
2.9mM sodium bicarbonate, 2mM L-glutamine, 0.5mM sodium pyruvate and 21.5uM
phenol red. The experimental DMEM was adjusted to a pH of 7.4 and then sterile-

filtered before storage at 4°C for up to three months.

4.2.3 Stable Isotope-labelled Reagent Preparation

A stock solution of 134.3mM [U-"*C]glucose was prepared by dissolving with
experimental DMEM medium and then frozen in aliquots at -20°C. To determine the
B-oxidation rates of C8 and C10, stock solutions of 50mM [1-*C]C10 and 50mM [1-
13C]C8 were prepared in DMSO, sterile-filtered and then stored in aliquots at -20°C for
up to one month. For the C8 and C10 co-incubation treatments, additional stock
solutions of 25mM C8 and 100mM [1-!*C]C10 were also prepared and stored in the

same manner.
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4.2.4 Cell Culture

SH-SY5Y cells were cultured as outlined in Section 2.2, and seeded at a density of 1x10*
cells/cm? in 6-well plates. Fresh complete growth medium was made up to a final
volume of 2ml per well and cells were cultured for 5 days prior to all experiments.
Medium was refreshed every two days and the same starting number of cells was used

for each investigation.

4.2.5 Stable Isotope-labelled Glucose, C8 and C10 Treatment
On day 5 of culture, complete growth medium was removed and cells washed once
with DPBS. Cells were then incubated with 2ml of experimental DMEM medium,
supplemented with 10% FBS and 3mM D-glucose, for 20h at 37°C and 5% CO.. After
20h, the medium was removed and cells washed once with DPBS. To each well, 3ml of
DMEM was then added containing either 3mM [U-'>C]-glucose and vehicle control
DMSO, 3mM unlabelled D-glucose and 250uM [1-*C]C10 or 3mM unlabelled D-
glucose and 250puM [1-°C]C8. The amount of vehicle control DMSO and stable
isotope-labelled fatty acids added was kept at the same total volume throughout. Wells
were then sealed with a 3ml layer of heavy mineral oil in order to prevent the loss of
13CO; through gas exchange between the medium and the atmosphere (Will et al.,
2006). This approach also prevented crossover of >*CO> between wells. Trapped *CO>
may potentially affect the pH of medium, although visible changes in medium pH over
the course of the experiment were not observed with the phenol red indicator. Cells
were incubated at 37°C for 6 hours, with 100ul of medium sampled from each well at
hourly intervals. Sampled medium was immediately stored in rubber-sealed

Exetainer™ vials (Labco Ltd, Ceredigion, UK) and kept at -20°C until analysis.
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4.2.6 ClI0 and C8 Co-treatment

The effect of co-treating C10 and C8 in an 80:20 ratio on C10 B-oxidation in SH-SY5Y
cells was also explored, paralleling the MCT content in C10-enriched Betashot. Cells
were cultured and incubated for 20h prior to the experiment as previously described.
After washing the cells, medium was then replaced with 3ml experimental DMEM
containing either 3mM [U-'>C]glucose and vehicle control DMSO, or 3mM unlabelled
D-glucose with either a final concentration of 250puM [1-*C]C10, or 250uM [1-*C]C10
plus 62.5uM C8, added at a fixed total volume. Wells were then sealed with heavy

mineral oil, cells incubated and medium sampled as previously outlined.

4.2.7 Preparation of [U-"3C]-Palmitic Acid

[U-*C]palmitic acid was neutralised with 0.35M NaOH and made to a concentration
of 17.5mM in water, before heating to 70°C until fully dissolved. Fatty acid-free bovine
serum albumin (BSA) was then dissolved to a concentration of 3.5mM in water at 37°C.
Swirling gently, [U-'>C]-palmitate ([U-'>C]-C16) was then slowly added 1:1 to BSA at
37°C, forming an 8.75mM [U->C]C16:BSA complex (5:1 molar ratio fatty acid:BSA).
An additional stock solution of 1.75mM BSA in water was also prepared. Both solutions

were aliquoted and stored at -20°C until further use.

4.2.8 CPTI Inhibitor Viability Assay

CPT1 inhibition in SH-SY5Y cells was achieved using the inhibitor etomoxir. A stock
solution of 50mM etomoxir was prepared in sterile cell culture grade water and stored
in aliquots at -20°C. Cells were cultured as described above and medium replaced on
day 5 with experimental DMEM containing 3mM D-glucose and 10% FBS, with or
without 50pM etomoxir. Cells were incubated for 20h at 37°C and 5% CO., and then

for a further 6h at 37°C with 50uM etomoxir in experimental DMEM medium with
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3mM D-glucose and without FBS. At the end of incubation, medium was removed and
cells lifted with Iml 0.25% trypsin-EDTA, suspended in 4ml culture medium and
centrifuged for 4 minutes at 500xg. After pelleting, the supernatant was discarded and
cells were suspended in 1ml of fresh culture medium. Viability of cells was then

assessed using Trypan Blue exclusion (Section 2.2.2).

4.2.9 CPTI Inhibition Assay

Cells were cultured as previously described. On day 5 of culture, complete growth
medium was replaced with 2ml experimental DMEM medium containing 3mM D-
glucose and 10% FBS. Cells were incubated with or without the presence of 50pM
etomoxir for 20h at 37°C and 5% CO,. Medium was then removed and replaced with
3ml DMEM, containing 3mM [U-'>C]glucose and vehicle control DMSO or 3mM D-
glucose with either 250uM [1-3C]C10, [1-2C]C8 or [U-'>C]C16, with 50uM etomoxir
also added back to pre-treated cells. Wells were then sealed with heavy mineral oil,

with the cells incubated and the medium sampled as previously described.

4.2.10 Measurement of '*CO, Release

Samples were thawed at room temperature and 100pl 1M hydrochloric acid was
injected through the rubber septum into each Exetainer vial to release CO; from the
medium. Vials were centrifuged for 30 seconds at 500xg to collect the acid and medium
to the bottom of the vial and ensure thorough mixing. Samples were then analysed on
a GasBench II coupled to a Thermo Delta-XP isotope-ratio mass spectrometer
(Thermo-Finnigan, Bremen, Germany). Helium was used to flush sample vials and ten
repeat injections with a 50ul loop were carried out per sample, with *CO,/*CO; ratios
measured against international standard Vienna Pee Dee Belemnite (VPDB) using a

calibrated CO; reference gas. Following this, *CO,/'2CO, ratios were then converted
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to mole percent excess using absolute molar ratio of >C to '2C (0.0111796) in VPDB.
The change in mole percent excess was then converted to pmol CO; generated using
the volume of medium and concentration of bicarbonate (2.9mM) present, which was
then corrected for the number of labelled carbon atoms (1 for C8 and C10, 6 for glucose
and 16 for palmitate) to obtain pmol substrate oxidised. The following example further

explains this:

For [U-*C]glucose:
+2063 %o vs. VPDB is equivalent to 3.3% enriched, or an excess enrichment of 2.22%.
As the concentration of bicarbonate was 2.9mM in a volume of 3ml, the total >*CO,
generated was:

(2.9x3)x(2.22/100) = 0.193 micromoles = 193 nmoles *CO,
As each glucose has 6 labelled carbons, 6nmol *CO> = 1nmol [U-*C]glucose

193 nmoles *CO, = 193/6 = 32.2 nmol glucose

This was in 6 hours, so the rate of glucose oxidation = 32.2 / 6 = 5.4nmol/hour, or

5400pmol/hour.

4.2.11 Statistical Analysis

Statistical analysis was performed as described in Section 2.8.

4.3 RESULTS
4.3.1 Oxidation rates of Glucose, C8 and CI0 in SH-SY5Y

cells

13C-labelled compounds permit the measurement of cellular oxidation rates of glucose,

C8 and C10 via COs, the release of which emanates from pyruvate dehydrogenase
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activity and the TCA cycle following glucose oxidation, and the TCA cycle following
C8/C10 B-oxidation. *CO; release over 6 hours was used to determine and quantify the
rate of cellular oxidation of each compound, with the number of *C labels in each
molecule accounted for during calculations. Cells were treated with 3mM C-labelled
glucose to replicate physiological levels observed in patients under the MCT KD, with
unlabelled 3mM glucose used in the presence of *C-labelled C10 and C8. *C-labelled
C10 and C8 were added separately to a final concentration of 250uM, reflecting the
concentration of C10 used throughout this thesis and previously determined for
optimum effects upon mitochondria and antioxidant status (Hughes et al., 2014).
Furthermore, this also replicates the brain concentration achieved in mice following
peripheral C10 administration (Wlaz et al., 2012, 2015). For each molecule studied,
13CO; release was linear for the 6-hour incubation. As expected, the rate of glucose
oxidation was markedly faster than that of either C8 or C10 (Figure 4.2). However, C8
and C10 were found to be differentially oxidised in these cells, with C10 -oxidation
significantly lower than that of C8, by approximately 80%. This suggests that C8 may
be preferentially oxidised in SH-SY5Y cells. The oxygen consumption of glucose, C8
and C10 oxidation relative to the data above was also determined, and calculated
assuming a stoichiometry of 6 moles O, to 1 mole glucose (C¢H1206 + 602 — 6 CO; +
6H>0), 11 moles O, to 1 mole C8 (CsH1602 + 110> — 8CO; + 8H>0) and 14 moles O-
to 1 mole C10 (C10H2002 + 1405 — 10CO2 +10H>0). Glucose oxidation was estimated
to consume 28.2+1.8 nmol Oz/h, whilst C8 consumed 13.5+0.9 nmol/h and C10 only
3.5£0.3 nmol/h, further indicating the preferential oxidation of C8 to C10.
Furthermore, despite the low absolute oxidation rate of C8 compared to glucose (75%
lower cf. glucose), the oxygen consumption of C8 oxidation also appeared to be almost

half that of glucose.
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FIGURE 4.2 Absolute oxidation rates of '*C-labelled 3mM glucose, 250uM
C8 and 250uM CI10 in SH-SY5Y cells per hour. A, B) Time course of
3C0O,/'?CO, release over 6h for each '*C-labelled molecule. C)The oxidation rate
of [I-'*C]CI10 was found to be significantly lower than that of [U-'’C]glucose
(***p<0.001) and [I1-'>C]C8 (**p<0.01), with [U-"*C]glucose oxidised at 4693+301
pmol/h, [1-"*C]C8 at 1225485 pmol/h and [1-'>C]C10 at 249423 pmol/h. Data are

expressed as mean * SEM of 5 independent experiments (n=5), each performed in

4 replicate wells.
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4.3.2 Effect of co-treatment of C8 and CI0 on B-oxidation

Current MCT KD preparations are composed of a mixture of C8 and C10 at varying
ratios. In light of this, we examined the effects on [1-'°C]C10 B-oxidation when SH-
SY5Y cells were treated with 62.5uM unlabelled C8, reflecting a move towards a more
C10-enriched formula, such as in Betashot, providing a C10 to C8 ratio of 80:20.
Despite the relatively low concentration, C8 addition was found to significantly impair

the B-oxidation rate of C10 by 29% (Figure 4.3).

200~ ]

150

100

pmol oxidised/h

50—

“Bc.cio ’c.C10 in presence of C8

FIGURE 4.3 Effect of C8 co-incubation on B-oxidation of C10 in SH-SY5Y
cells. The B-oxidation rate of 250uM [I-"*C]JC10 (167+16 pmol/h) was significantly
reduced (¥*p<0.05) in the presence of 62.5uM unlabelled C8 (119413 pmol/h). Data

are expressed as mean * SEM of 4 independent experiments (n=4), each performed

in 4 replicate wells.

4.3.3 CI0 B-oxidation following CPTI inhibition

To determine the mechanisms behind the differential f-oxidation of C8 and C10, the
potential role of the carnitine shuttle was explored. Whilst long chain fatty acids
require this system, medium chain fatty acids are generally considered to be able to

enter the mitochondrial matrix in a carnitine-independent manner (Papamandjaris,
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MacDougall, & Jones, 1998). Whilst this may be the case for C8, there are reports to
suggest that C10, in contrast to C8, may require the carnitine system for complete
mitochondrial f-oxidation (Parini et al., 1999). Carnitine palmitoyltransferase [ (CPT1)
is responsible for transferring fatty acyl groups to carnitine and is the rate-limiting step
in carnitine-dependent B-oxidation in mitochondria (Eaton, 2002; McGarry & Brown,
1997; Wolfgang et al., 2006). To evaluate the potential role of CPT1 in C8 and C10 f-
oxidation, the well-characterised CPT1 irreversible inhibitor etomoxir was used
(Ratheiser et al., 1991; Selby & Sherratt, 1989; Spurway et al., 1997). Through dose-
response experiments, [U->C]palmitic (C16) acid, which is well-known to depend on
CPT1 for mitochondrial f-oxidation, was used as a positive control to determine the
maximal concentration of etomoxir that could be used to inhibit CPT1 without
affecting cell viability (concentrations of 100puM etomoxir and above caused cell
death). With the conditions employed, B-oxidation of [U->C]C16 was reduced by 99%,
suggesting complete irreversible inhibition of CPT1 (Table 4.1). Moreover, at the
concentration used, etomoxir was observed to have no effect on viability of the SH-
SY5Y cells used (control cells % viability = 97.5+0.5%; etomoxir-treated cells % viability
= 97.5£0.4%). Under the same conditions, C10 B-oxidation was found to be reduced
by 95% in the presence of etomoxir (Table 4.1), whereas C8 B-oxidation was only

inhibited by 34%.
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TABLE 4.1 Effects of CPTI inhibition on the B-oxidation rates of C8, CI10
and Cl16 in SH-SYS5Y cells.

- Etomoxir + Etomoxir
[1-*c]cs 1139 + 106 750 + 63**
[1-*C]Cl0 198 + 24 10 £ 9tk
[U-*C]Cl6 224 + 43 2 & 2k

Cells were pre-treated for 20h with the irreversible CPTI inhibitor etomoxir
(50uM) and then incubated for é6h with '*C-labelled 250uM C8, C10, or Cl6:BSA
in the presence of 50uM etomoxir. Control cells were processed identically but
were pre-treated and incubated in the absence of etomoxir. CPTI inhibition
resulted in a significant reduction (***p<0.001 compared with untreated control
cells) in CI0 B-oxidation by 95%. The B-oxidation rate of C8 was also significantly
reduced by 34% (**p<0.0l compared to untreated control cells). Results are
expressed as mean * SEM of 5 independent experiments (n=5), each performed in
duplicate. CPTI inhibition was confirmed with a significant 99% inhibition of [U-
'3C]CI16 oxidation (***p<0.001 compared to untreated control cells). Results are
expressed as mean + SEM of 3 independent experiments (n=3), each performed in

duplicate.

4.4 DISCUSSION

There is growing interest in the mode of action of the MCT KD, particularly in regard
to the effects of the medium-chain fatty acid, C10. In contrast to C8, C10 appears to
have a number of biological targets that can explain the anti-seizure properties of the
diet. However, for C10 to exert its beneficial effects, attaining a sufficiently high
concentration within the brain is essential. Existing data suggest that concentrations
of up to 250puM C10 are required to facilitate an increase in mitochondrial biogenesis,
increased antioxidant capacity and AMPA receptor inhibition (Chang et al., 2016;
Hughes et al., 2014; Kanabus et al., 2016). Achieving such a concentration, however,

appears to be feasible, as oral administration of C10 in mice leads to mean brain
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concentrations of 240uM (Wlaz et al., 2015). The brain:plasma ratios of C10 in mice
appear to range from 0.59-0.76, with C8 ranging at 0.41-0.62 (Wlaz et al., 2012, 2015),
indicating that both MCFAs have sufficient access to the blood brain barrier for
therapeutic compounds (Kulkarni et al.,, 2016). Therapeutic compounds with a
brain:plasma ratio of 0.3-0.5 are thought to have sufficient penetration of the blood
brain barrier, whilst compounds with ratios greater than 1.0 can freely cross it. The
reported brain:plasma ratios of C10 and C8 corroborate with evidence that suggests
MCFAs are able to cross the blood brain barrier via probenecid-sensitive transport
system (Spector, 1988), which may control the level of entry of these fatty acids into

the brain.

Medium-chain fatty acids are metabolised by [-oxidation resulting in acetyl CoA
formation, which can be further metabolised to generate ketones and/or enter the TCA
cycle. Since medium-chain fatty acids are able to cross the blood brain barrier
(Olendorf, 1971, 1973; Spector, 1988) and the enzymes of B-oxidation are reported to
be present in neuronal cells (Reichmann, Maltese, & DeVivo, 1988; Yang, He, & Schulz,
1987), the ability of neuronal-like SH-SY5Y cells to B-oxidise C8 and C10 was
evaluated. In light of the accumulation of C10 reported in mouse brain, it was

hypothesised that C10 would be relatively spared in neuronal cells.

Utilising '*C-labelled substrates allowed for the precise quantification and comparison
of substrate metabolism, by capturing and quantifying the labelled CO, released by the
cells. Here, [1-13C]C8 and [1-*C]C10 were used, compared with [U-'>C]palmitic acid
and [U-*C]glucose. Although this could result in potential errors in comparison
between the substrates in the case of incomplete oxidation, in non-ketogenic cell types

such as neuronal-like cells, oxidation of MCFAs is thought to proceed completely to
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acetyl-CoA, and thence oxidation in the TCA cycle, with no significant release of chain-
shortened fatty acyl moieties. Thus, release of 1>C in the first turn of B-oxidation usually
represents complete oxidation of the molecule. If any incomplete oxidation did occur,
then the relative rates of C8 and C10 oxidation would be even lower than those
observed in this study compared with glucose. Using this approach, glucose
metabolism was considerably greater than that of C8 or C10. This was expected, given
that it is well established that glucose is the main fuel for neuronal energy metabolism
(Dienel & Hertz, 2001; Hall et al., 2012; Lundgaard et al., 2015; Mergenthaler et al.,
2013). Whilst showing lower rates of oxidation than glucose, both C8 and C10 were (-
oxidised to some extent by the cells. Despite the lower absolute oxidation rate of C8
compared to glucose, the oxygen consumption due to C8 oxidation (~50% of that due
to glucose) suggests that C8 may be a significant substrate for ATP generation in these
cells. However, it was observed that C10 -oxidation was markedly lower than that of
C8, with relative oxygen consumption also substantially low, suggesting that these two
fatty acids are processed differently by SH-SY5Y cells. To ascertain the potential cause
for this difference, the involvement of the carnitine shuttle was considered, as C10 is
reported to utilise this system for maximal B-oxidation to occur (Parini et al., 1999).
Furthermore, C10 oxidation is impaired in inherited disorders of carnitine metabolism
(Chalmers et al., 1997). This reliance of C10 upon the carnitine shuttle was further
supported by the finding here that CPT1 inhibition, by etomoxir, markedly impaired
C10 B-oxidation, whereas C8 B-oxidation appeared mainly CPT1-independent. Whilst
etomoxir is a well-characterised CPT1 inhibitor, as reflected by its ability to almost
completely abolish C16 B-oxidation, it should be noted that it may have other targets,
e.g. by acting as a PPARa agonist, which regulates expression of genes involved in p-
oxidation. Relatively prolonged exposure (5 days) has been suggested to lead to up-

regulation of fatty acid oxidation (Portilla et al., 2000). However, in the data presented
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within this chapter, the converse was apparent, in keeping with CPT1 inhibition. The
finding that CPT1 inhibition markedly impaired C10 B-oxidation, whilst C8 (-
oxidation was mainly CPT1-independent, suggests that this system in neuronal type

cells is essential for maximal catabolism of C10 to occur.

To further explore the potential common metabolic fates of C8 and C10 and the role
this may play in the MCT KD, the effect of the presence of C8 on C10 B-oxidation was
also investigated. Whilst the composition of MCT oil varies greatly from product to
product, an 80:20 ratio of C10 to C8 was selected to underscore a move towards a more
C10-enriched formula, whilst also reflecting the content of recently developed MCT
product, Betashot. Even in the presence of a relatively low concentration of C8, C10 -
oxidation was significantly inhibited. This observation may suggest that in the MCT
KD, the presence of C8 has a sparing effect to further limit the metabolism of C10, thus
facilitating its accumulation in the brain and the manifestation of its anti-seizure
effects. However, it is possible that other mechanisms could also contribute to the
differential metabolism of C8 and C10, such as varying degrees of cellular uptake for
the two fatty acids. Further studies, involving cellular fractionation following C8 and/or
C10 exposure may therefore be informative. Nonetheless, this finding still
demonstrates the potentially promising effects of shifting MCT formulations towards

containing higher levels of C10, without foregoing the presence of C8.

To summarise, the data presented here suggest that in a neuronal cell line, C10 and C8
are differentially oxidised. Thus, C8 may be preferentially metabolised and provide
energy, whereas, because of its requirement of the carnitine shuttle, C10 is metabolised
at a lower rate and can consequently accumulate (Figure 4.4). CPT1 activity in brain is

low, and although there is a brain-specific isoform of CPT1 (CPT1c), this isoform has
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not been found to demonstrate any enzymatic activity (Dai et al., 2007; Lee &
Wolfgang, 2012; Price et al., 2002; Wolfgang et al., 2006, 2008). This hypothesis is
further supported by the recent observation that reports, in astrocytes, that C8 is

ketogenic whilst C10 is not (Thevenet et al., 2016).

In conclusion, the fatty acid components of the MCT KD are differentially oxidised by
neuronal-like cells. The carnitine dependence and sluggish metabolism of C10 provides
an explanation for how critical concentrations may occur and permit interaction with
key anti-seizure targets. In contrast, C8 may be preferentially metabolised and have
two key effects: sparing of C10 by inhibiting C10 B-oxidation and acting as a fuel source

for brain energy metabolism.

Whilst this study provides further mechanistic insight into the MCT KD, relevance to
understanding the classical KD is not immediately clear. However, the possibility exists
that progressive (mitochondrial/peroxisomal) oxidation of the long-chain fatty acid
components may occur, leading to Cl10 formation and eventual neuronal C10
accumulation. Further work is clearly needed to test this hypothesis. Additional

alternative mechanisms could also be responsible for efficacy of the classical KD.
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FIGURE 4.4 CPTIl-dependent oxidation of CI10 may lead to accumulation
within the brain. C10 and C8 have differential effects with regard to potential
seizure control, e.g. ClI0 acting as a PPARy agonist, eliciting improvement in
mitochondrial function. For this to occur, a sufficient neuronal concentration of
C10 is required. It is proposed that due to its reliance on the carnitine shuttle,
B-oxidation of C10 is relatively slow, permitting accumulation of this fatty acid. In
contrast, C8 oxidation may proceed in the absence of the carnitine system,
contributing to B-oxidation and cellular energy metabolism. In addition, C8 may
inhibit any CI0 B-oxidation, further contributing to its accumulation. ((C8 acyl-
coenzyme A (C8-CoA); CI0 acyl-coenzyme A (Cl0-CoA); carnitine
palmitoyltransferase | (CPTI); carnitine-acylcarnitine translocase (CAT); carnitine
palmitoyltransferase Il (CPT2); outer mitochondrial membrane (OMM); inner

mitochondrial membrane (IMM)).
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CHAPTER 5

Development of a GC-MS method for quantitative
analysis of medium-chain fatty acids in plasma
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5.1 BACKGROUND

Using a gas chromatography-based method of analysis, Haidukewych et al. (1982)
reported measurable levels of C8 and C10 in the plasma of patients receiving the MCT
KD (30-861uM and 23-553uM respectively). With elevated plasma levels of C8 and
C10 found in these patients, an additional study was carried out with a cohort of 15
paediatric patients, scrutinising the potential role of the two fatty acids in seizure
control, with C8 and C10 serum levels correlated against control of seizures (Sills,
Forsythe & Haidukewych, 1986). However, no clear association between serum fatty
acid concentration and effect on seizures was established. Since then, little more has
been done to investigate any relationship between C8 and C10 blood levels and seizure
control. Determining any associations would not only be substantial in providing
further insight into the MCT KD, but may also provide a marker of patient compliance
to the diet. Moreover, monitoring plasma fatty acid levels is a crucial requirement of
the ongoing feasibility study investigating the effects of a Cl0-enriched MCT
formulation, Betashot, in epilepsy patients (see Chapter 6). Therefore, developing a
method for the quantitative analysis of C8 and C10 levels in patient plasma is

necessary.

For this purpose, gas chromatography mass spectrometry (GC-MS) was selected as the
method of choice. A highly sensitive technique, GC-MS can be used to quantify
compounds of interest to a strong degree of accuracy. It combines the separation
process of gas chromatography with the sensitivity and specificity of mass
spectrometry, permitting the identification and quantification of compounds within a

mixture.
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Analysis through GC-MS can be broken down into several processes (Figure 5.1). Upon
injection into the gas chromatograph, samples are vaporised, carried through a
capillary column via an inert gas such as helium, and separated per the chemical
properties of the compounds. The vaporised compounds are then introduced into the
mass spectrometer, where they are fragmented into ions within an ion source and
separated by a quadrupole mass analyser, which filters ions according to their mass-to-
charge ratios (m/z), before finally reaching the detector (McMaster, 2008). The
detector visualises the generated signals into mass spectra which can then be used to
identify and quantify compounds in conjunction with their corresponding
chromatograms. This characteristic of GC-MS also provides the ability to resolve
isotopes, allowing for precise quantification of target compounds by utilising their
stable isotope-labelled analogues. Further sensitivity can also be achieved through use
of Selected Ion Monitoring (SIM) mode, a feature that enables the GC-MS to detect
specific analytes of interest by their m/z. Unlike full scan mode, this focuses detection
to specific ions whilst unwanted ions are excluded, allowing a greater proportion of
analysis time to be utilised in the detection of ions of interest rather than m/z ratios
that are uninformative. As a result, background noise and artefacts are eliminated. This
enhanced selectivity and sensitivity makes GC-MS a suitable tool for the detection of

low quantities of compounds.
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FIGURE 5.1 Schematic layout of GC-MS components and output.

However, the nature of GC-MS analysis necessitates the prior preparation of
compounds depending on their chemistry. Free fatty acids are highly polar in nature
due to the reactivity of the active hydrogen in the carboxyl group. This causes
adsorption of fatty acids to GC columns resulting in poor separation. To prevent this,
the functional groups of fatty acids can be chemically derivatized prior to analysis, for
example, via esterification, alkylation or silylation (Orata, 2012). This not only
improves GC separation, but can also enhance the thermal stability and volatility of the
compounds. Traditionally, free fatty acids are esterified into fatty acid methyl esters
(FAMEs) with methanol, and then analysed via electron impact ionisation. The active
hydrogen of the carboxyl group is replaced with a methyl group, reducing the polarity
of the compound and thereby improving separation. Electron impact (EI) ionisation is
an energetic ionisation method where an electron beam from a heated metal filament

collides with the vaporised analyte and removes an electron to form positively charged
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ions. Excess energy from the ionisation technique also results in extensive
fragmentation of the analyte, producing daughter ions that can be used to provide
structural information of unknown compounds. However, extensive fragmentation can

hinder the identification of target compounds, particularly in the case of FAME:s.

Chemical ionisation (CI) can be utilised as an alternative method to analyse free fatty
acids. A “soft” ionisation technique, CI relies on a reagent gas, such as methane, to
ionise vaporised analytes under high pressure conditions (Kellogg, 2017). The reagent
gas, present in high abundance, is first subjected to EI, producing ionised reagent gas
plasma. Subsequent collisions between the high-energy reagent gas plasma and the
analyte result in the formation of quasimolecular ions, [M+H]* and [M-H], usually
through proton transfer or abstraction. Both positive and negative ions are produced
simultaneously in CI, and depending on the compound of interest and instrument
setup, either positive or negative ions can be selected for detection. Unlike EI
ionisation, CI is less harsh, with ionisation occurring at lower energy than in EI,
resulting in fewer fragments and yielding quasimolecular ions that can often be
detected. Moreover, negative chemical ionisation (NCI) is highly sensitive and selective
for compounds with positive electron affinity, producing mass spectra with reduced
noise and allowing for analysis with lower detection limits. This is due to the fact that
although most compounds can be protonated to produce positive ions, only a few can

produce negative ions, thus increasing sensitivity.

Fatty acids can be derivatized for detection with NCI through alkylation, where the
active hydrogen is replaced with an alkyl group. Pentafluorobenzyl bromide (PFBBr),
an alkylation reagent used to modify carboxylic acids, can be used to achieve this

(Orata, 2012). Free fatty acids are derivatized with PFBBr in the presence of
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triethylamine, a neutralisation reagent that ensures basic conditions for the reaction to
occur. The labile hydrogen is substituted with a pentafluorobenzyl (PFB) group and
hydrogen bromide is released as a by-product. The addition of the PFB group reduces
the polarity of the fatty acid, and enhances its volatility and thermostability, allowing
sufficient analysis by GC-MS. During NCI, this PFB-fatty acid derivative is fragmented
into a negatively charged fatty acid quasimolecular ion, [M-H], which can then be

detected for quantification.
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EQUATION 5.1 Pentafluorobenzyl bromide (PFBBr) derivatization of
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fatty acid carboxyl groups (A) and subsequent fragmentation of fatty acid-
PFB derivative during NCI analysis (B). Upon fragmentation, a negatively
charged fatty acid ion is produced, which is then detected by the mass

spectrometer.

This approach may provide an improved means of accurately measuring medium-chain
fatty acids in the plasma of patients on the MCT KD. In this chapter, a GC-MS method
for the quantification of octanoic (C8), decanoic (C10) and dodecanoic (C12) acids in
patient plasma is outlined, with C12 included to account for its trace presence in

mainstream MCT formulations, as well as potential chain elongation of C8 and C10.
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Stable isotope-labelled analogues of each fatty acid were utilised as internal standards,
with samples analysed following PFBBr derivatization, in conjunction with NCI and
SIM, as described above. The accuracy, reliability and reproducibility of this method is
investigated and a preliminary reference range for medium-chain fatty acid levels in

control patient samples established.

5.2 METHODS

5.2.1 Materials

Stable isotope-labelled internal standard compounds octanoic-dis acid, decanoic-ds
acid and dodecanoic-ds3 acid were purchased from QMX Laboratories (Thaxted, UK).
Analytical grade ethyl acetate, acetonitrile and triethylamine were purchased from
Fisher Scientific (Loughborough, UK). All other reagents were purchased as specified

in Section 2.1.

5.2.2 Fatty Acid Standard and Internal Standard Preparation

Deuterated stable isotope-labelled compounds were used as internal standards:
octanoic-d;s acid (C8-dis), decanoic-ds acid (C10-ds) and dodecanoic-das acid (C12-
d>3). Internal standards were prepared as 10mM stock solutions in ethanol. Stock
solutions were then further diluted to 1mM and an internal standard working solution
was prepared by mixing each internal standard in a 1:1:1 ratio, giving a final
concentration of 0.33mM each. Fatty acid standards of octanoic acid (C8), decanoic
acid (C10), dodecanoic acid (C12) were also prepared as 10mM stock solutions in
ethanol. A fatty acid standard mix was then prepared in ethanol to give a final
concentration of 1ImM of each fatty acid standard. The internal standard working
solution and the fatty acid standard mix were then aliquoted and stored at 4°C for up

to 3 months until further use.
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5.2.3 Standard Curves

Standard curves for each free fatty acid standard were set up over a range of 0-500puM
and always run prior to each batch of samples to limit potential variability in processing
and analysis. Using the 1mM fatty acid standard mix, the fatty acids were prepared in
ethanol to set up a standard curve, with final concentrations ranging from 25-500puM.
To set up a lower range standard curve, a 100uM fatty acid standard mix was prepared
by diluting the 1mM standard mix in ethanol. This 100uM fatty acid standard mix was
then used to prepare fatty acids in ethanol within a final concentration range of 0-
10pM. In stoppered glass tubes, 100pl of the prepared fatty acid standards within the
concentration range above were added to 100pl ethanol. To each tube, 30pl of internal
standard working solution was then added and the final mixture gently dried down

under nitrogen gas at room temperature.

5.2.4 Plasma Fatty Acid Extraction

For the development of this method, anonymised patient samples of lithium-heparin
plasma were obtained from Chemical Pathology, Great Ormond Street Hospital for
Children. Plasma samples were stored at -80°C until analysis, upon which they were
thawed at 37°C and kept on ice. In glass stoppered tubes, 100ul plasma was added to
400pul Milli-Q water and 30pl of the internal standard working solution. Samples were
acidified with 125pl 6M HCl, vortexed thoroughly and then extracted with 3ml ethyl
acetate with a vortex mixer. The samples were centrifuged for 5 minutes at 1500xg and
the upper ethyl acetate layer decanted into fresh glass tubes. The samples were then
re-extracted with 3ml ethyl acetate, vortexed and centrifuged once more. The upper
ethyl acetate layer was decanted and then combined with the previous. The combined

extracted layers were dried with a spatula of anhydrous sodium sulphate, vortexed and
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left to sit at room temperature for 5 minutes. The dried samples were then transferred

to fresh glass tubes and gently dried down under nitrogen gas at room temperature.

5.2.5 Plasma Recovery of C8, CI0 and CIl2

Plasma samples were spiked with 1mM free fatty acid standard mix containing C8, C10
and C12 at final concentrations of 25uM, 100uM and 200uM. To 100pul plasma, 100pul
of 1mM free fatty acid standard mix, 300pl distilled water and 30pl of internal standard
working solution were added. Samples were then extracted, processed and dried as
previously described. Plasma samples without the addition of fatty acid standards were
also processed and analysed alongside the spiked samples to control for the

endogenous presence of the free fatty acids.

5.2.6 Derivatization

To derivatize the fatty acids, 2,3,4,5,6-pentafluorobenzyl bromide (PFBBr) was used.
PFBBr was prepared as a 10% (v/v) solution in acetonitrile. To tubes of dried down
standard curve or plasma samples, 50pl of 10% PFBBr solution was added, followed by
10pl triethylamine (TEA). Tubes were then vortexed and incubated for 15 minutes at
room temperature. Samples were then gently dried down under nitrogen gas at room
temperature. After drying, samples were redissolved in 100pl ethyl acetate, vortexed

and transferred to glass GC autosampler insert vials for analysis.

5.2.7 GC-MS Analysis

All GC-MS analyses were carried out in a Thermo Scientific Trace GC Ultra
chromatograph coupled to a Thermo Scientific DSQ II mass spectrometer. After
preparation, 2ul of sample was introduced via a split injector (split 100:1, split flow
80ml/min) at 280°C and separated within an Rxi®-5Sil MS fused silica (5%
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diphenyl/95% dimethylpolysiloxane) capillary column (30m x 0.25mmliD, film
thickness 0.25pm) (Thames Restek UK, High Wycombe, UK). Initial oven temperature
began at 110°C and was ramped up to 220°C, 10°C per minute, immediately followed
by an additional ramp up to 300°C at a rate of 30°C per minute, before ending at a total
run time of 13.5 minutes. Helium carrier gas was set at a constant flow rate of
0.8ml/min. The column connected directly to the ion source, at a temperature of
225°C, whilst the MS transfer line was set to 250°C. Samples were ionised through
negative chemical ionisation, using methane as the reagent gas, set to a flow rate of
2.0ml/min. Compounds were detected in Selected Ion Monitoring (SIM) mode (Table
5.1) and peak areas were determined using the Thermo Scientific Xcalibur software.

Injections were carried out in duplicate for all samples prior to final quantification.

TABLE 5.1 lons selected for detection in SIM mode during data collection.

cs8 142.5 — 143.5
C8-d; 157.5 - 158.5
Cl0 170.5 - 171.5
Cl10-d;s 175.5 - 176.5
Cl2 198.5 - 199.5
Cl2-dy; 221.5 - 2225

5.2.8 Calculations

Standard curves were constructed by calculating the peak area ratio of each free fatty
acid to its corresponding internal standard and plotting these values against the set of
known concentrations. The standard curves were subject to linear regression analysis
and then used to quantify the concentration of fatty acids recovered from plasma

samples. Unknown test samples and QC samples were identified by retention times of
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peaks and corresponding m/z values. Peak areas were measured and the ratio of fatty
acid/internal standard for each fatty acid used to determine final unknown and QC

concentrations in samples.

5.3 RESULTS

5.3.1 Fatty acid standard and internal standard detection

To quantify medium-chain fatty acid levels, deuterated stable isotope-labelled
analogues (C8-d;s, C10-ds, C12-d»3) were utilised as internal standards. Due to their
similar physical and chemical properties, stable isotope-labelled analogues effectively
behave identically to their unlabelled analyte counterparts. This accounts for any
variability in sample extraction, derivatization and GC-MS detection, allowing for
accurate and precise quantification of analytes. Using the PFBBr derivatization and NCI
method, peaks for the internal standards and the unlabelled fatty acid standards were
successfully resolved by GC-MS in SIM. A good degree of separation between peaks was
achieved for all compounds, with limited background noise, as exemplified in a
representative chromatogram below (Figure 5.2). Retention times, used in conjunction
with m/z to identify each compound (Figure 5.3), were also found to be consistent

throughout analysis (Table 5.2).
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TABLE 5.2 Typical retention times for the fatty acids of interest and their

corresponding stable isotope-labelled internal standards.

C8-d,;
cs8
Cl10-ds
Clo
Cl12-dy;
Cl2

8.88
9.01
11.06

0

12.48
12.59
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5.3.2 Fatty acid standard curves

For each of the fatty acids of interest, standard curves were established with
concentrations ranging from 0-500puM. Peak areas were determined in SIM and the
fatty acid/internal standard ratio was calculated to obtain the standard curves. Each
standard curve was subject to linear regression analysis, and a strong linear relationship
was observed at this concentration range for each fatty acid, where r? was always
determined to be at least 0.98. Examples of typical standard curves for each of the three
MCFAs are provided in Figure 5.4. Standard curves were always run prior to each batch
of samples to account for potential in-batch/between-batch variability from processing

and GC-MS analysis.
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FIGURE 5.4 Typical standard curves for free fatty acids C8, C10 and C12.
Standard curves were run prior to analysis of each batch of plasma samples and

subject to linear regression analysis.
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5.3.3 Fatty acid recovery from plasma

To evaluate the efficacy of the ethyl acetate extraction method, the amount of C8, C10
and C12 recovered from patient plasma was quantified. Patient plasma samples were
spiked with known concentrations of each fatty acid and subjected to ethyl acetate
extraction, derivatization and GC-MS analysis. Levels of the fatty acids in control
plasma were also determined and subtracted from that of the spiked samples before
calculating the final recovery rates. These are represented below in Table 5.3. Good
recovery rates were achieved for C8, C10 and C12 at all the concentrations tested,
averaging at 106%, 104% and 106% respectively. This suggests that this method of
extraction and analysis may provide reliable and reproducible measurements of fatty

acids in patient plasma.

TABLE 5.3 Recovery rates of known amounts of C8, CI10 and CI2 from

plasma samples. Data are expressed as mean percentage of recovery £ SEM and

represent 3-4 independent experiments [n=3-4].

Fatty Acid .Amount Mean : Replicates Overall meoan
spiked (M) recovery (%) (W) recovery (%)
25 104.4 + 8.1 4
(OF:] 100 110.6 + 4.8 3 106 + 2
200 103.7 £ 0.3 3
25 113.8£9.3 4
Clo 100 96.8 £ 0.7 3 104 £ 5
200 102.2 + 6.4 3
25 107.7 £ 8.2 4
Cl2 100 107.3 £ 3.8 2 106 £ |
200 103.9 £ I.1 3
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5.3.4 Free fatty acid levels in control patient plasma

With the standard curves and recovery rates fully determined, control levels of free C8,
C10 and C12 were quantified in patient plasma samples. Samples were randomly
selected and patients cross-checked for pre-existing metabolic disorders that could
affect the data, such as the fatty acid oxidation disorder medium chain acyl-CoA
dehydrogenase deficiency (MCADD). Patients undergoing any form of the ketogenic
diet were also excluded from analysis. A total of 7 patient plasma samples were
analysed, with patients also spanning a broad range of ages. Using the method
described above, a reference range for control levels of each of the fatty acids was
established (Table 5.4). All three fatty acids were detected at low levels in patient
plasma, ranging 6.3-7.8uM for C8, 6.1-10.4uM for C10 and 7.3-17.8uM for C12. No

correlation between age, sex and fatty acid levels was observed.

TABLE 5.4 Plasma reference range for control levels of C8, CI10 and C12.
Control plasma samples assayed, using the method described, yielded reference

ranges (min-max) as presented in the table below. Data are expressed as mean #*

SEM, representative of 7 individual patients [n=7].

: Mean concentration Reference Range
Fatty Acid
. (uM) (uM)
Octanoic Acid (C8) 6.9 £0.6 6.3-7.8
Decanoic Acid (C10) 8.2 1.6 6.1 - 10.4
Dodecanoic Acid (C12) I1.1£3.5 7.3-17.8
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5.4 DISCUSSION

With measurable plasma levels of C8 and C10 reported in MCT KD patients,
developing a reliable and accurate quantitative method may be beneficial for future
clinical investigations into the diet, including the feasibility study into the effects of
C10-enriched Betashot in epilepsy patients. Here a GC-MS approach was described

that successfully determined the levels of C8, C10 and C12 in patient plasma.

With the ability of GC-MS to detect fatty acids with minimal fragmentation through
negative chemical ionisation (NCI), fatty acids were derivatized with PFBBr and TEA.
Samples were not saponified before derivatization as MCFAs are found as free fatty
acids, rather than esterified, in plasma. Alkylation with PFBBr enabled the fatty acids
to form negative ions that were successfully detected at a wide range of concentrations.
Chromatograms exhibited sharp peaks with a strong signal and minimal noise. For
quantification, this process was coupled with the use of deuterated stable isotope
internal standards. The stable isotope standards appeared to behave similarly to their
corresponding fatty acid standards at the same concentrations, and the fatty
acid/internal standard peak area ratios were found to be strongly linear, allowing

accurate fatty acid quantification.

With highly linear standard curves obtained from the method, quantification of C8,
C10 and C12 in patient plasma was attempted. Organic solvent extraction, utilising
ethyl acetate, was used to separate the fatty acids from the plasma samples. This
method delivered highly reproducible results with good recoveries of all three fatty
acids of interest. Moreover, the simple and cost-effective procedure excluded the need

for more hazardous reagents or additional, and often-times expensive, separation
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techniques. After extraction, the fatty acids were derivatized as before and quantified

with a standard curve that was run alongside the samples.

Control patients were found to have very low levels of C8, C10 and C12 in their plasma,
particularly in comparison to MCT KD patients, where C8 and C10 levels can reach up
to 861puM and 553uM respectively (Haidukewych et al., 1982). This is unsurprising as
medium-chain triglycerides are not typically found in the predominant fat sources
consumed within general Western diets. Despite the low concentrations in control
samples, these levels were found to be above the assay’s limit of detection, ensuring
accurate quantification of the fatty acids. Moreover, the reference ranges established
for each fatty acid were relatively narrow, suggesting that individual differences
between patients were small. However, it is worth noting that the sample size examined
was small and thus insufficient to extrapolate in regard to the general population, and

the potential effects of age and sex on plasma C8, C10 and C12 levels.

Finally, the method described appears to provide an effective means of quantifying
medium-chain fatty acids in plasma. With the large difference in mean plasma fatty
acid levels between control and MCT KD patients, it may be possible to use this method
to monitor patient compliance on the diet. Studies have also yet to consider the clinical
effects of raised C10 plasma levels on seizures and biochemical outcomes in patients.
However, this method will be used to quantify C8, C10 and C12 plasma levels in the
feasibility study investigating the effects of C10-enriched Betashot in epilepsy patients.
Thus, this method may prove beneficial in elucidating the potential associations, if any,
between C8 and C10 plasma levels, seizure control, and additional biochemical

outcomes.
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CHAPTER 6

Feasibility Study on the Effects of Decanoic Acid-
Enriched Betashot, a Food for Special Medical
Purposes, in Epilepsy Patients
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6.1 INTRODUCTION

MCT oils and emulsions comprise a major element of the MCT KD, providing the key
fat component of the diet. Although the MCT KD is recognised for its efficacy in
managing drug-resistant epilepsy, its complexity makes it a difficult regimen to follow.
Requiring a high degree of dietary restriction and discipline, poor patient compliance
is an obstacle to the success of the MCT KD. Administered four times daily, MCT
formulations are generally consumed alongside meals, but the distinctive oily taste and
texture also pose a challenge to palatability and acceptability. Coupled with the
gastrointestinal side effects associated with MCTs, a high discontinuation rate is
observed with patients on the MCT KD (Klein, Tyrlikova, & Mathews, 2014;
Lambrechts et al., 2012; Liu & Wang, 2012). Thus, alternative or improved approaches

to the diet are necessary.

MCT formulations are composed primarily of C8 and C10 medium-chain fatty acids.
The ratios of the fatty acids typically vary from product to product (Rogawski, 2016),
with many oils and emulsions generally containing C8 to C10 ratios that range from
50:50 to 80:20 (Marten et al., 2006). With the two fatty acids potentially implicated in
the mechanisms of the MCT KD, C10 is of particular interest, with its range of
antiepileptic effects, including inhibition of the AMPA receptor, increased seizure
threshold and increased antioxidant status (Chang et al., 2016; Hughes et al., 2014;
Sengupta & Ghosh, 2012; Tan et al., 2017; Wlaz et al., 2015). Moreover, its ability to
increase complex I activity (Hughes et al., 2014) and regulate mitochondrial content,
as described in Chapter 3, suggests that a move towards more C10-enriched MCT

formulations may be beneficial.
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With this in mind, a specially-formulated MCT solution was developed by Vitaflo
International Ltd, based on in-house data, recent publications, and the work in this
laboratory and that of Hughes et al. (2014). Named Betashot, the product is an
emulsion containing approximately 33.3% MCT, enriched with C10 at a final C8:C10
ratio of 20:80. Designed to address the issues associated with MCT oils and emulsions,
Betashot has been developed as an MCT-based food for special medical purposes
(FSMP), and is intended for use by children and adults with epilepsy for the dietary
management of their condition. Available in strawberry flavoured and unflavoured
versions, Betashot is a thickened, creamy product that is suitable to drink and requires
no additional preparation, improving on typical MCT formulations that necessitate
prior mixing with food. However, prior to approval for use as part of the MCT KD, the
feasibility of Betashot as an FSMP and patient reception to the product must be

examined.

To assess the suitability of Betashot in patients, a feasibility study was carried out that
aimed to evaluate the compliance, tolerability and acceptability of the product in 40
adult patients and 40 child patients with epilepsy. Participants were required to
consume Betashot four times daily for 12 weeks, whilst maintaining a normal diet that
restricted intake of high-sugar foods. Typically, the MCT KD provides 30-60% of total
caloric intake per day from MCT (Huttenlocher, 1976; Neal, 2012b; Schwartz et al.,
1989b). For this study, children were required to consume up to 35% of their daily
energy requirement from Betashot by the end of the trial, based on the Estimated
Average Requirements (EARs) for their age (Scientific Advisory Committee on
Nutrition (SACN), 2011). Adult participants were required to consume 80g/day
Betashot by week 12, equivalent to approximately 30-40% EAR, depending on age and

sex (Scientific Advisory Committee on Nutrition (SACN), 2011).
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In addition to compliance, tolerability and acceptability in patients, adverse events and
side effects of Betashot consumption were evaluated in the study. Seizures were also
recorded daily by participants in Study Diaries. MCFA levels (C8, C10 and C12) in
participant blood plasma were measured throughout the course of the study and a
range of biochemical clinical safety measures were also monitored, including the
effects of Betashot on ketone body levels, lipid profiles and acylcarnitine profiles.
Furthermore, in view of the fact that C10 effect on CS activity was the target of earlier
investigations in this thesis, CS activity in participants was also measured during the
feasibility study. In this chapter, the biochemical findings of this study are described,
and the data summarised and analysed. At the time of writing, the study was ongoing
and a total of 60 participants had been recruited. Thus, for the purpose of this thesis,
only the data available for these participants were selected for analysis, providing a

snapshot of the study.

6.2 AIMS

= To assess the biochemical effects of Betashot in adults and children with
epilepsy, examining plasma MCFA levels and biochemical clinical safety
measures, and also evaluating compliance, tolerability and acceptability of
Betashot in participants thus far.

= To explore the potential effects of Betashot on CS activity in participants.
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6.3 METHODS

6.3.1 Materials

Reagents for GC-MS fatty acid analysis were purchased as described in Section 5.2.1.

All other reagents were purchased as specified in Section 2.1.

6.3.2 Participants

Children and adults were recruited from outpatient epilepsy clinics at Great Ormond
Street Hospital for Children, London, and the National Hospital for Neurology and
Neurosurgery, UCLH, London. Children aged 3-18 years and adults over 18 were
included in the study if they exhibited symptoms of epilepsy despite anti-epileptic
medication. Participants with medical conditions that contraindicate the use of MCT
products, such as medium-chain acyl-CoA dehydrogenase deficiency (MCADD) were
excluded. In addition, participants who were seizure-free for more than 4 weeks, on
the ketogenic diet, or totally enterally fed, as well as pregnant/planning women, were
also excluded from the study. As the study was ongoing at the time of writing, specific
medical history of participants, including past/ongoing drug treatments and

experience of KD therapy, was embargoed from analysis.

6.3.3 Study Protocol

Participants were required to consume Betashot for a total of 12 weeks, whilst following
a normal diet with a reduced intake of high-sugar food and drinks. Participants were
also required to continue current medications throughout the study unless advised
otherwise. Three participant visits took place throughout the course of the trial, at the
start of the trial before week 1 (visit A), at week 5 (visit B) and at week 12 (visit C). At

visit A, baseline participant measurements were acquired, including anthropometric
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values such as height, weight and BMI (Body Mass Index). Urine samples, up to 10ml
lithium-heparinised blood samples and dry blood spots were also taken from each
participant. Participants were also provided with a Study Diary for daily completion by
carers or participants for the duration of the trial. The Study Diary comprised of short
questionnaires on gastrointestinal intolerance, side effects, acceptability and intake of
Betashot, as well as symptoms of epilepsy, recorded in number of seizures. A 24h diet
history was also taken from participants and a simple food frequency questionnaire was
administered for dietitians to establish typical nutritional intake. Seizure history and
gastrointestinal intolerance symptoms generally experienced by participants were also

taken verbally.

Betashot was prescribed to be taken four times daily, before, during or immediately
after meals/snacks, including once before sleep. Adult participants were required to
introduce Betashot incrementally in the first week, and aimed to take 120ml Betashot
by the end of week 1 to provide 40g/day of MCT. As Betashot provides 317kcal/100ml,
child participants were required to take the product as a proportion of their daily EAR,
calculated from dietary information obtained during visit A. Betashot was introduced
incrementally during week 1, with child participants aiming to take a maximum of

17.5% of their EAR from Betashot by the end of week 1.

At visit B, approximately 4-5 weeks into the study, tolerance and compliance were
assessed, and gastrointestinal/epilepsy symptoms were reviewed. Urine samples, up to
10ml heparinised blood samples and dry blood spots were also taken from each
participant, 2 hours after the consumption of Betashot. Participant weight was also
measured. After visit B measurements, the additional introduction of Betashot in

participant diets commenced. Adults were required to raise their Betashot
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consumption to 240ml/day by the end of the week, to provide an MCT intake of
80g/day. Children were also required to increase the amount of Betashot taken by the
end of the week so that 35% of EAR was provided from Betashot. This procedure was
required to be followed and maintained from weeks 5 to 12, until visit C. At visit C, by
the end of week 12, the previous evaluation methods were applied. Tolerance and
compliance  were  assessed, participant weight was measured and
gastrointestinal/epilepsy symptoms were reviewed. Urine samples, up to 10ml
heparinised blood samples and dry blood spots were also taken from each participant,
2 hours after the consumption of Betashot. Completed Study Diaries were collected
and participants were provided with the option to continue or discontinue with
Betashot consumption at the end of the study. Seizure data and quantitative urinalysis

were unavailable for analysis at the time of writing.
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WEEK

Em )

ADULT

Anthropometry;
24h diet history;
urine; blood; dry
blood spot;
Study Diary;
begin Betashot

Betashot: 30ml q.d.s
(120ml/day; 40g
MCT)

Anthropometry;
24h diet history;

urine; blood; dry
blood spot;
full review

Betashot: 60ml q.d.s
(240ml/day; 80g
MCT)

Anthropometry;
24h diet history;
urine; blood; dry
blood spot;
full review;
Study Diary
collected

CHILDREN

Anthropometry;
24h diet history;
urine; blood; dry
blood spot;
Study Diary;
begin Betashot

Betashot: q.d.s up to
17.5% EAR/day

Anthropometry

24h diet history

Urine; blood; dry
blood spot;
full review

Betashot: q.d.s up to
35% EAR/day

Anthropometry;
24h diet history;
urine; blood; dry
blood spot;
full review;
Study Diary
collected

Betashot available for continuation if suitable

FIGURE 6.1 Breakdown of Betashot study protocol followed by adult and

child participants.

6.3.4 Blood Sample Preparation

Fresh whole blood samples, collected in lithium heparin blood tubes, were processed

within 24h of collection from participants by Chemical Pathology, Great Ormond

175



Street Hospital for Children. Plasma and white blood cell samples were collected from

the processed blood and stored at -80°C until analysis.

To process samples into plasma and white blood cell fractions, fresh whole blood was
transferred to a plastic tube and centrifuged at 1625xg for 10 minutes at 5°C. This
procedure separates fresh whole blood samples into distinctive fractions of plasma,
white blood cells and red blood cells. The plasma fraction was transferred to a fresh
tube and snap frozen in a dry ice/methanol bath before storage. The remaining white
blood cell layer was then gently transferred to a clean tube, taking as few red blood
cells as possible. Samples and solutions were kept on ice throughout the following
procedures. To the white blood cells, 0.5ml 0.9% cold saline solution was added and
the cells kept on ice. Approximately 2-3ml 0.9% cold saline solution was then added to
the remaining cells in the original blood sample tube and mixed by inversion. Once red
blood cells were evenly mixed, the sample was then centrifuged at 1625xg for 10
minutes at 5°C. The saline layer was discarded and any remaining white blood cells
transferred to the first yield of white blood cells. An additional 1-2ml of cold 0.9%
saline was then added to the tube of combined white blood cells before mixing by
inversion. White blood cell samples were then centrifuged once more at 1625xg for 5
minutes at 5°C. Excess saline supernatant was then discarded from the cell sample and
1.5ml cold distilled water was added to wash the white blood cells. The cell samples
were gently mixed for 90 seconds, after which 0.5ml cold 3.6% saline solution was
added. The cell suspension was mixed by inversion and centrifuged briefly at 1625xg
for 40 seconds at 5°C, with excess saline removed afterwards. This process of washing
the white blood cells was repeated once more to remove traces of red blood cells, with
the cell pellet washed a final time in 1.5ml cold 0.9% saline. Samples were gently mixed

and centrifuged at 1625xg for 10 seconds at 5°C. Excess saline solution was discarded
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and the white blood cell pellet finally suspended in 50ul cold distilled water before

snap freezing and storing as described above.

6.3.5 GC-MS Quantification of Plasma C8, Cl10 and C12
Free fatty acid levels of C8, C10 and C12 in participant plasma samples were kindly
quantified by Dr Michael Orford, using the GC-MS method developed and described

in Chapter 5 (Section 5.2).

6.3.6 B-Hydroxybutyrate, Lipid and Acylcarnitine Profiles

To monitor the clinical safety of Betashot, a number of biochemical tests were kindly
performed by Chemical Pathology, Great Ormond Street Hospital for Children. This
included quantification of plasma B-hydroxybutyrate, triglyceride, non-esterified fatty
acids (NEFA) and cholesterol levels. An acylcarnitine profile was also quantified, with
the following acylcarnitines included: acetyl carnitine, free carnitine, propionyl
carnitine, butyryl carnitine, isovaleryl carnitine, hexanoyl carnitine, octanoyl carnitine,
decanoyl carnitine, tetradecenyl carnitine and palmitoyl carnitine. Reference ranges
derived in-house from Great Ormond Street Hospital for Children and University

College London Hospital labs were utilised for analysis.

6.3.7 CS Activities in White Blood Cells (WBC)

CS activity in participant white blood cell (WBC) samples was determined and
normalised to protein content as described in Sections 2.4.2-2.5.2. CS activity was also
evaluated in control WBC samples from non-epilepsy patients, obtained from
Chemical Pathology, Great Ormond Street Hospital for Children, and anonymised

according to official guidance from The Royal College of Pathologists (Wilkins, 2015).
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Samples for visits A, B and C from each participant were also always run together to

minimise potential batch variation.

6.3.8 Statistical Analysis

Biochemical data included for analysis were obtained from participants determined to
be compliant at each of the visits throughout the course of the study. As a consequence,
a progressive decrease in n number (individual participants) may be observed with
each visit, as mean levels at each visit were only examined from those who complied
with the protocol. Although a repeated-measures ANOVA would be the most
appropriate statistical test for the study design, this was not usually possible as
repeated-measures ANOVA requires a complete dataset with no dropouts.
Quantitative data were statistically analysed as described in Section 2.8. One-way
ANOVA with repeated measures tests were attempted where appropriate, where
matching could be made, as an additional mode of analysis. Qualitative data were

described in narrative, summarising observed outcomes.

6.3.9 Ethics

Ethical approval for the study was obtained from the Research Ethics Committee for
the centres involved (REC Ref: 15/L0O/1979). Adult participants and parents/carers of
all child participants were required to provide written informed consent before

enrolling in the study. Further details on the study are available on ClinicalTrials.gov

(ID: NCT02825745).
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6.4 RESULTS

6.4.1 Participant Demographics

At the time of writing, a total of 60 participants were recruited to the study, comprising
33 adults and 27 children. Overall, 27 participants were male (45%) and 32 were
female (53%), with one participant’s gender unspecified (data unavailable). Mean age
was 34.4 + 1.9 years (19-64 years) for adult participants and 10.4 + 0.9 years (2-18
years) for child participants. With regards to ethnicity, the majority of participants
were White (77%, n=46), whilst eight (13%) were Asian, two (3%) were Black, three

(5%) were mixed and one participant was Arab.

TABLE 6.1 Demographics of participants in the Betashot feasibility study.

Age
Adults 33 (55) 344+ 19 19-64
Children 27 (45) 104 +09 2-18
Gender
Male 27 (45)
Female 32 (53)
Unknown I (2)
Ethnicity
White 46 (77)
Black 2 (3)
Asian 8 (13)
Mixed 3 (5)
Arab I (2)

Participants in the study also exhibited a range of seizure types and epilepsy
syndromes, with 31 participants experiencing generalised onset seizures, 21
experiencing focal onset seizures, and six participants also experiencing a mixture of
both generalised and focal onset seizures, with epilepsy for two participants

unspecified. Several participants were diagnosed with non-symptomatic (i.e.
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idiopathic) generalised or focal epilepsies (n=11 and n=6 respectively), with one
participant exhibiting non-symptomatic generalised and focal seizures. Participants
also varied in symptomatic epilepsy syndrome diagnosis, which are detailed in Table
6.2. Dravet syndrome (n=7, all children) was most commonly diagnosed in participants
with generalised seizures, whilst structural lesions were the most frequently occurring
aetiology for focal onset seizures. Epileptic spasms were also identified in two
participants: in one participant with Early Infantile Epileptic Encephalopathy, where
the spasms occurred in addition to generalised seizures, and in one participant with an

unspecified syndrome, where spasms were the primary seizures experienced.
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TABLE 6.2 Participant epilepsy types, grouped by seizure classification and epilepsy diagnosis.

Generalised (n=31) Focal (n=21) Generalised/Focal (n=6) Other (n=2)
Non-symptomatic Generalised (11) Non-symptomatic Focal (6) Non-symptomatic Generalised/Focal (1) Unspecified Syndrome* (1)
Dravet Syndrome (7) Structural Lesions (10) Alternating Hemiplegia of Childhood (2) Not Specified (1)

Early Infantile Epileptic Encephalopathy* (3) Temporal Lobe Epilepsy (1) Photosensitive Epilepsy (1)

GLUTI Deficiency (2) Frontal Lobe Epilepsy (2) Noonan Syndrome ()

Juvenile Myoclonic Epilepsy (2) Cryptogenic Focal (2) PCDH 19 Epilepsy (1)

Eyelid Myoclonia with Absences (1)
Epilepsy with Myoclonic Absence (1)
Doose Syndrome (1)
Lennox-Gastaut Syndrome (1)
Lissencephaly (1)

Unspecified (1)

*One participant in each of these groups also exhibited epileptic spasms, which are not specifically classified as they may have a generalised,

focal or unknown onset.
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6.4.2 Effects of Betashot on Anthropometry

Change in weight by the end of the study was found to vary between participants. In
the adult cohort, mean baseline weight was 73.8 + 3.2 kg (n=32), with mean baseline
BMI at 26.0 + 1.1 kg/m? (n=27). At visit C, mean weight was 68.9 + 3.8 kg (n=14) and
mean BMI was 24.3 + 1.4 kg/m? (n=11), with no significant difference in mean
participant weight between visits A and C. From the data available for participants who
completed the study, a mean weight gain of 0.27 + 0.8 kg (n=13) was observed, with
the maximum weight gain at 4.7kg (visit A BMI 18.2 kg/m?), and the maximum weight
loss at 4kg (visit A BMI 22.2 and 31.3 kg/m?). Anthropometry data for children were

unavailable at the time of writing.

6.4.3 Participant Compliance and Tolerability

A total of 28 participants completed the 12-week study, including 14 adults and 14
children. Five participants (3 adults, 2 children) were still in treatment at the time of
writing. Several participants (9 adults, 6 children; 54%) who completed the study also
continued Betashot treatment after the 12-week study period. Out of 60 participants,
there were 27 withdrawals (45%) in total (16 adults, 11 children), nine of which
occurred prior to the commencement of the study (Table 6.3). This included four adult
participants screened as potentially MCADD positive at the start of the study,
necessitating exclusion, three adults who withdrew their consent and one adult who
was unable to bleed, whilst one child had to withdraw from the study for other reasons.
Of the 18 participants (30% drop-out) who withdrew prior to the end of the study, the
reasons for withdrawal varied (Table 6.4). This mid-trial drop-out rate observed thus
far is not unlike that seen in clinical KD trials. For adults, gastrointestinal (GI) side
effects were cited most frequently as the cause for withdrawal (n=7), whilst two

participants also complained of a sore throat from Betashot consumption. One
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participant also disliked the taste of Betashot, finding the product unpalatable. In
children, lack of appetite (n=3) and GI side effects (n=3) were cited most often, and
one child also disliked the taste of Betashot. Behavioural changes, particularly
aggression and hyperactivity, were also reported in children, whilst two participants

reported worsened seizures during the study.

TABLE 6.3 Participant compliance in the Betashot feasibility study.

Compliance Adults (n=33) Children (n=27)
Completed 12 weeks 14 14
Ongoing/in treatment 3 2
Withdrew prior start of study 8 |
Withdrew prior end of study 8 10
Continued after end of study 9 6

TABLE 6.4 Participant reasons for withdrawal from the study. A total of
27 participants withdrew from the study, with |8 participants (30% drop-out)
withdrawing after commencing the study. The causes for withdrawal are tallied

below. Some participants cited more than one reason for withdrawal.

Reason for Withdrawal Adults (n) Children (n)
Withdrawal prior start of study
MCADD 4 0
Unable to bleed I 0
Consent withdrawn 3 0
Other 0 I
Withdrawal prior end of study
Gl side effects 7 3
Loss of appetite 0 3
Sore throat 2 0
Disliked Betashot taste I I
Seizures worsened 0 2
Behavioural problems 0 2
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6.4.4 G| Side Effects

Gl side effects experienced by participants during the study included diarrhoea, nausea
and vomiting, abdominal pain, reflux, bloating, and constipation. With 10 participants
citing GI side effects as a cause for withdrawal from the study, GI side effects were also
examined in participants who completed the 12-week study. Of the 28 participants
who completed the trial, nine participants cited GI problems at visit C, with one
participant also experiencing loss of appetite with Betashot. Eight participants
experienced no Gl side effects at visit C, whilst data for the remaining 8 participants
were unavailable at the time of writing. GI side effects were found to improve with
lower doses of Betashot in some participants, whilst for others, symptoms resolved over

the course of the study.

6.4.5 C8, ClI0 and C12 Levels in Participant Plasma

Free fatty acid levels of C8, C10 and C12 were analysed via GC-MS in the plasma
samples of participants taken at each visit. Participant compliance was cross-checked
and only data from those deemed to be compliant at each of the visits (B and C) were
included for analysis, as reflected in the decreasing n number with each visit. Baseline
levels for all three fatty acids appeared to be similar to those found in control patients,
as reported in Chapter 5. C8 and C10 levels increased with each visit, paralleling the
increasing amount of Betashot administered to participants over the course of the
study. Significant rises in C8 and C10 levels were observed between visit A and visit B,
as well as between visit A and visit C (p<0.001), with a significant increase in C10 also
observed between visits B and C (p<0.01) (Figure 6.2A-B). Mean plasma levels of C8 in
participants were 5.6+0.6pM at visit A, 31.6+5.0uM at visit B and 46.1+8.5uM at visit
C. C10 levels in participants were found to average at 4.7+0.6uM at visit A,

96.0+11.9uM at visit B and 149.2+21.6uM at visit C. By visit C, C8 and C10 levels
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ranged from 11.6-118.6uM and 35.3-293.5uM (min-max), respectively. C12 plasma
concentration was measured to account for trace levels in Betashot and to examine
potential chain elongation of C8 and/or C12. No significant changes in participant C12
levels were observed over the course of the study, remaining at baseline levels
throughout (Figure 6.2C). C12 levels at visits A, B and C were reported at 6.9+1.1uM,
4.9+0.6pM and 4.0+0.3pM, respectively, with visit C levels ranging from 2.0-5.6uM
(min-max). Proportions of C8, C10 and C12 in plasma at visits A, B and C were also
compared. At visit A, plasma MCFA comprised 28+1.5% C8, 32+2.4% C10 and
40+2.1% C12, with 25+1.7% C8, 71+1.9% C10 and 5+0.8% C12 at visit B, whilst at visit
C, plasma MCFA consisted of 22+1.1% C8 and 75+1.1% C10, with C12 making up only

2+0.3% (Table 6.5).
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FIGURE 6.2 Free C8, Cl10 and CI12 levels in participant plasma. Fatty
acid plasma levels were quantified at each of the three visits. A) C8 levels were
found to significantly rise from 5.6£0.6uM at visit A to 31.6£5.0pyM at visit B and
46.1+£8.5uM at visit C (***p<0.001). B) C10 levels were also found to significantly
increase from 4.7+£0.6uyM at visit A to 96.0x11.9yM at visit B and 149.2+£21.6uM
at visit C (***p<0.001), with a significant difference in Cl0 levels also observed
between visits B and C (**p<0.01). C) Conversely, no significant changes in Cl2
levels were observed throughout the visits, with mean CI2 levels of 6.9+1.1uM,
4.9£0.6pM and 4.0+0.3pM at visits A, B and C, respectively. Data represent mean
* SEM of individual participants at visit A (n=44), visit B (n=27) and visit C (n=14).
Samples were only included for participants who completed their specified course
for visit B and C, respectively, and consumed Betashot up to 2 hours before blood

sampling.

TABLE 6.5 Proportion of C8, ClI0 and Cl2 in plasma during each of the
three visits. Proportions were calculated as a percentage of total free C8, CI10
and CIl2 levels in plasma, with data representing mean * SEM of individual

participants at visit A (n=44), visit B (n=27) and visit C (n=14).

Visit A 32+24 28+ 1.5 40+20
Visit B 25+ 1.7 71£19 5+0.8
Visit C 22 % |.1 75 % I.1 2+03

6.4.6 Effects of Betashot on Plasma f-Hydroxybutyrate Levels
Plasma B-hydroxybutyrate levels were assessed in samples from participants who were
considered compliant at each of the three visits. No significant changes in plasma -
hydroxybutyrate levels were observed in participants at each of the visits, with levels
remaining at baseline throughout (Figure 6.3). Levels observed were also maintained
at expected physiological levels (<0.4mM), indicating that participants were not in
ketosis during the study. The f-hydroxybutyrate concentration typically seen in MCT
KD patients is also marked on Figure 6.3 for comparison, which generally ranges from

2-4mM.
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FIGURE 6.3 Plasma B-hydroxybutyrate levels in Betashot participants. No
significant changes in B-hydroxybutyrate levels were observed in participants over
the course of the three visits. Mean plasma levels at each visit were 0.17+0.05mM
at visit A, 0.24+0.06mM at visit B and 0.30£0.07mM at visit C. Levels expressed
remained within expected physiological ranges (<0.4mM). These levels were also
below the minimum expected threshold for ketosis generally observed in KD and
MCT KD patients. Data represents mean mean = SEM of individual participants at
visit A (n=44), visit B (n=28) and visit C (n=18).

6.4.7 Effects of Betashot on Participant Lipid Profiles

To measure the effects of Betashot consumption on the lipid profiles of participants
who were deemed compliant at each of the visits, plasma triglyceride (TG), non-
esterified fatty acids (NEFA) and total cholesterol levels were quantified (Table 6.6).
No significant changes in level were observed for all three parameters assessed, with
levels at visits B and C comparable to baseline concentrations. Furthermore, participant
TG, NEFA and total cholesterol levels were found to be within expected physiological

ranges throughout the course of the study.
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TABLE 6.6 BHB, TG, NEFA and Cholesterol levels in participants
throughout the course of the study. No significant changes in levels were
observed for each of the four compounds between visits. Data represent mean *

SEM of individual participants at visit A (n=44), visit B (n=28) and visit C (n=19).

Visit A Visit B Visit C Reference
Range
NEFA 0.47 + 0.04 0.48 £ 0.05 0.50 % 0.05 0.28-0.89
Triglyceride 121 +0.09 137 £0.15 125 +0.14 <23
Cholesterol 459+ 0.13 4641015 4921023 <50

6.4.8 Effects of Betashot on Participant Acylcarnitine Profiles
Dried blood spot acylcarnitine profiles were determined for compliant participants
during visits A, B and C (Table 6.7), with adults and children examined separately as
acylcarnitine levels are thought to be age-dependent (Table 6.8). In adults, a significant
increase (p<0.05) in acetyl carnitine levels between visits A and B was observed,
although no significant difference was found between visits A and C. Hexanoyl
carnitine levels were also found to significantly increase in adults (p<0.05), with raised
levels observed at visits B and C compared to baseline. For all other acylcarnitines, no
significant changes in level were observed in adults over the course of the study. In
children, no changes in acylcarnitine levels were detected for all the acylcarnitines
tested. Furthermore, acylcarnitine levels were found to be within the expected

physiological ranges for both adults and children (Table 6.8).
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TABLE 6.7 Acyl carnitine profiles of Betashot participants during visits A, B and C. In adults, acetyl carnitine levels were
significantly increased at visit B (¥*p<0.05), with hexanoyl carnitine levels also significantly raised at visits B and C (*p<0.05), whilst no
changes were seen in the remaining acylcarnitines. No significant changes were observed for all acylcarnitines in children. Data represent
mean * SEM of individual participants; adults at visit A (n=22), visit B (n=14) and visit C (n=9); children at visit A (n=23), visit B (n=13)
and visit C (n=5). Data for decanoyl carnitine levels are represented by: adults, visit A (n=4), visit B (n=4), visit C (n=6); children, visit A

(n=6), visit B (n=6), visit C (data unavailable).

e o

Visit A Visit B Visit C Visit A Visit B Visit C
Free Carnitine 28.14 + 1.89 30.14 £ 1.75 30.78 + 2.38 26.87 + .45 31.85+2.24 31.80 £ 2.96
Acetylcarnitine 20.87 £ 0.72 23.54 + 0.85* 2351 £0.71 2227 £ 1.17 25.38 + 1.46 24.80 + 3.98

Propionylcarnitine .21 £0.09 1.09£0.10 1.09 £ 0.15 0.88 + 0.07 1.00 £ 0.09 0.99 + 0.08
Butyrylcarnitine 0.29 + 0.02 0.31 £ 0.04 0.31 £0.05 0.27 £ 0.03 0.25 + 0.02 0.25 + 0.03
Isovalerylcarnitine 0.24 + 0.02 0.21 £ 0.03 0.24 + 0.05 0.23 £ 0.03 0.20 + 0.01 0.19 £ 0.02
Hexanoylcarnitine 0.07 + 0.004 0.13 £ 0.03* 0.14 £ 0.03* 0.08 + 0.01 0.09 + 0.02 0.09 + 0.02
Octanoylcarnitine 0.15+0.01 0.21 £ 0.04 0.17 £ 0.03 0.14 £ 0.03 0.13 £0.02 0.15 +0.03
Decanoylcarnitine 0.10 £ 0.02 0.52 £ 0.19 0.38+0.11 0.25 £ 0.15 0.24 + 0.09 --
Tetradecenoylcarnitine 0.11 £0.01 0.11 £0.02 0.07 + 0.004 0.09 £ 0.01 0.09 £ 0.01 0.08 £ 0.01
Palmitoylcarnitine 1.09 £ 0.08 1.00 £0.10 0.80 + 0.06 0.88 + 0.07 0.95+0.13 0.64 + 0.05
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Table 6.8 In-house reference ranges for dried blood spot carnitine and
acylcarnitine levels. No specific reference range was available for adults,
therefore ranges for | ly-20y patients were referenced during analysis. For child
data, individual levels within the appropriate age range were also examined to
account for differences between age groups. All participants analysed within the

reported data above (Table 6.7) were not found to have abnormal acylcarnitine

profiles.

Free Carnitine 17 -55 23-75
Acetyl Carnitine 10.0-27.8 0.1 —34.5
Propionyl Carnitine 0.27 - 1.84 043 -244
Butyryl Carnitine 0.11 —049 0.10-0.53
Isovaleryl Carnitine 0.08 — 0.35 0.06 - 0.31
Hexanoyl Carnitine 0.02-0.11 0.02-0.18
Octanoyl Carnitine 0-0.18 0.04-0.20

Decanoyl Carnitine --- ---

Tetradecenoyl Carnitine 0.09 - 0.25 0.02 -0.21

Palmitoyl Carnitine 04-17 05-22

6.4.9 CS Activities in Control WBC and Baseline Visit

Participant WBC

Prior to analysing the potential effects of Betashot on CS activity in participants, CS
activity was examined in available baseline (visit A) participant samples alongside non-
epilepsy control patient WBC (Figure 6.4). A total of 17 anonymised control samples
were obtained and analysed. Given the nature of the anonymization process involved
(the WBC samples were remnant diagnostic samples), demographic data was not
available for all the control samples analysed. From the available data, the mean age of
patients was 42.5 + 7.0 (n=12), with ages ranging from 1-73 years, whilst gender was
split evenly between male (n=6) and female (n=6), with the remainder unknown. In

the visit A cohort of Betashot participants, mean age was 31.3 + 3.2 (n=10), ranging
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from 12-45 years, and comprised of 7 males and 3 females. CS activities in both control
and Betashot participant WBC samples were found to be independent of age (r* =
0.2140 and 0.0633, respectively) (data not shown). Interestingly, in participants in the
Betashot study, baseline CS activity (210+17 nmol/min/mg) was observed to be
significantly higher (p<0.05) than in control patients (172+8 nmol/min/mg). General

data on the medical history and health of control patients and participants was

embargoed at the time of analysis.
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FIGURE 6.4 WBC CS activities in control and Betashot study participant
samples. CS activity was examined in non-epilepsy patient samples and compared
to baseline (visit A) CS activity in participant samples. CS activity was found to be
significantly higher in participant samples (210£17 nmol/min/mg) than in control
patient WBC (172£8 nmol/min/mg) (¥*p<0.05). Data are represented as mean %

SEM from |7 control patient samples and |10 participant samples (n=17, n=10).

6.4.10 Effects of Betashot Study on CS Activities in

Participant WBC

CS activity in available participant WBC was determined for visits A, B and C to
examine the effects, if any, of the study on participant CS activity. Samples analysed

were obtained from participants deemed compliant at each of the three visits. The
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following activities were quantified for each visit: visit A = 210+17 nmol/min/mg, visit
B =172+12 nmol/min/mg, visit C = 153+7 nmol/min/mg. A decrease in CS activity was
observed with each subsequent visit, with a significant reduction in CS activity found
between baseline levels (visit A) and visit C (p<0.05) (Figure 6.5). To further assess the
impact of this effect, the CS activities of visit C were compared to WBC CS activities in
control patients. No significant difference in CS activity was found, suggesting that
participant samples at visit C and control patient CS activities were comparable in level

(Figure 6.5).
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Figure 6.5 CS activity in participant WBC over duration of Betashot
study. CS activity was examined in Betashot participant WBC samples from visits
A (210217 nmol/min/mg), B (172£12 nmol/min/mg) and C (153+7 nmol/min/mg).
CS activity appeared to decrease at each visit, with a significant reduction in
activity found at visit C compared to the baseline (visit A) (¥p<0.05). Statistical
analysis with a repeated measures test (n=8) also revealed a statistically significant
reduction (*p<0.05) in CS activity between visits A and C. Furthermore, no
significant difference in CS activity was found between participant visit C and
control patient WBC samples. Data are represented as mean * SEM from individual
participants at visit A (n=10), visit B (n=11), and visit C (n=9), and individual

control patients (n=17).
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6.5 DISCUSSION

The main purpose of the Betashot study was to assess the compliance, tolerability and
acceptability of Betashot, a C10-enriched formulation developed as a food for special
medical procedures for adults and children. Study participants were required to
consume Betashot over the course of 12 weeks whilst maintaining a normal diet, with
blood, urine and dry blood spot samples taken at three visits (visit A at week 0, visit B
at week 5 and visit C at week 12). Overall, 60 participants were recruited to the trial,
comprising 33 adults and 27 children, with almost equal populations of male and
female. Nearly half of participants completed the protocol. However, a large proportion
of participants withdrew prior to the end of the study, highlighting potential issues
with compliance. A common complaint from participants appeared to cite
gastrointestinal problems as a cause for withdrawal, reflecting a primary issue that

frequently affects existing MCT KD regimens for epilepsy patients.

However, whilst this feasibility study predominantly focused on participant
compliance and tolerability, of particular interest to this thesis were the biochemical
effects of Betashot in participants. With seizure data unavailable for analysis until the
end of the trial, the effects of Betashot in participants were scrutinised in relation to
plasma levels, ketone body, lipid and acylcarnitine profiles, as well as white blood cell
citrate synthase activity. Free C8, C10 and C12 levels were quantified in participant
plasma over the three visits with increased levels of C8 and C10 observed at visits B
and C, indicating elevated fatty acid concentration with increased Betashot
consumption in those who adhered to the study protocol. This was in accordance with
previous studies that reported elevated levels of C8 and C10 in MCT KD patients
(Haidukewych et al., 1982; Sills et al., 1986). The increased Betashot consumption was

also reflected in the changes in C8, C10 and C12 proportions in plasma at each visit.
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Of the three MCFAs, C12 was predominantly present in plasma at visit A, where it
made up 40+2% of the total C8, C10 and C12 pool. However, by visit C, a shift in C8
and C10 proportion was observed, with levels of the two MCFAs paralleling the 20:80
ratio of C8:C10 found in Betashot. In contrast, a lack of change in C12 plasma levels
over the course of the three visits suggests that trace levels in Betashot did not affect
C12 plasma concentration, with chain elongation of C8 and/or C10 into C12 unlikely
to have occurred. Further analysis of potential chain elongation of C8 and/or C10 into
LCFAs is required however, as studies have shown MCFAs to stimulate the anabolic
pathway of lipogenesis to generate LCFAs (You et al., 1998), and understanding this
may glean additional insight into the mechanisms of both the MCT and classical forms

of the KD.

Plasma B-hydroxybutyrate levels were also evaluated in participants and was not found
to change over the course of the study, with a mean concentration of 0.30+0.07mM
observed at visit C. These levels were within expected physiological ranges, indicating
no ketosis in participants, whilst typical levels of B-hydroxybutyrate achieved in MCT
KD patients generally range from 2-4mM (Gilbert et al., 2000; Kim & Rho, 2008; van
Delft et al., 2010). Analysis of plasma B-hydroxybutyrate levels were monitored for
future analysis of potential effects of Betashot on seizures in relation to ketone body
levels. Furthermore, although participants were not required to undergo any dietary or
caloric restriction other than avoidance of high-sugar foods, high fat intake may incur
a certain degree of ketogenesis. The limited changes in B-hydroxybutyrate levels,
however, are consistent with the findings reported in Chapter 4, indicating the
carnitine-dependence of C10 B-oxidation and sluggish metabolism in the presence of
C8. How this data associates with seizure control in participants remains to be

evaluated however, as seizure data were unavailable for analysis at the time of writing.
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Furthermore, the limited changes in plasma [-hydroxybutyrate level were further
paralleled by the lack of effect of Betashot on participant NEFA levels in plasma. NEFAs
are generally B-oxidised into ketone bodies and the observed lack of change in
participant levels suggest limited ketogenesis. TG and total cholesterol levels in
Betashot participants were also found to remain at baseline levels over the course of
the study, indicating that Betashot may have had no overall effect on participant lipid

profiles, reflecting previous findings in MCT KD patients (Lambrechts et al., 2015).

In addition to the lack of effect on participant lipid profiles, Betashot was observed to
have little effect on the free carnitine and acylcarnitine profiles of participants, in both
adults and children. Changes in acylcarnitine profiles are thought to reflect alterations
in fatty acid oxidation caused by high intake of dietary fat (De Vogel-Van Den Bosch et
al., 2011; Papamandjaris et al., 2000; Schooneman et al., 2013). No changes in
carnitine/acylcarnitine level were seen in children, whilst in adults, increases in
acetylcarnitine and hexanoylcarnitine were found. Increased acetylcarnitine levels are
generally indicative of increased fatty acid oxidation and ketosis (Neal, 2012a; Schoeler
et al., 2017), but this was only observed in adults at visit B and remained within the
expected physiological range, in line with the lack of effect of Betashot on f-
hydroxybutyrate levels. Raised blood levels of hexanoylcarnitine in adults may reflect
the increased intake of MCTs with Betashot consumption, although no changes in
octanoylcarnitine levels were found. The disparity between adult and children
hexanoylcarnitine levels may be due to age-dependent differences in fatty acid
oxidation, where fat oxidation is higher in children than in adults (Kostyak et al., 2007).
No significant changes in decanoylcarnitine levels were observed, despite C10

carnitine-dependence. However, available quantitative data for decanoylcarnitine
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content in blood were limited, resulting in a very small n number for adults, and no
data for visit C in children. Therefore, it is not possible to infer the effects of Betashot

on decanoylcarnitine levels in participants.

Finally, in view of the mitochondrial effects of C10 in earlier investigations in this
thesis, the effects of Betashot consumption on participant WBC CS activity was
examined. Betashot participants were found to exhibit significantly higher levels of CS
activity in WBC samples compared to control patient levels, suggestive of increased
mitochondrial content. Over the course of the study, however, a decrease in Betashot
participant CS activity was observed with each visit. By visit C, CS activity of Betashot
participants was found to be comparable to control patient levels. The higher baseline
levels of CS activity in Betashot participants may potentially be indicative of
mitochondrial accumulation in epilepsy patients, although how this may arise requires
further investigation. Indeed, increased mitochondrial content is associated with
various mitochondrial epilepsies, such as MERFF and MELAS (Uittenbogaard &
Chiaramello, 2014), whilst impaired mitophagy has also been postulated to play a role
in epileptogenesis (Ebrahimi-Fakhari et al., 2016; Wu et al., 2017). The findings in this
chapter parallel those reported in Chapter 3, where C10 was observed to decrease CS
activity in SH-SY5Y cells with high baseline activities. Thus, it may be hypothesised
that Betashot consumption may potentially reduce CS activity levels in a similar
manner to that seen in neuronal cells, optimising mitochondrial content in peripheral
WBCs. However, as the WBC samples obtained from participants are a collection of
various WBC subtypes, it remains to be seen if the data reflects changes in CS activity
or in WBC populations. The mitochondrial bioenergetic profiles and mtDNA copy
number of WBCs are known to vary between WBC subtypes (Chacko et al., 2013; Knez

et al., 2016; Kramer et al., 2014), but how this is demonstrated by CS activity has yet
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to be fully elucidated. Considering this, it may be possible that the perceived changes
in CS activity are not changes in mitochondrial content but simply a reflection of
alterations in WBC subtype populations. A WBC differential count of participant
samples could provide the necessary information to indicate if the effects of Betashot
potentially parallel changes in WBC population. Correlating the effects of Betashot on
WBC CS activity with seizure control may also provide further mechanistic insight, as
inflammation has been posited to play a key role in epilepsy (see Chapter 7) (Kleen &
Holmes, 2008; Vezzani et al., 2011). Changes in WBC CS activity, or WBC populations
if determined, may stem from changes to seizures and/or inflammatory responses.
Monitoring the plasma levels of proinflammatory markers such as the cytokines
interleukin-1p (IL-1B) and interleukin-6 (IL-6), and C-reactive protein (CRP), as well as
the anti-inflammatory marker interleukin-1 receptor antagonist (IL-1ra) (Bartfai et al.,
2007; Furtado Gouveia et al., 2015), may improve understanding of the WBC effects
observed here. To summarise, at the time of writing, the C10-enriched MCT product
Betashot appeared to exert a range of biochemical effects in adult and child epilepsy
patients. Consumption of Betashot over the course of the study resulted in elevated
levels of C8 and C10 in plasma, whilst no change in C12 plasma levels was seen.
Proportions of the MCFAs in plasma also reflected the 20:80 ratio of C8:C10 available
within the product. Furthermore, ketosis was not observed in participants, as measured
by the lack of change in plasma B-hydroxybutyrate levels during the study. Similarly,
no changes in NEFA and TG levels were found, whilst negligible changes in free
carnitine and acylcarnitine levels in participants were also detected, further
corroborating with the lack of ketosis observed. In a cohort of compliant participants,
baseline WBC CS activity was found to be significantly higher than control levels. WBC
CS activity was found to decrease over the course of the study in participants,

suggesting a potential effect of Betashot on mitochondrial content in WBC, as judged
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by CS activity. How these biochemical effects of Betashot relate to seizure control in

participants remain to be determined.
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CHAPTER 7

Discussion
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7.1 DISCUSSION

The MCT KD is widely used as a therapy for children with drug-resistant epilepsy.
Although its anticonvulsant properties were initially proposed to derive from ketone
body generation, seizure control is poorly correlated with plasma ketone body levels
(Likhodii et al., 2000; Schwartz et al., 1989a; Thavendiranathan et al., 2000). Whilst
the exact mechanisms through which the MCT KD exerts its anticonvulsant effects
remain elusive, there is growing interest in the potential roles of MCFAs C8 and C10,

both provided in the diet.

Major constituents of MCT oil, elevated levels of C8 and C10 are reported in the plasma
and serum of patients receiving the MCT KD (Dean, Bonser, & Gent, 1989;
Haidukewych et al., 1982; Sills et al., 1986). Studies into the anticonvulsant and
biochemical effects of these two compounds reveal a number of pertinent findings,
suggesting both direct and indirect roles for the fatty acids in seizure control. However,
despite both these fatty acids being present in the MCT KD, a distinguishable
difference in effect between C8 and C10 is apparent. Emerging evidence suggests that
C10, and not C8, may be primarily responsible for the beneficial effects associated with
the diet. Whilst C8 has been shown to be anticonvulsant in some studies, also
improving brain antioxidant activity (McDonald et al., 2014; Socata et al., 2015; Wlaz
et al., 2012), other reports suggest that C8 has no direct effect on seizure control
(Chang et al., 2012; Chang et al., 2015; Tan et al., 2016) and no effect on neuronal

antioxidant activity (Hughes et al., 2014).

In contrast to C8, however, C10 appears to have several biological targets that may
explain the anti-seizure properties of the diet. In an ex vivo model of epilepsy, C10, but

not C8, was reported to elicit direct seizure control (Chang et al., 2012), with C10 also
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significantly improving in vivo seizure tolerance and brain antioxidative capacity
(McDonald et al., 2014; Sengupta & Ghosh, 2012; Sengupta et al., 2014; Tan et al.,
2017; Wlaz et al., 2015). These observations are further supported by the finding that
C10, but not C8, exerts a direct inhibitory effect on the AMPA receptor, providing a

direct mechanism through which C10 could elicit seizure control (Chang et al., 2016).

In addition to its anticonvulsant effects, C10 has been found to exert pro-mitochondrial
effects not seen with C8 treatment, including increased brain mitochondrial function
and ATP synthesis capacity (Tan et al., 2017). Previously in this laboratory, C10, but
not C8, was shown to elicit PPARy-mediated increases in CS activity, increased complex
[ activity and increased catalase activity, in both neurons and fibroblasts (Hughes et
al., 2014; Kanabus et al., 2016), although the findings in this thesis suggest that C10
may also be capable of decreasing CS activity under certain conditions. PPARy
activation is known to modulate mitochondrial biogenesis, suggesting that the PPARy
ligand C10 may be associated with the increased mitochondrial biogenesis observed
with the KD (Bough et al., 2006). Further consideration for mitochondria as a potential
therapeutic target comes from observations of diminished brain respiratory chain
function, in both animal seizure models and samples derived from patients with
epilepsy (Cock et al., 2002; Kunz et al., 2000), as well as in mitochondrial epilepsies
(Khurana et al., 2008; Lee et al., 2008; Seo et al., 2010). With mitochondrial
dysfunction heavily implicated in seizure generation, C10 may not only provide a direct
antiepileptic effect against seizures, but also an indirect means of protection via the

enhancement of mitochondrial function.

Thus, the primary aim of this thesis was to further elucidate the potential biochemical

actions of C8 and C10 in the MCT KD, particularly focusing on the effects of these two
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compounds on mitochondria in neurons, their neuronal metabolic fate, and their

biochemical effects in drug-resistant epilepsy patients when orally consumed.

Hughes et al. (2014) demonstrated the ability of C10 to increase CS activity in neuronal
cell line SH-SY5Y, suggesting the potential enrichment of mitochondria in these cells.
CS activity is an exclusive mitochondrial enzyme and is frequently utilised as a
biomarker of mitochondrial content (Larsen et al., 2012). In view of this, the effects of
C10 on CS activity and mitochondrial function in SH-SY5Y were further characterised.
At the commencement of this study, populations of SH-SY5Y cells were observed that
differed in control CS activity, with control activity ranging from those reported by
Hughes et al. (2014) to relatively higher values. This difference in CS activity between
cells was found to strongly correlate with the differential effects of C10 treatment: the
effect of C10 treatment on CS activity was dependent on control levels. In cells that
exhibited control levels comparable to those reported by Hughes et al. (2014), and
below a threshold determined from this publication and Hughes (2014), C10 treatment
significantly increased CS activity. Above the threshold for control CS activity,
however, and the converse was observed, with C10 treatment significantly reducing CS
activity. Populations of cells were also observed with intermediate control CS activities
close to this threshold. In these cases, C10 treatment was generally found to exert
minimal change to CS activity. Interestingly, under these conditions, C8 was not found
to exert the same effects, confirming the effects to be specific to C10, in line with
previous work (Hughes et al., 2014; Kanabus et al., 2016). However, these findings
contrast strongly with initial expectations that C10 treatment increases mitochondrial
enrichment, as reported by Hughes et al. (2014) and supported by Kanabus et al.
(2016). However, it is worth noting that Kanabus et al. (2016) observed a pleiotropic

effect of C10, where response to treatment in fibroblasts from complex I deficient Leigh
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syndrome patients varied according to genetic defect. Furthermore, how these
differential effects relate to the evidence that C10 increases mitochondrial function, in

respect to complex I and catalase activities, also requires further consideration.

This data suggests that C10 may influence mitochondrial regulation, pointing to a
mechanism that results in an optimum population of mitochondria within cells. Pre-
existing levels of mitochondria (i.e. control CS activity) may influence how cells adapt
to the effects of C10, regulating mitochondrial content accordingly. Increased CS
activity may be of benefit, for example, by improving energetic capacity of cells, but
excess mitochondrial biogenesis could also prove harmful through ROS accumulation.
However, the ability of cells to exert a balanced response to C10 is exemplified through
the increased antioxidant activity observed following treatment (Hughes et al., 2014;
Kanabus et al., 2016). Therefore, this regulatory response may extend to the
mechanisms involved in controlling mitochondrial content in cells. With C10 known
to act as a PPARy agonist, potentially promoting mitochondrial biogenesis (Hughes et
al., 2014; Malapaka et al., 2012), it was hypothesised that part of this mechanism may

also draw on the innate cellular machinery of mitophagy.

A mitochondrial-specific branch of autophagy, mitophagy is the selective clearance of
mitochondria through autophagic processes within cells, where the organelles are
engulfed by autophagosomes prior to lysosomal degradation (Youle & Narendra, 2011).
An essential cellular pathway, it works in conjunction with mitochondrial biogenesis
to maintain mitochondrial content and quality control, removing damaged
mitochondria and regulating mitochondrial number in response to cellular and
metabolic demand. Whilst mitochondrial biogenesis and mitophagy appear to act as

disparate forces, the two processes work hand in hand to carefully balance
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mitochondrial content and maintain homeostasis within cells (Palikaras et al., 2015a;
Palikaras & Tavernarakis, 2014). The tight coordination between these two opposing
processes is crucial, modulating the quality and quantity of mitochondria in response
to cellular metabolic state, stress and other signals (Palikaras, Lionaki, & Tavernarakis,

2015b; Zhu, Wang, & Chu, 2013).

Inadequate levels of mitochondria can be detrimental to cellular function, especially in
mitochondrial-dependent cells such as neurons. Reduced mitochondrial biogenesis or
rapid mitochondrial clearance can be maladaptive in cells, leaving them with a limited
capacity to perform. Likewise, mitochondrial accumulation through excess
mitochondrial biogenesis or defective mitophagy can also be damaging to cells,
potentially exposing them to excess ROS and, in the case of dysfunctional
mitochondria, pro-apoptotic mediators (Zhu et al., 2013). An imbalance between
mitochondrial biogenesis and mitophagy can lead to cellular deterioration, and has
been linked to the development of a number of pathological conditions, including
neurodegenerative and cardiovascular diseases (Barbi de Moura, Santana dos Santos,
& Van Houten, 2010; Luo et al., 2013; Meyers, Basha, & Koenig, 2013), highlighting
the pivotal role of these processes in cellular homeostasis. Therefore, the potential

ability of C10 to exploit these processes could prove beneficial.

To initially test this hypothesis, the potential role of mitophagy in the differential
effects of C10 was explored through the pharmacological inhibition of mitophagy. A
Drpl inhibitor, Mdivi-1, was utilised as an indirect means of mitophagy inhibition
through the obstruction of mitochondrial fission. Cells were treated with various
combinations of C10 and Mdivi-1, but results indicated no overall effect on CS activity

with either compound. This may be due to the dependency of C10 effects on control
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CS activity, which varied across independent experiments. The lack of effect also seen
with Mdivi-1 treatment suggested that the concentrations and conditions utilised may
not have been optimum for effective inhibition of mitophagy in this cell line. As this
was a preliminary experiment, further work is needed to optimise treatment conditions
with Mdivi-1. Moreover, testing additional parameters to confirm mitophagy
inhibition may be necessary prior to utilising CS activity as a means to measure the
effects of mitophagy on mitochondrial content. For example, examination of changes
to Drpl function and specific mitophagy markers, such as PINK1 and Parkin (Jin &
Youle, 2012; Narendra et al., 2008; Narendra, Walker, & Youle, 2012), and/or changes
to mitochondrial morphology, may demonstrate effective attenuation of mitophagy
with Mdivi-1 treatment. In addition to exploring mitophagy pharmacologically, it may
also be of value to investigate the differential effects of C10 treatment on mitochondrial
regulation pathways, examining any changes to gene and protein expression of both
mitophagy and mitochondrial biogenesis markers in conjunction with one another.
This approach may provide further insight into the differential effects of C10 on CS
activity in SH-SY5Y cells. Furthermore, it could also be postulated that C10-mediated
clearance of mitochondria, if any, may occur through a pathway independent of
mitochondrial fission (e.g. via non-specific autophagic clearance). General autophagy
inhibitors, such as bafilomycin Al and chloroquine, could be utilised to investigate
this, whilst expression of general autophagy markers with C10 treatment could also be

examined.

Whilst C10 appears to influence the regulation of mitochondrial content in SH-SY5Y
cells, as judged by CS activity, examining its effects on mitochondrial function in
relation to this is also necessary. Mitochondrial membrane potential (A¥,) was

assessed as a parameter of mitochondrial function, in C8- and C10-treated cells. With
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its critical involvement in ATP synthesis, mitochondrial Ca®* sequestration and ROS
production, AW, plays an essential role in maintaining cellular homeostasis.
Dysfunctional mitochondria can be marked by abnormal changes to AWy, such as
prolonged depolarisation, which may lead to impaired mitochondrial function and,
eventually, cell death. In SH-SY5Y cells, C10 treatment was found to significantly
increase AW, independently of mitochondrial content, whilst C8 appeared to have no

effect. Several implications may be inferred from this finding.

Raised AW, may indicate potential increased ATP generation and greater capacity to
meet energy demands. It is also possible that increased AW, may allow for amplified
ATP-dependent anabolic processes, such as mitochondrial protein synthesis (Fox,
2012). Although increased AW, is associated with elevated ROS generation in cells, the
increased catalase activity and antioxidant capacity shown with C10 treatment may
serve to counter this (Hughes et al., 2014; Sengupta & Ghosh, 2012; Sengupta et al.,
2014). Furthermore, maintaining increased AW, and associated mitochondrial
function may also be protective against cell death, as loss of AW, is closely associated
with apoptosis and necrosis (Kroemer, Galluzzi, & Brenner, 2007). Interestingly,
seizure activity has also been associated with decreased AW, and impaired
mitochondrial bioenergetics in various seizure models (Kann et al., 2005; Kovac et al.,
2012; Kudin et al., 2002). How C10 affects AW, in the context of seizures has yet to be
determined, but the ability of the fatty acid to increase AW, remains an interesting

finding.

In addition to increased ATP synthesis, elevated AW, may suggest improved
mitochondrial efficiency and ability to maintain AW, perhaps through increased

mitochondrial coupling efficiency and reduced proton leakage from the
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intermembrane space into the mitochondrial matrix. Proton leakage can occur through
two pathways: unregulated basal proton leak, and inducible proton leak. Although it
contributes a sizeable proportion of resting metabolic rate, basal proton leak occurs
through mechanisms not yet fully understood (Jastroch et al., 2010). However, it is
thought to be attributed to the abundance of adenine nucleotide translocase (ANT) in
the inner mitochondrial membrane, a carrier protein responsible for the translocation
of ATP and ADP in and out of the mitochondria (Divakaruni & Brand, 2011; Jastroch
et al., 2010). How C10 may influence basal proton leak remains unclear. It may be
possible that C10 treatment could alter the fatty acid composition of the phospholipid
bilayer of the inner mitochondrial membrane, thereby altering proton conductance.
However, only a small percentage of proton leak occurs via the bilayer, and evidence
on the influence of fatty acyl composition on proton conductance is conflicting
(Divakaruni & Brand, 2011; Jastroch et al., 2010; Porter, Hulbert, & Brand, 1996).
Inducible proton leak is generally facilitated through mitochondrial uncoupling
proteins (UCPs). Increased expression of UCPs has been associated with the classical
KD (Sullivan et al., 2004), with fatty acids (LCFAs and polyunsaturated fatty acids
(PUFAs)) also capable of activating them and driving down AW, (Mookerjee et al.,
2010; Wojtczak & Schonfeld, 1993). Whilst one study has shown C8 and C10 to
activate UCPs from brown adipose tissue (Winkler & Klingenberg, 1994), little is
known about the effects of these fatty acids in neurons. Moreover, MCFAs are not
innate uncouplers, lacking protonophoric activity (Shabalina et al., 2008; Wojtczak &
Schonfeld, 1993), and are thus thought to be incapable of inducing uncoupling in
mitochondria in the absence of UCPs. The lack of effect on AW,, observed with C8
treatment, and the increased AW,, with C10, suggest that neither of the fatty acids
affect UCP activity in SH-SY5Y cells. Consistent with this hypothesis is the observation

that no changes in UCP gene expression were reported in hippocampal formations of
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mice fed a C10-enriched MCT diet (Tan et al., 2017), although no changes in proton
leak were also found in this study. Thevenet et al. (2016) also reported no effect on
proton leak and AW, in neurons with C8 and C10 treatment. However, in this report,
the acute effects of C8 and C10 treatment were investigated, whilst this thesis
examined the effects of chronic 6-day treatment of neurons. Nonetheless, this evidence
may suggest that the increased AW,, with C10 observed in SH-SY5Y cells may occur

independently of changes to proton leak.

Further evidence to suggest that uncoupling may not occur in these cells was the lack
of effect found with C8 and C10 on energy charge in SH-SY5Y cells. Uncoupling
generally occurs at the expense of efficient ATP synthesis, but the data indicated that
adenine nucleotide distribution was unaffected, with both C8- and C10-treated cells
maintaining high ratios of ATP to ADP and AMP, comparable to control cells. However,
additional investigations into the effects of C10 on AW, UCPs and energy charge are
required. Furthermore, given the increase in AWy, following C10 treatment, it remains
intriguing that energy charge appeared to be unaffected by C10. This may suggest that
energy is tightly regulated, with homeostatic mechanisms in place that maintain ADP
and AMP levels in response to changes in ATP levels, such as ATP/ADP translocation
in and out of the mitochondria, or AMPK signalling, a sensor which regulates ATP and
AMP levels reciprocally in response to environmental changes (Hardie & Hawley,
2001). However, the tight regulation of energy charge means that, under normal
conditions, it remains very constant (Hardie & Hawley, 2001), suggesting that while
C10 appears to increase AWy, any resulting shifts in ATP levels and the adenylate pool
may be too subtle to observe under these conditions. Stressing the cells, such as
through glucose restriction, to disrupt the balance maintaining the energy charge may

be necessary to observe any effects C10 may have on the adenylate pool.
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Thus far, the data suggests several intriguing findings with regards to the effects of C10
on mitochondria. The ability to optimally influence mitochondrial content regulation,
as judged by CS activity, and increase AWy, independently of CS activity, without
hampering energy charge, point towards C10 potentially improving mitochondrial
function in SH-SY5Y cells. This raises the promise for C10 to generate a more efficient
cohort of neuronal mitochondria that may provide the energy capacity and protection
needed to withstand the insult of seizures. Nonetheless, further studies are needed to
uncover the associations and potential interplay between these parameters and, in

particular, the effects of C10 under stress.

For C10 to exert its effects on mitochondrial content and function, as well as seizure
control, achieving a sufficient concentration of 250uM in the brain is necessary. The
differential effects of C10 on mitochondrial content, increased AW, and the reported
enhanced complex I and antioxidant activities (Hughes et al., 2014; Kanabus et al.,
2016) all required concentrations of up to 250uM C10. AMPA receptor inhibition was
also achieved at 300pM (Chang et al., 2016). Whilst C10 levels may elevate in the
plasma of patients receiving the MCT KD, why this occurs and how this is paralleled in
patient brains remains unknown. However, concentrations of up to 240uM C10 were
reported in the brains of mice fed a C10-enriched chow (Wlaz et al., 2015). MCFAs are
thought to be B-oxidised into ketone bodies, and with B-oxidation enzymes reported
to be present in neuronal cells (Reichmann et al., 1988; Yang et al., 1987), how C10
may accumulate within the brain was explored by evaluating C8 and C10 B-oxidation
in SH-SY5Y cells. Glucose metabolism and B-oxidation of the LCFA, palmitate (C16)

were also analysed alongside C8 and C10.
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Glucose metabolism occurred at a significantly higher rate than that of C8 and C10, as
was expected, given that neurons are thought to be primarily dependent on glucose as
an energy source (Dienel & Hertz, 2001; Hall et al., 2012; Lundgaard et al., 2015;
Mergenthaler et al., 2013). However, most striking was the apparent difference in C8
and C10 B-oxidation observed, with C10 -oxidation rates substantially lower than that
of C8. This raised the possibility that SH-SY5Y cells processed the two fatty acids
differently, and this was determined to involve the carnitine shuttle, a system generally
utilised in the transport of LCFAs into mitochondria. Although MCFAs are largely
thought to enter mitochondria directly, C10 was found to be primarily reliant on the
carnitine shuttle, with CPT1 inhibition by etomoxir markedly diminishing C10 (-
oxidation. Complete inhibition of CPT1 was also confirmed with the impairment of
C16 B-oxidation, further highlighting the parallels of C10 handling to LCFAs. This
finding is corroborated by reports of C10 dependence on the carnitine shuttle for -
oxidation (Parini et al., 1999), as well as impairment of its $-oxidation in inherited
disorders of carnitine metabolism (Chalmers et al., 1997). In contrast, C8 B-oxidation
was found to be only partially dependent on CPT1, explaining the difference in B-

oxidation between the two MCFAs.

The effects of co-incubating C8 and C10 in a 20:80 ratio, reflecting the ratios utilised
in C10-enriched Betashot, was also found to further reduce C10 B-oxidation in SH-
SY5Y cells. The significant inhibition of C10 B-oxidation despite the relatively low
concentration of C8 suggests that C8 may exert a sparing effect on C10 [-oxidation.
With the partial dependence of C8 on CPTI, substrate competition for carnitine
shuttle-mediated transport into the mitochondria may occur, reducing overall C10 (-
oxidation. It is also possible that differing cellular uptake for the two fatty acids may

exert this difference. Further studies into these possibilities may therefore be
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informative. C8 is thought to contribute approximately 20% of brain energy production
(Ebert et al., 2003), suggesting the potential for C8 to be preferentially utilised as an
energy source, whilst facilitating the accumulation of C10 in the brain. This effect may
be further augmented by the low CPT1 activity reported in the brain (Dai et al., 2007;
Lee & Wolfgang, 2012; Price et al., 2002; Wolfgang et al., 2006, 2008), potentially
reducing the uptake of Cl10 into mitochondria for B-oxidation. However, whilst
neuronal B-oxidation of C10 may be low, astrocytes are thought to be capable of
significant MCFA (-oxidation (Auestad et al., 1991). How astrocytes handle C8 and
C10 B-oxidation is also a point of consideration and requires further investigation. In
a recent publication, however, C8 was found to be ketogenic in astrocytes, whilst C10
did not stimulate ketone body generation, suggesting that the differential 3-oxidation

of C8 and C10 observed in neurons may also occur in astrocytes (Thevenet et al., 2016).

The differential B-oxidation of C8 and C10 in SH-SY5Y cells demonstrates the potential
mechanism through which CI0 may accumulate in the brain to reach the
concentrations required for its key mitochondrial and anti-seizure effects.
Furthermore, the dampening effect of C8 presence on C10 B-oxidation also conveys an
additional benefit to developing more Cl10-enriched MCT formulations. The
combination of C8 and C10 may grant the potential for increased C10 accumulation
and, therefore, interaction with neuronal mitochondrial and anti-seizure targets,
resulting in its potentially differential effects on CS activity, increased complex I and
catalase activities, AMPA receptor inhibition and reported seizure control. How this
may be of benefit in the context of epilepsy is visualised in Figure 7.1, which provides
an overview of the effects of C10, that summarises the experimental findings presented

in this thesis, as well as those reported in available publications thus far.
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FIGURE 7.1 Schematic overview of the effects of mitochondrial and anti-epileptic effects of C10. Sluggish oxidation of CI0,
further reduced in the presence of C8, may lead to accumulation of the fatty acid. Once at the critical concentration required, CI0 may
then promote either mitochondrial biogenesis and/or regulation of mitochondrial content, generating mitochondria with increased AW, and
complex | activities. CI10 may also increase activities of catalase and other antioxidants, whilst also inhibiting seizures via AMPA receptor
inhibition and/or other mechanisms. As a consequence of these actions, CI0 may also potentially lead to neuroprotective effects within the

brain.
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To assess the impact of a shift in C10 enrichment in MCT formulae, Betashot was
developed as an MCT product suitable for consumption as an FSMP. Enriched with a
20:80 ratio of C8 to C10, the effects of Betashot were evaluated in a feasibility study
that assessed the compliance, tolerability, and biochemical outcomes in a cohort of 60
adult and children epilepsy patients. This thesis set to determine the biochemical
effects of Betashot in participants. A GC-MS method was developed to quantify the
levels of C8, C10 and C12 in participant plasma, providing a means through which to
assess the metabolic fate of the fatty acids and their potential associated effects.
Increased levels of C8 and C10 were observed over the course of the three visits in
participants who adhered to study, indicating increased consumption of Betashot as
prescribed by the study protocol and reflecting reported findings in MCT KD patients
(Haidukewych et al., 1982; Sills et al., 1986). C12 levels were also examined to account
for trace levels in Betashot and potential chain elongation of C8 and/or C10. However,
concentration of C12 in plasma was not found to significantly change, suggesting that
neither trace levels in Betashot, nor chain elongation of C8 and C10 into C12 were
significant enough to detect. Further consideration for the potential for C8 and C10
chain elongation into LCFAs is needed however, as synthesis of LCFAs, through de
novo lipogenesis and/or chain elongation, has been reported with high intake of MCT
(Dell et al., 2001; Hill et al., 1990). Thus, measuring potential changes in plasma LCFAs
in Betashot participants may provide further insight into the metabolic fate of the two
MCFAs, as well as the efficacy of the classical KD. The GC-MS method developed for
the measurement of free MCFAs may be adapted for free LCFA plasma quantification.
The possibility remains, however, that LCFA components of the classical KD may be
oxidised into C10, leading to its anti-seizure effects, although this necessitates further

investigation.
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Alongside changes in plasma levels of MCFAs, the effects of Betashot on ketone body
generation in participants were also evaluated. Plasma levels of the ketone body [-
hydroxybutyrate were assessed and no significant changes in level were observed over
the course of the study. With C10 comprising the major component of Betashot, and
the lack of carbohydrate restriction applied in the study protocol, this may be in line
with the findings in this thesis that show that C10 B-oxidation is carnitine-dependent
and further reduced in the presence of C8. This may result in a lower rate of ketogenesis
than expected of MCFAs. In addition to this, plasma B-hydroxybutyrate levels found in
participants were markedly lower than those typically seen in patients receiving the
MCT KD, with Betashot participant levels observed to be within expected physiological
ranges. Differences between Betashot participant and MCT KD patient levels may also
stem from the higher proportion of C8 present in mainstream MCT formulations,
resulting in greater ketogenicity than Betashot. With B-hydroxybutyrate poorly
correlating with seizure control in the MCT KD, it remains to be seen if the C10-
enriched Betashot exerts an effect on seizures despite a lack of carbohydrate restriction
and ketosis. It may be hypothesised that the C10 component of the product, with its
reported anticonvulsant effects and ability to inhibit AMPA receptors (Chang et al.,
2016; Wlaz et al., 2015), may reduce seizures in participants without the need for
dietary restriction. Further analysis of seizure data from participant Study Diaries is

required however.

NEFAs, TG and cholesterol levels were also assessed in participant plasma. Increased
levels of these parameters are generally associated with a range of adverse effects,
including obesity, insulin resistance and cardiovascular disease (Carlsson et al., 2000;
McKeigue et al., 1993; Zoratti et al., 2000). In Betashot participants, no significant

changes in level were observed at all stages of the study for each of the parameters
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tested. These findings are in line with existing reports pertaining to the effects of the
MCT KD on blood lipids in humans and animal models (Dell et al., 2001; Lambrechts
et al., 2015). Moreover, the lack of change seen with NEFAs may be consistent with the
observed limited effect of Betashot on plasma B-hydroxybutyrate levels, as NEFAs are
typically precursors to ketone bodies. It is also worth noting that Betashot consumption
also appeared to have negligible effect on overall participant weight, which may be

associated with blood lipid profiles (Dattilo & Kris-Etherton, 1992).

As previously described, carnitine is a necessary component of LCFA B-oxidation and
is involved in the translocation of LCFAs into the mitochondrial matrix (see 1.3.2.2).
With acylcarnitines generated from their corresponding fatty acyl-CoAs, it is thought
that during increased fatty acid intake, incomplete fatty acid oxidation may lead to
acylcarnitine accumulation (Koves et al., 2008). As C10 was found to rely on carnitine
for its B-oxidation, the effects of Betashot on the free carnitine and acylcarnitine
profiles in participant blood were examined. However, few changes in free carnitine
and acylcarnitine levels were found in participants over the course of the study. In
children, no changes were seen in any of the parameters tested. In adults, only
acetylcarnitine and hexanoylcarnitine levels appeared to increase, potentially reflective
of increased MCT consumption, although levels of both acylcarnitines remained within
expected physiological ranges. Although the raised acetylcarnitine levels may
potentially indicate increased ketone body generation, the changes in (-
hydroxybutyrate concentration were negligible. However, in a recent classical KD study
in children by Schoeler et al. (2017), acetylcarnitine levels in patients were found to be
associated with KD efficacy, where baseline acetylcarnitine was significantly higher in
responders than non-responders. This finding was speculated to relate to increased

acetylcarnitine/acetyl CoA buffering capacity, as acetylcarnitine equilibrates with
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acetyl CoA to maintain ketone body production. Thus, it may be of interest to correlate
individual participant acylcarnitine levels with potential seizure control data during

the study, despite the lack of observed ketosis.

Furthermore, the overall lack of change in free carnitine and acylcarnitine levels
observed in Betashot patients may be suggestive of predominant MCFA fatty acid
oxidation, despite the carnitine-dependence of C10. It may be that C8 is primarily p-
oxidised, whilst C10 is relatively spared, as reflected in the elevated plasma levels
observed. However, the lack of data available on decanoylcarnitine profiles to support
this hypothesis prevents further inferences from being drawn. Hypocarnitinaemia is
occasionally reported as a secondary effect of the classical KD (Berry-Kravis et al., 2001;
Kang et al., 2004), raising the risk of impaired fatty acid oxidation. In the Betashot
study, however, all observed levels for free carnitine, as well as acylcarnitines, in both
adults and children appeared to be within expected physiological ranges, suggesting no
abnormal effects of Betashot consumption on participant carnitine/acylcarnitine

profiles.

With C10 reported to exert a range of effects in mitochondria, including the potential
regulation of neuronal mitochondrial content, as judged by CS activity, and the
increased AW, shown in this thesis, the effects of Betashot on participant mitochondria
were also examined. CS activity in WBCs was measured as a marker of mitochondrial
enrichment in a cohort of participants, who were deemed to be compliant, and
examined alongside control patient WBC CS activities. Interestingly, baseline CS
activities in Betashot participants were found to be significantly higher than in control
patients, potentially indicating mitochondrial accumulation in epilepsy patients.

Betashot treatment, however, was found to progressively decrease WBC CS activities
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in participant samples, ultimately resulting in visit C levels that were not significantly
different to control activities. Several hypotheses are proposed to support these

findings.

In numerous mitochondrial disorders, elevated mitochondrial content is observed as a
response mechanism to mitochondrial dysfunction, where mitochondrial biogenesis is
upregulated to compensate for the presence of defective mitochondria and the
resulting bioenergetic deficit (Uittenbogaard & Chiaramello, 2014). This maladaptive
response is seen in the mitochondrial epilepsies MERFF and MELAS, which are marked
by abnormal levels of mitochondria. Conversely, raised mitochondrial content may also
be a consequence of impaired autophagy, particularly mitophagy, resulting in
ineffective clearance of dysfunctional mitochondria. Defective mitophagy has been
implicated in the hippocampus of temporal lobe epilepsy patients (Wu et al., 2017), as
well as in neuronal models of tuberous sclerosis complex where mitochondrial
accumulation was observed in cells (Ebrahimi-Fakhari et al., 2016), potentially
contributing to epileptogenesis. As previously highlighted, the tight coupling between
mitochondrial biogenesis and mitophagy is essential for maintaining cellular
homeostasis. Thus, disruption of this relationship may lead to mitochondrial
accumulation and consequential cellular decline. However, whilst these findings
suggest impaired coordination of mitochondrial biogenesis and mitophagy in the
brain, how this may apply to WBCs requires further consideration. With C10
previously found to regulate SH-SY5Y CS activity according to control levels, it may be
postulated that Betashot exerts a restorative effect on CS activity and balances

mitochondrial content to optimum levels.
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However, the CS activity measured in Betashot participants was from a mixture of WBC
subtypes. Differences in bioenergetic profiles and mtDNA copy number are observed
between these WBC subtypes (Chacko et al., 2013; Knez et al., 2016; Kramer et al.,
2014), and although one paper reported no differences in CS expression between
monocytes and lymphocytes (Kramer et al., 2014), further evidence of comparisons of
CS activity between subtypes is lacking. Thus, the suggestion that Betashot may alter
mitochondrial content in WBCs must be considered cautiously, as it remains to be
demonstrated if the data reflects changes in CS activity or in WBC subtype populations.
A WBC differential count of participant samples may provide further information into
the effects of Betashot, as absolute count and relative proportions of each subtype
would be provided. If correlated with seizure control data, alongside WBC CS activities,
this information may also provide further insight into the potential seizure control

effects of Betashot.

Whilst the use of peripheral blood cells to observe the potential neuronal effects of
Betashot may seem counterintuitive at first, WBCs offer potential insight into the
association of inflammation with seizure pathology. Inflammation has been speculated
to play an integral role in epilepsy (Kleen & Holmes, 2008; Vezzani et al., 2011).
Infection and fevers are a known cause of epilepsy (see Chapter 1), leading to
inflammatory responses that trigger seizures (Bartfai et al., 2007; Riazi, Galic, &
Pittman, 2010), whilst evidence of proinflammatory markers has been found in brain
tissue of epilepsy patients (Crespel et al.,, 2002; Ravizza et al., 2008). Moreover,
experimental models of seizures have also been shown to induce inflammatory
responses within the brain (De Simoni et al., 2000; Foresti et al., 2009; Heida &
Pittman, 2005; Minami, Kuraishi, & Satoh, 1991). Changes in glial function, innate

immune cells of the brain, are also thought to contribute to epilepsy (Devinsky et al.,
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2013; Tian et al., 2005). In addition to the neuroinflammation observed in the brain,
systemic changes in inflammation are mirrored by inflammatory responses within the
brain, similar to those generated in the periphery, a process thought to occur via
cytokine signalling (Galic, Riazi, & Pittman, 2012; Riazi et al., 2010). Peripheral
inflammation has been found to increase seizure susceptibility by eliciting
neuroinflammation and oxidative stress (Ho et al., 2015), whilst concomitant brain and
peripheral inflammation has been observed in a genetic mouse model of epilepsy
(Okuneva et al., 2016). Leukocyte recruitment to the brain has also been postulated to
contribute to neuroinflammation and seizure pathogenesis. In an experimental model
of epilepsy, leukocytes were shown to adhere to the vasculature of the brain, resulting
in seizures that were significantly suppressed when adherence was blocked (Fabene et
al., 2009). Interestingly, elevated levels of leukoctyes were also found in the cortical
tissue of epilepsy patients, suggesting the same phenomenon may occur in humans

(Fabene et al., 2009).

Whilst it remains unclear if inflammation precedes seizures or vice versa in the
pathogenesis of epilepsy, it is nonetheless apparent that seizures and inflammation are
closely associated. Consequently, the inflammatory response system may provide an
alternative target for antiepileptic therapies. In experimental models, the KD and high-
fat MCT feeding have been shown to reduce inflammation (Dupuis et al., 2015; Geng
et al., 2016; Nandivada et al., 2016; Ruskin, Kawamura, & Masino, 2009), potentially
contributing to the anti-seizure effects observed in the classical and MCT KDs. With
brain and peripheral inflammation seemingly associated in the generation of seizures,
it may be hypothesised that changes in seizure modulation and neuroinflammation
following treatment may be reflected peripherally. Thus, whilst the current WBC data

provides only a limited snapshot of what may potentially occur in participants, the use
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of WBC activity presents a window into the potential effects of Betashot on these
systems. However, further evidence, as described above, is necessary to effectively
relate this data with participant outcomes and provide a clearer picture of what may be

occurring within the brain.

Interestingly, a growing body of evidence suggests that the C10 target PPARy may also
play a significant role in inflammation. Although primarily involved in adipogenesis
(Farmer, 2005), PPARYy is highly expressed in the immune system, within spleen cells
and in macrophages (Braissant et al., 1996; Ricote et al., 1998), as well as in glial cells
and granule cells of the hippocampal dentate gyrus (Bernardo, Levi, & Minghetti, 2000;
Braissant et al., 1996; Moreno, Farioli-vecchioli, & Cert,, 2004). Furthermore, PPARy
agonists have been shown to exert a range of anti-inflammatory effects, including
inhibition of inflammatory macrophage activation (Ricote et al., 1998), attenuation of
inflammatory cytokine expression (Cunard et al., 2002; Luo et al., 2006) and reduced
glial cell activation (Heneka et al., 2005; Park et al., 2007; Sundararajan et al., 2005) in
several inflammation models. Furthermore, in seizure models, PPARy-mediated
seizure control has been demonstrated with the synthetic PPARy agonist pioglitazone,
where reduced inflammation was postulated to play a role (Abdallah, 2010). It is also
worth noting, however, that although pioglitazone is considered primarily a PPARy
agonist, it has also been found to repress endothelial and hepatic inflammatory
responses in a PPARo-dependent manner (Orasanu et al., 2008). Whilst mainly
involved in modulating fatty acid oxidation, PPARa activation has been shown to be
implicated in mitigating neuronal inflammation (Chistyakov et al., 2015; Esmaeili et
al., 2016; Gray et al.,, 2011). How pioglitazone-mediated agonism PPARa affects
inflammation specifically in seizure models remains to be seen, but there remains a

possibility that the reported PPARy effects may be enhanced by PPARa activity. The
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contribution of PPARy in attenuating seizure-related inflammation is further
supported by evidence that a KD rich in polyunsaturated fatty acids (PUFAs) decreases
neuronal inflammation in an animal seizure model, as PUFAs are dietary ligands of
PPARy (Grygiel-Gorniak, 2014; Jeong et al.,, 2011). Thus, exploiting the anti-
inflammatory effects of PPARy may contribute to the amelioration of seizures. With
C10 defined as a PPARYy ligand (Malapaka et al., 2012), this raises the potential for the
MCFA to exert similar anti-inflammatory effects through agonism of PPARYy. Therefore,
the observed changes in Betashot participant WBC CS activity (or WBC populations)
may originate from alterations in inflammatory response and/or seizures. However,
further work is clearly needed to examine the potential PPARy-mediated anti-
inflammatory effects of C10. Moreover, how this may occur through a dietary

intervention such as Betashot requires further investigation.

7.2 CONCLUSION

Examining the biochemical effects of C8 and C10 in neuronal cells and in drug-
resistant epilepsy patients, this thesis presents a number of findings that may be

potentially beneficial within the context of the MCT KD.

Within the neuronal cell line tested here, C10, but not C8, appears to exert a potential
regulatory effect on mitochondrial content, refining mitochondrial enrichment to
optimum levels, whilst also potentially enhancing mitochondrial function. The
mechanisms through which this may occur have yet to be understood, although it is
thus hypothesised that the interplay between mitochondrial biogenesis and mitophagy

may be involved.
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Furthermore, carnitine-dependence of neuronal C10 B-oxidation results in sluggish
metabolism of the MCFA, which is further reduced in the presence of C8. Partially
carnitine-dependent, C8 may be preferentially oxidised, permitting C10 to accumulate
to the critical concentrations necessary for interaction with mitochondrial and anti-

seizure targets.

In line with these findings, raised plasma levels of C8 and C10 were observed in drug-
resistant epilepsy patients consuming the C10-enriched MCT product Betashot. The
distinct lack of ketosis, and negligible changes in blood lipids and
carnitine/acylcarnitines, in patients further supports this. Correlating this data to
seizure control may provide further information into the effects of C10 in patients.
Interestingly, in drug-resistant epilepsy patients, there is evidence to suggest that
mitochondrial content in white blood cells are significantly raised. Treatment with the
C10-enriched Betashot was found to reduce mitochondrial levels to control values.
How this may occur requires further investigation, but the data may reflect the C10-
induced regulatory effect observed on mitochondrial levels in neurons. Considerations
for the role of the inflammatory system are needed, however, as PPARy is thought to

attenuate inflammatory responses.

Overall, the data suggest that a shift towards greater C10 enrichment in the MCT KD

may improve on currently available therapies, through increased accumulation of C10

and potential beneficial effects on mitochondria.
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7.3 FURTHER WORK
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To further confirm and expand on the findings presented within this thesis, a

range of additional investigations may be considered.

Firstly, the experiments described in this thesis were carried out in
undifferentiated SH-SY5Y cells. Differentiating the cell line results in more
neuronal-like cells (Agholme et al.,, 2010), and therefore may provide an
improved in vitro neuronal model for these experiments. Other in vitro models
to consider include using astrocytes, particularly in co-culture with SH-SY5Y,
as well as microglia and primary murine neurons to generate a more
comprehensive insight into the various effects of C10. Specific applications of
these models in relation to the work discussed throughout this thesis are also

highlighted below.

Elucidating the mechanisms behind the effects of C10 on mitochondrial
content may be informative. As previously discussed, gene expression profiling
and pharmacological inhibitors may provide further insight into the potential
interplay between mitochondrial biogenesis and mitophagy. Co-localisation
studies using imaging techniques, or alternatively, western blotting of key
markers may also be utilised. How these regulatory effects of C10 relate to the
activity of the electron transport chain may also be examined. Furthermore, in
vivo models could also be utilised to examine how C10 affects mitochondria in

the brain.

A key effect of C10 described in several studies is its ability to enhance

antioxidant levels. The relationship between ROS production, antioxidant



levels and the observed increase in mitochondrial membrane potential in this
thesis requires further understanding. Similar flow cytometry methods utilising
ROS-sensitive fluorochromes may be employed, as well as measurement of
antioxidant activities. The effects of Cl10 on mitochondrial membrane
potential, as well as on energy charge, in stress conditions are also of interest.
Electron transport chain inhibitors, such as rotenone, could be used. Insight
into these effects in both neuronal and glial models, as described above, could

be useful.

In addition to examining B-oxidation in neuronal cells, C8 and C10 B-oxidation
in astrocytes or in vivo may be informative, utilising the same methods applied
in this thesis. Co-culture of SH-SY5Y cells and astrocytes may also provide
insight into how these MCFAs are metabolised within this system, as the two
cell types are thought to cooperate metabolically (Schonfeld & Reiser, 2013).
Other oxidative routes of C8 and C10 may also be considered, such as potential
peroxisomal B-oxidation or microsomal w-oxidation. Stable isotope labelling
could also be utilised to examine the metabolic fate of C8 and C10 in patients,
as understanding this may provide information required for accurate dosing

with Betashot or other C10-based products.

Regarding the Betashot feasibility study, further analysis of participant data,
collating all available data at the end of the study, is needed. Seizure control
data require examination and correlation with the biochemical data analysed
thus far. Investigating the potential chain elongation of C8/C10 in participant
plasma using GC-MS may also be informative. Furthermore, more work needs

to be done to examine the effects of Betashot on WBC CS activity, increasing

227



228

the n numbers currently available and investigating the potential role of WBC
populations in the observed effects. Experimentally, the role of C10 in
inflammation could be further characterised, in vitro or in vivo, using bacterial
endotoxin lipopolysaccharide (LPS), which has been shown to increase
epileptogenesis in vivo via inflammation (Auvin et al., 2010). The effects of C10
on cellular models of neuroinflammation could also be examined via primary
microglia and/or astrocyte cells or cell lines. PPARy antagonists could also be
used to determine the mechanisms of any potential C10-mediated effects.
Finally, the KD/MCT KD are hypothesised to exert disease-modifying effects
(Gasior, Rogawski, & Hartman, 2006). Examining the long-term effects of
Betashot consumption on metabolic/gene expression in participants may be

beneficial.
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