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Abstract
Dysfunctional mitochondria are a hallmark of the ageing brain and are implicated in neurodegenerative
diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). As such, healthy neuron function
is dependent on the maintenance of mitochondrial processes such as mitochondrial redox state, membrane
potential, network, superoxide production and cellular bioenergetics. Indeed, there is evidence that natural
compounds are capable of improving these mitochondrial processes prior to the onset of disease- or agerelated neuronal mitochondrial dysfunction. Thus, this thesis explores therapeutic ways to improve
mitochondrial function in the diseased and ageing brain. An in vitro model and a mimetic that induces
disease- and age-related neuronal mitochondrial dysfunction was established. The human neuroblastoma
cell line, SH-SY5Y, was chosen as an in vitro model and was differentiated using retinoic acid (RA) to
produce a mature, and cholinergic phenotype. This RA-differentiation of SH-SY5Y also induced changes
at the mitochondrial level, which recapitulated several reported aspects of mitochondrial function in rodent
primary neurons. Hence, RA-differentiated SH-SY5Y was an appropriate in vitro model to use. Next,
understanding new AD pathology provides targets for therapeutic intervention. It has been reported that
glycation of Aβ1-42, a peptide involved in AD and pathological ageing with a non-reversible posttranslational modification, is more neurotoxic relative to unglycated Aβ1-42. However, it is unknown whether
a specific type or site of glycation on Aβ1-42 contributes to neurotoxicity and if mitochondrial dysfunction is
involved. Thus, synthesis of type- and site-specific glycation of Aβ1-42 was undertaken, which added Nε(carboxyethyl)lysine (CEL), a common glycation found in AD patients, to the two lysine residues on Aβ142. The results show that single, but not double, CEL-glycated Aβ1-42 are neurotoxic in RA-differentiated
SH-SY5Y. This neurotoxicity was independent of mitochondrial dysfunction. The double CEL-glycated Aβ142 may have induced mitophagy (i.e. selective mitochondrial degradation), which protected against
neurotoxicity. To investigate mitophagy further, a plant-derived gut-metabolite, urolithin A (UA), known to
induce mitophagy in myoblasts and cross the blood brain barrier, was tested on RA-differentiated SH-SY5Y.
Under non-stressed conditions, UA dose- and time-dependently improved mitochondrial processes such
as respiration, mitochondrial network and mitophagy in RA-differentiated SH-SY5Y. Further investigations
are necessary to understand the effect of UA on attenuating Aβ1-42- and rotenone-mediated mitochondrial
dysfunction associated with AD and PD respectively. Therefore, given the safety of UA in Phase I trials, UA
may be repurposed in the clinic to improve mitochondrial function in the diseased and ageing brain.
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Chapter 1
Introduction

1

Chapter 1

2

1.1 Preface

Preface
This chapter aims to give an overview of the mitochondria in order to understand ways to improve
mitochondrial function in the diseased and ageing brain. An introduction into the brief evolutionary history
of mitochondria is provided. Next, the structural components of the mitochondrion is discussed with regard
to: 1) the respiratory complexes, 2) mitochondrial DNA (mtDNA) and 3) mitochondrial networks. These
three structural components of the mitochondria are discussed under physiological and pathological
disease states, with a particular focus on the diseased and ageing brain.
Next, it is known that mitochondrial form follows function. Thus, the function of mitochondria is explored in
terms of: 1) energy production, 2) apoptosis, and 3) signal transduction, again, under physiological and
pathological diseased states. Finally, the therapeutics targeting mitochondrial function and the in vitro
models available to find such therapeutics is discussed. A figure summarising the outline of this chapter is
provided below (Figure 1.1)

Figure 1.1 Outline of Chapter 1.
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Chapter 1

A brief history of mitochondria
There are two theories surrounding the origin of mitochondria in eukaryotic cells. The first theory proposes
an endosymbiotic event ~2 billion years ago (Friedman & Nunnari, 2014), which resulted in the integration
of a eubacterial organism, most likely of a α-proteobacteria lineage, into primitive eukaryotes (Gray, Burger,
& Lang, 2001). This endosymbiotic event occurred during a time where atmospheric oxygen levels
increased 15 fold within 0.2 billion years due to an ‘environmental trauma’ (Kurland & Andersson, 2000).
Thus, there was a selective pressure for organisms with the ability to detoxify oxygen (Embley & Martin,
2006), which was provided for through the recruitment of α-proteobacteria into primitive eukaryotes. On the
other hand, the second theory propose the dependence of the endosymbiosis of an anaerobic
archaebacterium with an anaerobic eubacterial organism, which produced hydrogen as a waste product
(Martin & Müller, 1998). Hydrogen was then used as a source of energy production (Martin & Müller, 1998).
This theory would partially explain the emergence of mitochondria in primitive anaerobic eukaryotes in the
anoxic conditions of the ocean despite there being high levels of oxygen in the atmosphere (Embley &
Martin, 2006). However, the convergence of the two theories to explain the ‘modern’ day mitochondria
remains unclear.
This integration of the prokaryotic organism occurred in tandem, rather than as a sequential event, with the
development of a nuclear membrane to encapsulate genetic material, which resulted in primitive eukaryotic
forms of life as early as ~1.45 billion years ago (Embley & Martin, 2006). In terms of the first theory, the
endosymbiotic event led to the expansion of genes available for the host to harness oxygen in the air to
produce a substantial amount of energy (Embley & Martin, 2006). This increase in energy production was
required for evolution of unicellular eukaryotes into more complex forms of multicellular organisms (Alberts
et al., 2002b). During this process, a great deal of ‘reshuffling’ of genes occurred (Gray et al., 2001). Some
genes from the primitive symbiont genome was lost through ‘reductive evolution’ where gene homologs in
the nucleus of the host cell were used, which rendered the some of the genes on the primitive symbiont
redundant (Andersson & Kurland, 1998). This is true in the case of the modern day mammalian
mitochondria, where several subunits and components vital for mitochondrial respiration and function are
encoded for by both the nuclear and mitochondrial DNA (Gray et al., 2001). Therefore, this highlights the
important relationship between the cell and the ‘modern day’ mitochondria.
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1.3 Mitochondrial structure and form

Mitochondrial structure and form
Mitochondrial form is known to follow mitochondrial function (Friedman & Nunnari, 2014). Therefore, the
following sections discuss several aspects of mitochondrial form. Namely, mitochondrial structural
components (i.e. the respiratory complexes), mitochondrial DNA and the mitochondrial network; all of which
affect mitochondrial function (discussed in Section 1.4). A summary of several aspects of the mitochondrial
structure and form is presented in Figure 1.9.

Mitochondrial structural components
The mitochondrion is an organelle consisting of an outer and inner membrane. There are protein
complexes, made up of different subunits that span the inner membrane and participate respiration. This
respiration is driven by the enzymatic conversion of substrates and the subsequent transfer of electrons for
the production of energy, termed the Krebs cycle and oxidative phosphorylation (OXPHOS) respectively.
These protein complexes make up the electron transport system (ETS) in the mitochondrion, which are
comprised of complex I (NADH dehydrogenase), complex II (succinate dehydrogenase), complex III
(Coenzyme Q cytochrome c – oxidoreductase), complex IV (cytochrome c oxidase), complex V (ATP
synthase) and coenzyme Q (Rossignol & Frye, 2012). The energy produced is in the form of adenosine
triphosphate (ATP), and is phosphorylated from adenosine diphosphate (ADP) at complex V. During
OXPHOS, the sequential transfer of electrons from complex I to complex IV results in the translocation of
H+ from the mitochondrial matrix (the inner most region of the mitochondria) to the intermembrane space
(the space between the outer and inner mitochondrial membrane) (Rossignol & Frye, 2012). This gradient
of H+ between the intermembrane space and the mitochondrial matrix contributes to the proton-motive force
necessary to turn the ‘turbine’ of the ATP synthase to produce ATP from ADP (Rossignol & Frye, 2012).
More detail of each complex within the ETS for the production of energy is discussed in Section 1.4.1.
Moreover, rather than being individually dispersed throughout the inner membrane, complex I, II, III, and IV
are able to form ‘supercomplexes’, which make the mitochondria more efficient at energy production
(Cogliati, Enriquez, & Scorrano, 2016; Cogliati et al., 2013). The arrangement of supercomplexes is driven
by folds in the inner membrane, called the mitochondrial cristae (Cogliati et al., 2013), and the formation of
cristae are also affected by a phospholipid, cardiolipin (Ikon & Ryan, 2017). Thus, these structural properties
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inside the mitochondria play an important role in mitochondrial function, especially the efficiency of
mitochondrial respiration (C. Wang & Youle, 2016).

Mitochondrial DNA: Transcription and translation
As mentioned in Section 1.1, modern day mitochondria are a product of an endosymbiotic event between
two organisms. A testament to the endosymbiotic event is that the mitochondrion has its own doublestranded circular DNA (mtDNA), which is similar to circular prokaryotic DNA and different to linear DNA
found in the nucleus of eukaryotes. mtDNA lack introns, but include non-coding regions that are transcribed,
and are made up of 16,569 basepairs for 37 genes that encode for 2 ribosomal RNA (rRNA). 22 transfer
RNA (tRNA) and 13 proteins (Taanman, 1999). These 13 proteins are subunits of the different respiratory
complexes involved in OXPHOS. The transcription of the mtDNA relies on the mitochondrial DNA-directed
RNA polymerase (POLRMT) and transcription factor A (TFAM) (Gustafsson, Falkenberg, & Larsson, 2016).
As with most proteins in the mitochondria, these mtDNA transcription proteins are encoded by nDNA, with
the mRNA sequence being translated in the cytosol and imported through the translocase of the outer and
inner mitochondrial membrane, named TOM and TIM respectively (Wiedemann, Frazier, & Pfanner, 2004).
Unlike nDNA, mtDNA does not have an acetylation system to condense genetic material into histones.
Instead, mtDNA uses TFAM for the condensation of genetic material into discrete and membrane-free
nucleoid structures for mtDNA protection, as well as to regulate gene expression and replication
(Gustafsson et al., 2016). The dysregulation of condensation of mtDNA by TFAM can lead to the
susceptibility of mtDNA procuring somatic mutations through free radical attack (Kang, Kim, & Hamasaki,
2007).
Transcription of mtDNA produces a RNA sequence that includes mRNA, tRNA and rRNA, which are spliced
in the mitochondrial matrix by different types of RNase (Hällberg & Larsson, 2014). After splicing, rRNA
and tRNA undergo maturation within the mitochondrial matrix, where rRNA integrates with resident
mitochondrial ribosomal proteins to form a functioning ribosome, and tRNA has tm5U added to aid with
codon pairing during mRNA translation (Hällberg & Larsson, 2014).
Translation of mtDNA-derived mRNA involves many proteins for the initiation of ribosome binding,
elongation of protein and termination of translation, which is reviewed extensively by Christian and
Spremulli (Christian & Spremulli, 2012), and Hällberg and Larsson (Hällberg & Larsson, 2014). Therefore,
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the complex process of mtDNA transcription and translation involves proteins encoded by mtDNA as well
nDNA-derived proteins. Thus, any aberrations in transcription, translation and protein import, can lead to
detrimental effects on mitochondrial function (Douglas C. Wallace, 2010).

Mutations on mitochondrial DNA, the brain, and ageing
The maintenance of mtDNA copy number is important for mitochondrial function, especially for the
assembly of the respiratory complexes, of which 13 proteins are encoded for by the mtDNA. The detailed
replication cellular machinery for mtDNA, which is different to transcription, is highlighted in Gustafsson and
colleagues (Gustafsson et al., 2016). In non-dividing cells like neurons, mtDNA is constantly undergoing
constant replication and degradation, unlike nDNA which replicates once during the cell cycle (Chinnery,
Samuels, Elson, & Turnbull, 2002). A reduction in mtDNA copy number is a direct reflection of ageing
(Barazzoni, Short, & Nair, 2000). Conversely, an increase in oxidised nucleosides, a measure of oxidative
stress on DNA, was observed to increase with age, and to be at least ~10 fold higher in mtDNA relative to
nDNA in the cerebral cortex and cerebellum of post-mortem non-demented human brains (Mecocci et al.,
1993). Indeed, brain mtDNA copy number is decreased in neurodegenerative diseases like Alzheimer’s
disease (Coskun, Beal, & Wallace, 2004), Parkinson’s disease (Pyle et al., 2016) and Huntington’s disease
(M. H. Petersen et al., 2014). Notwithstanding the mtDNA copy number, mutations in mtDNA, particularly
in the protein coding regions, contribute to the progression and manifestation of disease phenotypes
(Friedman & Nunnari, 2014).
While germline mtDNA mutations that are traced through maternal mtDNA lineage can afford a better
understanding of the inherited mitochondrial diseases like Leber’s optic neuropathy (D. C. Wallace et al.,
1988) and Parkinson’s disease (Mizuno et al., 1989), these do not explain the large variation in mutations
on mtDNA associated with neurodegenerative diseases (M. J. Keogh & Chinnery, 2015). Moreover, the
inherited and familial cases of neurodegenerative diseases like Alzheimer’s disease and Parkinson’s
disease is relatively low, accounting for ≤ 6% (Bekris, Yu, Bird, & Tsuang, 2010) and ≤ 20% (Schulte &
Gasser, 2011) of all diagnoses respectively. Therefore, a large number of individuals with these
neurodegenerative diseases are sporadic cases, which involves the relationship between environmental
factors and gene expression (i.e. epigenetics). Given the relationship between mitochondria and
neurodegenerative diseases (M. J. Keogh & Chinnery, 2015; M. T. Lin & Beal, 2006; Turnbull, Lax, Diodato,
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Ansorge, & Turnbull, 2010), somatic mutations on mtDNA that affect mitochondrial function may contribute
to the clinical manifestation of these neurodegenerative diseases. As such, therapeutic ways to increase
mitochondrial fitness and prevent the development of somatic mutations on mtDNA may be beneficial.
In non-inherited cases of mtDNA mutations, somatic mutations at different sites on mtDNA can arise on
different copies of mtDNA within a cell, which can lead to a condition called heteroplasmy (Stewart &
Chinnery, 2015). The accumulation of somatic mtDNA mutations within a cell can lead to mitochondrial
dysfunction, and if the heteroplasmic pool of dysfunctional mitochondria with mtDNA mutations surpasses
the biochemical threshold, cell death is initiated (Stewart & Chinnery, 2015). There may also be an interplay
between inherited and somatic mtDNA mutations through heteroplasmy that induces pathological ageing
and exacerbate the pathogenesis of neurodegenerative disease in later life (Figure 1.2) (M. Keogh &
Chinnery, 2013).
The breadth of the clinical symptoms associated with mitochondrial disease and dysfunction make it difficult
to determine whether mitochondrial dysfunction is the root cause of such symptoms (McFarland, Taylor, &
Turnbull, 2002). Moreover, it is known that somatic mutations on mtDNA accumulates during ageing
(Douglas C. Wallace, 2005) and mtDNA mutation rates are at least ~10 fold higher compared to nDNA
(Turnbull et al., 2010). The vulnerability of mtDNA to such somatic mutations can come from a myriad of
sources. One source of somatic mtDNA mutations stems from environmental factors like smoking and
exposure to pesticides, which inhibit OXPHOS and produces free radicals that can attack mtDNA (Douglas
C. Wallace, 2010). This susceptibility of mtDNA to free radical attack is largely driven by the absence of
protective histones on mtDNA (Turnbull et al., 2010). While there has been considerable scholarship on
mitochondria having mtDNA repair mechanisms similar to the what is found in the nucleus (Alexeyev,
Shokolenko, Wilson, & LeDoux, 2013), a question still remains as to why these somatic mtDNA persist and
are eventually allowed to make faulty copies of mutated mtDNA. The reason for this may lie in the five main
types of mtDNA damage that require specific DNA repairing enzymes, some of which have yet to be
characterised (Alexeyev et al., 2013).
An alternative explanation for the increase in somatic mtDNA mutations compared to nDNA over time is
thought to come from a nucleotide imbalance that decreases DNA polymerase-γ (POLG) fidelity (S. Song
et al., 2005). Notwithstanding somatic mtDNA mutations, somatic nDNA mutations that encode for
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mitochondrial proteins and the other aberrations involving the nucleus-cytoplasm-mitochondrial import axis
can manifest into mitochondrial dysfunction (Douglas C. Wallace, 2010). Figure 1.3 provides a summary
of the interplay between mtDNA, nDNA, environmental factors and the outcomes of mitochondrial
dysfunction. Hence, mitochondria are central to many neurodegenerative diseases (M. T. Lin & Beal, 2006)
and this section discusses the implications of inherited and somatic mutations that drive disease
progression.
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Figure 1.2 Heteroplasmy of mtDNA can lead to neurodegenerative diseases.
Normal mtDNA can acquire somatic mutations in early life, which accumulates into late life. This results in
a large of pool of mtDNA with several mutations, a condition called heteroplasmy. These puts the individual
at risk of developing neurodegenerative diseases associated with mitochondrial dysfunction. Inherited
mtDNA mutations (revised Cambridge Reference sequence; rCRS) can create different haplotypes (e.g. H,
U, J for illustrative purposes), which dictate neurodegenerative diseases manifestation in late life.
(Reproduced with permission from (M. Keogh & Chinnery, 2013), © Elsevier, License # 4484981083132)

Figure 1.3 Environmental and genetic factors are involved in mitochondrial dysfunction.
OXPHOS inhibition through environmental factors, and mutations in mtDNA and nDNA produces free
radicals that can lead to further somatic mtDNA mutations. These accumulated mtDNA mutations can
cause heteroplasmy within cells, which manifests into and lead to mitochondrial dysfunction if a biochemical
threshold is surpassed. Hence, mitochondrial dysfunction can contribute to several diseases in many
different organs, the brain included.
(Reproduced with permission from (Douglas C. Wallace, 2010), © John Wiley and Sons, License #
4483810497065)
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Mitochondrial network
The mitochondrial network is dynamic and is a direct reflection of mitochondrial health and function (Nunnari
& Suomalainen, 2012). Much like the endoplasmic reticulum, mitochondria exist as tubular networks and
span a large area of the cytosol. Modern imaging techniques like super-resolution microscopy aid with the
understanding of mitochondrial network by overcoming the resolution needed to image finer processes like
the colocalisation of proteins on mitochondrial tubules (between 250 and 500 nm) (Jakobs & Wurm, 2014).
This allows for the detailed assessment of mitochondrial networks including parameters like mitochondrial
motility (i.e. the movement of mitochondria within the cell) (Lo et al., 2016). However, super-resolution
microscopy may not be readily available to every institution due to the resource cost and expertise needed.
Nonetheless, observations of mitochondrial network using dyes (e.g. MitoTracker Green) and quantitation
of the mitochondrial network using algorithms (e.g. MiNa (A. J. Valente, Maddalena, Robb, Moradi, & Stuart,
2017)) serves as a starting point for understanding function, given the mitochondrial form-function axis
(Nunnari & Suomalainen, 2012; C. Wang & Youle, 2016).
Changes in the neuronal mitochondrial network is a reflection of the bioenergetic state of cell during in vitro
neuronal differentiation and neuronal dysfunction. Induced human pluripotent stem cells (hiPSC) show
longer and denser mitochondrial networks as differentiation into neurons progressed (D. Fang, Qing, Yan,
Chen, & Yan, 2016). Moreover, specific mitochondrial ETS inhibitors like rotenone (complex I) and
potassium cyanide (complex IV) caused a decrease in mitochondrial length as well as a decrease in
complex I and complex IV activity (D. Fang et al., 2016). This shows the relationship between the
mitochondrial network and OXPHOS.
In neurons, the delivery of mitochondria towards the axon terminal is an important aspect of neuronal health
in order to maintain neurotransmission through the in situ production of ATP for neurotransmitter release
and the buffering of Ca2+ (Sheng & Cai, 2012). The need for mitochondrial motility is coupled by the need
for a diverse and highly connected mitochondrial network in order to reduce the time taken to transport
mitochondria to the extremities of the neuron (Barnhart, 2016). In rat cortical and striatal neurons, the
decrease in mitochondria motility may indicate the extensive development of mitochondrial networks to the
periphery of the neurons (Moutaux et al., 2018). Therefore, the dynamics of the mitochondrial network are
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also important for neuronal function involving neurotransmitter release and action potentials (via Ca2+
release) (Sheng & Cai, 2012)
Recently, the mitochondrial network is also thought to be involved in the regulation of mtDNA (Aryaman,
Bowles, Jones, & Johnston, 2018). Segmentation of the mitochondrial network through mitochondrial
fission can regulate the degree of heteroplasmy within the mitochondrial network, which may prevent
mitochondrial dysfunction through the elimination of mutated mtDNA (Aryaman et al., 2018; Busch, Kowald,
& Spelbrink, 2014). This segmentation of the mitochondrial network through mitochondrial fission proceeds
via several well-defined proteins, namely dynamin-related protein 1 (DRP1) and mitochondrial fission
protein 1 (FIS1). Conversely, the proteins involved with mitochondrial fusion are mitofusin 1 (MFN1),
mitofusion 2 (MFN2), and optic atrophy 1 (OPA1) (Figure 1.4).
These proteins involved with mitochondrial fusion and fission are important, not only for the regulation of
the mitochondrial network, but also the turnover of mitochondria. The fission and segmentation of
mitochondria from the mitochondrial network is important in maintaining overall mitochondrial function (D.
Fang et al., 2016). This segmentation is necessary if parts of the mitochondrial network have damaged
proteins (e.g. respiratory complexes of the ETS) or faulty mtDNA. Moreover, the proteins involved with
mitochondrial fusion promotes the recruitment of ‘fresh’ mitochondria, produced through mitochondrial
biogenesis, to the pre-existing network. Therefore, this dynamic cycle of mitochondrial fusion and fission,
coupled with mitochondrial biogenesis and clearance, implicates these fusion and fission proteins as key
regulators of cellular health (Figure 1.5 and Figure 1.6).
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Figure 1.4 Proteins involved in mitochondrial fusion and fission.
The process of mitochondrial fusion involves key proteins on the outer mitochondrial membrane, MFN1
and MFN2, and OPA1 on the inner membrane. Mitochondrial fission involves recruitment of cytosolic DRP1,
primarily by the FIS1 receptor (as well as other receptors listed). The endoplasmic reticulum also plays an
important role in the demarcation of the constriction sites for mitochondrial fission to occur.
(Reproduced with permission from (Sebastián, Palacín, & Zorzano, 2017), © Elsevier, License #
4484980045631)

Figure 1.5 Mitochondrial morphology during different states of metabolic stimuli.
Mitochondrial form follows mitochondrial function. A fused and tubular mitochondrial network is required for
increased OXPHOS as a result of mild stress or nutrient withdrawal. Conversely, punctate and fragmented
mitochondrial networks show impaired OXPHOS as a result of nutrient excess and severe stress.
(Reproduced with permission from (Wai & Langer, 2016), © Elsevier, License # 4484971338665)
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Figure 1.6 The dynamic cycle of mitochondrial fusion and fission incorporates mitochondrial
biogenesis and degradation.
Mitochondria undergo fusion-fission cycles in order to regulate mitochondrial function. For example, more
fused mitochondria are more efficient at OXPHOS and the segmenetation of dysfunctional parts of the
mitochondrial network promotes the degradation of mitochondria through mitophagy. This degradation
maintains mitochondrial network integrity, as well as neuronal function. The turnover in mitochondria is also
important to replace the degraded mitochondria. Thus, fusion events are a necessary step to promote the
diversification of the mitochondrial network, especially in cells with high bioenergetic demands such as the
neuron.
(Reproduced with permission from (Seo et al., 2010), © Company of Biologists Ltd., License #
4484960074399)
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Mitochondrial biogenesis and clearance
The turnover of mitochondria is important for the replenishment of a functional pool of mitochondria to cope
with the high bioenergetic demands of the brain (Diaz & Moraes, 2008). Mitochondrial turnover is estimated
to be 24.4 days in the rat brain (Menzies & Gold, 1971) and this process involves the production of
mitochondria (i.e. mitochondrial biogenesis) as well as the selective degradation of mitochondria through
autophagy (i.e. mitophagy) (Martinez-Vicente, 2017).
Mitochondrial biogenesis primarily involves the peroxisome proliferator-activated receptor γ coactivator-1α
(PGC-1α) (Cantó & Auwerx, 2009). Several metabolic conditions (e.g. cold, exercise, fasting states) can
initiate the transcription, translation and phosphorylation of PGC-1α to activate PGC-1α (Stotland &
Gottlieb, 2015). Activated PGC-1α acts primary in the nucleus as a co-activator for the transcription of
genes involved in mitochondrial biogenesis such as TFAM (Stotland & Gottlieb, 2015). As outlined in
Section 1.3.2, TFAM is the initiator of mtDNA transcription (Gustafsson et al., 2016) and this stimulates
mitochondrial biogenesis through the coordinated expression of mitochondrial proteins (Picca & Lezza,
2015).
Selective mitochondrial clearance is also known as mitophagy. The study of mitophagy, which is a distinct
process to general autophagy, was first characterised in yeasts (Kissová, Deffieu, Manon, & Camougrand,
2004) and subsequently termed as ‘mitophagy’ (Lemasters, 2005). In human neurons, mitophagy is an
important process that contributes to mitochondrial turnover, which helps with the degradation of
dysfunctional mitochondrial to maintain neuronal function. As previously mentioned, neurons have a high
bioenergetic demand and neuronal mitochondria are more prone to damage as they work harder.
Mitophagy initiation can occur via several different pathways requiring different protein localisations and
adaptor protein recruitment (Georgakopoulos, Wells, & Campanella, 2017). In neurons, different
parameters of mitochondrial dysfunction (i.e. ΔΨm depolarisation, ETC inhibition, or oxidative stress)
trigger unique pathways of mitophagy (Figure 1.7). Regardless of the pathway of mitophagy, the end-goal
of this process is for the engulfment of the mitochondrion by an autophagic membrane (with the exception
of the GAPDH pathway), which leads to the fusion with the lysosome (now an autolysosome/mitolysosome).
Once in the autolysosome, the mitochondrion is degraded by enzymes in a low pH environment. Impaired
mitophagy has been implicated in neurodegenerative diseases such as AD and can act as both ‘trigger and
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gun’, which exacerbates disease progression through neuronal death. An example of impaired mitophagy
associated with AD is presented in Figure 1.8.

Figure 1.7 Common pathways of mitophagy in neurons.
There are three common pathways for mitophagy in neurons, which include:
(A) The PINK1/Parkin mediated pathway of mitophagy. Upon ΔΨm depolarisation, the native PINK1 in
the mitochondrial matrix is translocated to the outer mitochondrial membrane and phosphorylates ubiquitin.
This phosphorylation event promotes a cascade of events that recruit other adaptor proteins such as Parkin,
lipidated microtubule-associated protein 1A/1B-light chain 3 (LC3), Squestosome 1 (SQSTM1; p62). LC3
has the pre-autophagosome membrane attached to it prior to the interaction with other adaptor proteins.
(B) The cardiolipin mediated pathway of mitophagy. Cardiolipin is an important component on the inner
membrane of mitochondria that aids with the formation mitochondrial cristae. Under electron transport chain
(ETC) inhibition or damage, cardiolipin is able to relocate to the outer mitochondrial membrane independent
of ΔΨm depolarisation. The mechanism of this is still unknown. Upon cardiolipin externalisation, LC3 is
recruited to the outer mitochondrial membrane with the pre-autophagosome membrane. This cardiolipin
mediated pathway of mitophagy does not require adaptor proteins like Parkin, LC3, or SQSTM1 / p62.
(C) The GAPDH mediated pathway of mitophagy. This is the most recent pathway of mitophagy that
does not require the recruitment of LC3 or pre-autophagosomal membranes. Through mechanisms yet
unknown, inactive glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is recruited to the outer
mitochondrial membrane, which ‘tags’ the mitochondria for direct engulfment by lysosomes.
(Reproduced with permission from (Cummins & Götz, 2018), © Springer Nature, License #
4484920909827)
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Figure 1.8 Mitophagy in healthy and AD-affected neurons.
Under physiological conditions, healthy mitochondria exist in the soma and axons of neurons. Mitochondria
in neurons are functioning at close to maximal capacity and are prone to damage and dysfunction. As such,
damaged mitochondria are transported back to the soma, for the selective degradation of mitochondria
through mitophagy. Compromised mitophagy, as is the case for an AD-affected neuron, can lead to the
accumulation of mitolysosomes that build up and promote the processing of other pathogenic proteins (e.g.
Tau and Aβ1-42) involved in AD manifestation. Moreover, this impaired mitophagy can lead to the build up
of non-engulfed dysfunctional mitochondria, which can initiate intrinsic apoptosis pathways (see Section
1.4.2).
(Reproduced with permission from (Kerr et al., 2017), © Springer Nature, License #4484940376941)
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Mitochondrial function
This section details several parameters of mitochondrial function under physiological and pathological
states.

Energy production
While there are other sources of energy production (i.e. glycolysis), the bulk of energy production (ATP)
comes from OXHPOS within the mitochondria. Given that the evolution of complex life depended on the
mitochondria for energy production (Alberts et al., 2002b), the process of energy production is tightly
regulated, especially in the case of neuronal function (Schönfeld & Reiser, 2013). Although the brain is only
~2% of the body mass, it consumes 20% of the total oxygen consumed by the total body (Schönfeld &
Reiser, 2013). Moreover, neurons have the highest energy demand of any neural cells in the brain, ~85%
to ~95%, compared to glial cells, ~5 % to ~15% (Schönfeld & Reiser, 2013).
As mentioned in Section 1.3.1, new insights show that the respiratory proteins in the inner membrane of
the mitochondria exist as a supercomplex (Letts, Fiedorczuk, & Sazanov, 2016). This supercomplex is
made up of complex I, complex III and complex IV, and the exact interpretation of why this assembly into a
supercomplex occurs is still a topic discussion (Milenkovic, Blaza, Larsson, & Hirst, 2017). It is postulated
that the close proximity of these complexes may decrease the time for random diffusion of substrates to
bind to the active sites of the respiratory complexes as well as speed up the transfer of electrons with
ubiquinone (Milenkovic et al., 2017).
Regardless of the interpretation of the function of the supercomplex, these individual respiratory complexes
are involved in the creation of a proton gradient required for the conversion of ATP from ADP + Pi at the
ATP synthase (Figure 1.9). This proton gradient is also used to mitigate other mitochondrial functions such
as mitophagy under physiological and pathological states (see Section 1.3.3.1). Interestingly, even under
aerobic conditions, neurons are capable of utilising lactate from astrocytes, a cytosolic product of the
anaerobic conversion of pyruvate (Bélanger, Allaman, & Magistretti, 2011). However, rather than using
lactate directly, the neurons are able to convert lactate back to pyruvate using lactate dehydrogenase
isoform 4 (LDH-4), which is then ‘fed’ into the tricarboxylic acid (TCA) cycle (O’Brien, Kla, Hopkins, Malecki,
& McKenna, 2007; Pellerin & Magistretti, 1994). As such, there a many other components that are able to
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‘feed’ into the TCA cycle, namely fatty acid oxidation (Rossignol & Frye, 2012). However, it is known that
the brain does not readily use fatty acid oxidation as an energy source because of the substantial amount
of oxygen required for fatty oxidation, which could make the neuronal cells hypoxic (Schönfeld & Reiser,
2013, p. 201). Moreover, this process of fatty acid oxidation occurs at a slower rate compared to the TCA
cycle, which makes producing ATP much slower and this has implications for the high ATP demand of the
neuron (Schönfeld & Reiser, 2013). Thus, the ability for neurons to generate ATP via the mitochondrion is
an important aspect in maintaining neuronal function.
In neurodegenerative diseases, changes in ETS and OXPHOS ability can have detrimental effects on
mitochondrial function. Indeed, a decrease in protein levels of respiratory components has been observed
in post-mortem AD brains (Manczak et al., 2006) and the deficiency in complex I is a known hallmark of PD
(Mizuno et al., 1989). Moreover, an increase in complex II subunits suggests a metabolic shift to a
dependence on complex II in AD brains, which further implies a substrate driven deficit in the TCA cycle
(Bubber, Haroutunian, Fisch, Blass, & Gibson, 2005). This decrease in ETS and OXPHOS ability can have
downstream effects, particularly on the mitochondrial network, ROS production (i.e. through electron
leakage as a result of blocked flux, rather than increased ΔΨm) and initiation of intrinsic mitochondrialmediated apoptosis (M. T. Lin & Beal, 2006).

19

Chapter 1

Figure 1.9 The electron transport system (ETS) in the mitochondria.
Pyruvate from glycolysis is transported into the mitochondrial matrix where a series of cyclic catabolic
reactions (e.g. the tricarboxylic acid cycle; TCA) produce NADH and FADH2, which feed into the ETS. Then,
electrons are transferred from complex I or complex II to complex III to be shuttled to complex IV using
cytochrome C. H+ is translocated from the matrix to the intermembrane space by the membrane spanning
respiratory complexes, except for complex II. This creates a H+ gradient which drives the conversion of ADP
to ATP at complex V (ATP synthase). Other sources that produce substrates for the TCA and ETS include
fatty acid oxidation and NADH produced through glycolysis.
(Reproduced from (Rossignol & Frye, 2012), © Springer Nature, Creative commons distrubtion (AttributionNoncommercial))
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Apoptosis
Mitochondria are also a key regulator of controlled cell death, termed apoptosis. This mitochondrialmediated pathway of cell death is distinct from cellular necrosis, which usually occurs upon acute cellular
stress that compromises the plasma membrane. Furthermore, neurodegenerative diseases do not display
necrotic cell death as the pathological manifestation is progressive and can take a considerable amount of
time (Levy, Malagelada, & Greene, 2009).
Cellular apoptosis proceeds via main two ways: 1) the intrinsic pathway involving the mitochondria or 2)
the extrinsic pathway involving the activation of a death receptor at the cell surface membrane (Tait &
Green, 2010). Both the intrinsic and extrinsic pathways of apoptosis converge through the activation of the
‘executioner’ caspase 3 and caspase 7, and follows a series of assembly and activation steps of proteins
in the cytosol (Tait & Green, 2010). Figure 1.10 summarises the process of intrinsic (mitochondrialmediated) and extrinsic pathways of apoptosis.
The involvement of the intrinsic mitochondrial-mediated pathway of apoptosis is evident in several
neurodegenerative diseases. In AD, the death of cholinergic neurons in the cerebral cortex and
hippocampus occurs through pathological apoptosis, which contribute to disease progression (Mark P.
Mattson & Magnus, 2006). Moreover, the causative peptide involved with AD progression, Aβ1-42, has
been shown to induce apoptosis, rather than necrosis, in mice cerebral cortical neurons (X.-J. Han et al.,
2017) and induce the mitochondrial-dependent pathway of apoptosis in differentiated human
neuroblastoma SK-N-BE cells (Tamagno et al., 2003). Although some in vitro studies report the lack of
apoptosome assembly upon Aβ1-42 treatment, this has been shown to be delayed up to 22 hours post
Aβ1-42 treatment, and indicate that Aβ1-42 caused intrinsic apoptosis through the mitochondrial-mediated
pathway (Islam, Sharoar, Ryu, & Park, 2017).
In PD, compromised complex I activity in the ETS can lead to an increase in oxidative stress through O2•production, which results in dopaminergic neuronal death in the substantia nigra (Winklhofer & Haass,
2010). A study of mice injected with a complex I inhibitor, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), showed a marked increase in mitochondrial oxidative damage (Perier et al., 2005). This increase
in oxidative damage initiated the intrinsic mitochondrial-mediated pathway of apoptosis through the
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activation of BCL-2-associated X protein (BAX) (Perier et al., 2005). Hence, these studies laments the
involvement of the intrinsic mitochondrial pathway for neurodegeneration.

Figure 1.10 Intrinsic and extrinsic pathways of apoptosis.
Cellular stress increases the cytosolic availability of two proteins, BCL-2-associated X protein (BAX) from
DNA damage or ER stress, and BCL-2-antagonist or killer (BAK) from the activation of the death receptor.
BAX and BAK then causes permeabilisation of the mitochondrial outer membrane, which causes the
release of native proteins in the mitochondrial intermembrane space (IMS) into the cytosol. Next, the
assembly stage starts with the formation of an ‘apoptosome’. The cytosolic apoptosome is made up of
cytochrome c (from the mitochondrial IMS) bound to apoptotic protease-activating factor 1 (APAF1). This
dimer of cytochrome c and APAF1 further aggregates to form a heptameric structure with pro-caspase 9 in
the middle. Once assembled, the apoptosome activates caspase 3 and caspase 7 to induce downstream
apoptotic specific signals. Similarly, the extrinsic apoptotic pathway releases active caspase 8 upon ligand
(e.g. tumour necrosis factor) binding to the death receptor and this in turn activates caspase 3 and caspase
7.
(Reproduced with permission from (Tait & Green, 2010), © Springer Nature, License# 4484511165461)
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Signal transduction
Mitochondria are a major source of ROS and the presence of ROS is not necessarily bad (Dickinson,
Peltier, Stone, Schaffer, & Chang, 2011, p. 2). Under physiological conditions, ROS is used as a signalling
molecule to promote and maintain cell populations (Dickinson et al., 2011), as well as to promote neuronal
differentiation (Tsatmali, Walcott, Makarenkova, & Crossin, 2006). Mitochondria produce ROS as a byproduct of OXPHOS, where electron leakage occurs prior to reducing oxygen at complex IV (Jastroch,
Divakaruni, Mookerjee, Treberg, & Brand, 2010). Indeed, there is an exponential relationship between
oxygen consumption and mitochondrial membrane potential (ΔΨm), where the increase in ΔΨm increases
the flux of electrons through the ETS (Jastroch et al., 2010). This is true for neurons, which exhibit higher
basal ΔΨm compared to other cell types (Nicholls & Ward, 2000). Hence, this increases the likelihood of
electron ‘leakage’ from the ETS to form O2•-, which is then converted to H2O2 by manganese superoxide
dismutase (MnSOD) inside the mitochondrial matrix, or copper/zinc superoxide dismutase outside of the
mitochondrial matrix (Murphy, 2009). H2O2 is one of the most common forms of ROS (Murphy, 2009). The
formation of H2O2 can lead to signal transduction via redox-sensitive moieties on cytosolic enzymes or
interact directly with components within the nucleus (i.e. transcription factors for mitochondrial biogenesis)
(Figure 1.11) (Murphy, 2009).
Excessive ROS can lead to severe mitochondrial damage, which the mitochondrion circumvents by utilising
native ROS quenching molecules in the matrix (e.g. glutathione) (Murphy, 2009). However, under
neurodegenerative disease states, there is strong evidence to support the imbalance of ROS production to
ROS quenching (Butterfield & Lauderback, 2002; M. T. Lin & Beal, 2006). Moreover, excessive amounts of
ROS can lead to oxidative stress that damage mtDNA (Yakes & Van Houten, 1997) and provide a signal to
initiate the intrinsic mitochondrial-mediated apoptotic cascade (Valencia & Morán, 2004). As a result of this
imbalance of ROS production and quenching, the accumulation of H2O2 may affect several signalling
pathways. Signalling pathways that interact with H2O2 include hypoxia-inducible factors (HIFs),
(Phosphoinositide 3-kinase) PI3K, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
and mitogen-activated protein kinases (MAPK) (Schieber & Chandel, 2014). The indirect interaction of ROS
with signalling pathways is exemplified when lipid peroxidation was shown to activate MAPK signalling,
which promoted the production of Aβ, a peptide involved with AD pathogenesis (Tamagno et al., 2005).
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Lipid peroxidation is a known outcome of excessive ROS production, which damages highly vulnerable
polyunsatured fatty acids, a component primarily found in neuronal plasma membranes (Shichiri, 2014). In
an in vitro murine PD mimetic model, treatment with 6-hydroxydopamine (6-OHDA) induced c-Jun-Nterminal kinase (JNK) activation, through the production of ROS, which was attenuated by stimulating the
production of glutathione with N-acetylcysteine (NAC) (Choi et al., 1999). Thus, the role of ROS signalling
under pathological conditions such as AD or PD may provide insight into other therapeutic ways to stop the
signalling cascade, rather than utilising antioxidant supplementation, which is known to counter the
physiological roles of mitochondrial ROS signalling (Murphy, 2009).
Mitochondrial ROS signalling also may be involved in this concept of mitohormesis, where a sub-lethal
dosing of compounds that stimulates ROS production initiate an increase in mitochondrial fitness to protect
against future insults (Ristow, 2014; Yuyun et al., 2012). The underlying biology of this is demonstrated by
Schemeisser and colleagues where dietary restriction increases neuronal ROS signalling through MAPK
pathways in Caenorhabditis elegans. Indeed, the high energy requirements of the brain makes this organ
a primary target of dietary interventions (Amigo & Kowaltowski, 2014). Further implications of the brain
being a prime target for dietary interventions is reviewed extensively by Amigo and Kowaltowski (Amigo &
Kowaltowski, 2014). Currently, the difficulty lies in the quantitation of ROS involved with signalling. This is
because ROS molecules are short-lived and react with the surrounding cellular architecture almost
instantly. Despite this, the evidence for role of mitochondrial ROS in neuronal signal transduction is
unequivocal.
New insights into other non-ROS mediated pathways of signalling include the use of the mitochondria as a
calcium (Ca2+) store. Ca2+ stored within the mitochondria are known to activate the adenosine
monophosphate-activated protein kinase (AMPK) pathway to stimulate autophagy in a Ca2+-dependent
manner (Rizzuto, De Stefani, Raffaello, & Mammucari, 2012). Given that mitochondria are close to the preand post-synaptic terminus in neurons, the use of mitochondrial Ca2+ may also play an important role in
signal transduction associated with neuronal action potentials.
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Figure 1.11 Mechanisms of ROS-mediated mitochondrial signalling.
Superoxide produced from the respiratory chain through electron leakage and/or dysfunctional
mitochondria is converted into H2O2. It is this species of ROS that is able to pass freely through the double
mitochondrial membrane and interact with redox-sensitive transcription factors in the nucleus. Other
signalling pathways that do not involved gene transcription include post-translational modifications of
enzymes and secondary redox signalling.
(Reproduced from (Murphy, 2009), © Portland Press, non-exclusive rights given)
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Mitochondrial therapeutics for the diseased and ageing brain
Mitochondrial targeting moieties and peptides
Sporadic forms of AD and PD account for the majority of diagnosed patients and manifest due to epigenetic
interactions between the environment and genes. The link between age-associated accumulation of mtDNA
mutations, mitochondrial dysfunction, and the exacerbation of neurodegenerative disease pathogenesis is
unequivocal. This posits mitochondria as a key therapeutic target for preventative and interventional
measures against neurodegenerative disease progression.
Several mitochondrial targeted therapeutics have been created to directly sequester these compounds to
the mitochondria. Currently, there are two main methods of targeting therapeutics to the mitochondria using:
1) a lipophilic and positively charged moiety that requires the ΔΨm and the negative charge inside the
mitochondrial matrix (R. A. J. Smith, Porteous, Gane, & Murphy, 2003) or 2) using a sequence of four
aromatic-cationic peptides that freely pass through membranes to accumulate in the mitochondrial
intermembrane space (Szeto, 2014). It should be appreciated that these two methods target either the
mitochondrial matrix (e.g. a triphenylphosphonium (TPP+) moiety) or the intermembrane space (e.g.
aromatic-cationic amino acid sequence also known as Szeto-Schiller peptides). Both of these mitochondrial
targeted therapeutics overcome the selectivity of the blood-brain barrier (BBB), and are able to freely cross
three (or two in the case of Szeto-Schiller peptides) lipid membranes (e.g. plasma membrane, outer and
inner mitochondrial membrane).
However, the increased lipophilicity associated with having these targeting moieties or amino acid
sequences may reduce the oral bioavailability and increase systemic toxicity (Bhal, 2018a). The increased
toxicity may be caused by accumulation of these targeted molecules in fatty tissue, which prolongs the
exposure to non-targeted tissues (Bhal, 2018a). While oral consumption of MitoQ, an antioxidant
conjugated with TPP+, has good pharmacokinetic behaviour in Phase I clinical trials, this was unsuccessful
in the treatment of PD patients (Snow et al., 2010). This was potentially due to the use of MitoQ on patients
already showing clinical symptoms of PD, which suggests that treatment with MitoQ may be necessary
prior to the onset of severe clinical symptoms. Moreover, at this stage of PD progression, the dysfunctional
mitochondria with depolarised ΔΨm may affect the uptake of MitoQ. On the other hand, Szeto-Schiller
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peptides have been shown to be taken up by a range of human cell lines in vitro, however, no clinical trials
have been conducted yet to assess the pharmacokinetic profiles (Cerrato, Pirisinu, Vlachos, & Langel,
2015). Further research into the ability of in vivo proteases that cleave the Szeto-Schiller peptides should
also be considered.

Degrading dysfunctional mitochondria
Mitochondrial dysfunction is a hallmark of the diseased and ageing brain, and impairment of the
mitochondrial clearance pathway (i.e. mitophagy) is at the core of this dysfunction (E. F. Fang et al., 2019;
Kerr et al., 2017; M. T. Lin & Beal, 2006). Thus, several therapeutics have aimed to increase autophagy
and/or mitophagy to remediate the number of dysfunctional mitochondria within a cell. Indeed, compounds
like RSVA314 and RSVA405, which are two analogues of the plant-derived compound resveratrol, have
been shown to induce mitophagy in an in vitro human AD mimetic model (Vingtdeux et al., 2011). Moreover,
methylene blue, a compound used for molecular staining techniques and the treatment of malaria, has also
been shown to induce autophagy in primary neurons and ex vivo slice cultures (Congdon et al., 2012).
A seminal paper by Ryu and colleagues have demonstrated the use of a first-in-class compound, urolithin
A (UA), which modulates mitophagy in a muscle cell line (Ryu et al., 2016). This stimulation of mitophagy
was also resulted in the lifespan extension in Caenorhabditis elegans, and increased muscle function
transgenic models of muscle wastage (Ryu et al., 2016). Given the relationship between the gutmicrobiome and brain (Gasperotti et al., 2015), mitochondria (Swanson, 2015) and the evidence that
mitochondrial dysfunction is an event that precedes the manifestation of neurodegenerative diseases (M.
T. Lin & Beal, 2006), gut-derived metabolites that improve neuronal mitochondrial function is an important
aspect to be studied.
The degradation of the mitochondria needs to be met with the replenishment of a pool of healthy functioning
mitochondria. Thus, the stimulation of mitophagy may need to be matched with the stimulation of
mitochondrial biogenesis. Compounds that have shown effects on mitochondrial biogenesis include
resveratrol and an analogue of AMP, 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) (Jornayvaz
& Shulman, 2010). This may provide an effective co-treatment option when stimulating mitophagy in
neuronal cells. However, the penetrance of these compounds through the BBB is still an important point of

27

Chapter 1
consideration. In silico predictions suggest that UA, and another isoform, urolithin B (UB), are BBB
permeable (Yuan et al., 2016). Thus, further investigations into the effect of UA on neuronal mitochondrial
function, particularly mitophagy, would be beneficial.

Models for screening neuronal mitochondrial therapeutics
There are a plethora of in vitro and in vivo models available to study neuronal mitochondrial function. While
some champion the use of in vitro rodent primary neuronal cultures, this is costly (e.g. animal breeding
facility and equipment) and requires specialised expertise (Gordon, Amini, & White, 2013). Moreover,
protocol validation for glial cell removal or harvest a particular region of the rodent brain (i.e. the cortex or
substantia nigra for AD and PD research respectively) may be more resource intensive than necessary,
especially when investigating basic mitochondrial biology. Generally, the next step taken from in vitro cell
culture, once a candidate lead is found to have effects on the mitochondria, are in vivo studies in rodents.
While this better reflects the physiological state of how a molecule of interest is metabolised and
transported, the use of rodents may not recapitulate certain metabolic pathways in humans. The case in
point being that humans, and other primates, lack the ability to synthesise vitamin C, while rodents maintain
this ability to do so (Nishikimi & Yagi, 1991). Thus, this can confound studies of antioxidant supplementation
in rodents and provide a caution when comparing effects between rodents and humans, which may be due
to different metabolic pathways.
The advent of human induced pluripotent stem cells (hiPSC) allows for the reprogramming of easily
obtainable skin samples (e.g. fibroblasts) into neuronal cells (Caiazzo et al., 2011). While this allows for the
use of human derived samples, this may elicit a lengthy process of characterizing the neurons as being of
a certain phenotype. Thus, neuronal human cell lines from reputable cell banks with standardised culture
protocols remain a valid choice as a ‘first-step’ to elucidate uncharacterised effects on neuronal
mitochondria.
The human neuronal cell line, SH-SY5Y, is commonly used in in vitro research as a ‘first-step’ towards
understanding pharmacological therapeutics that promote mitochondrial fitness (Xicoy, Wieringa, &
Martens, 2017). SH-SY5Y is actively proliferating in the undifferentiated state and can undergo
differentiation upon exposure to certain compounds like retinoic acid (RA) to produce a more mature
neuronal phenotype, akin to primary neurons (Kovalevich & Langford, 2013).
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Moreover, RA-differentiated SH-SY5Y is commonly used with stressors, such as Aβ1-42 and rotenone,
which mimic specific pathways of mitochondrial dysfunction associated with AD and PD respectively. These
are elaborated below. Furthermore, the exact phenotype produced upon RA-differentiation of SH-SY5Y
(i.e. cholinergic or dopaminergic) is controversial in the literature, owing to the different methods of subculturing and the source of SH-SY5Y (Xicoy et al., 2017). Therefore, SH-SY5Y is used as an in vitro model
for both AD and PD, especially in the RA-differentiated form.

Mitochondrial dysfunction mimetics for Alzheimer’s disease
Mitochondrial dysfunction associated with AD is characterised with the direct interaction of the causative
peptide, Aβ1-42, with complex IV. This direct interaction of Aβ1-42 with complex IV within the ETS causes
a decrease in OXPHOS, fragmentation of mitochondrial networks, mitochondrial swelling, an increase in
mitochondrial O2•-, and a depolarisation of ΔΨm (Reddy, 2009; Reddy & Beal, 2008; Rhein et al., 2009).
The treatment of Aβ1-42 with RA-differentiated SH-SY5Y is commonly used to investigate ways that
potential therapeutics can ‘rescue’ or attenuate this mitochondrial dysfunction (Gill, Kaur, Kaur, Dhiman, &
Mantha, 2017; Meng et al., 2015; H. Wang et al., 2010). Interestingly, there is some indication that posttranslational modifications on Aβ1-42, involving the addition a glucose or fructose derivative (i.e. glycation),
are associated with AD (N. Ahmed et al., 2005; Pamplona et al., 2005) and are more neurotoxic in vitro (Li
et al., 2013). However, the specific effects of the type- and site- of glycation on Aβ1-42, and the effect on
mitochondrial function, is yet unknown.
Other ways to produce an AD-like phenotype in in vitro cultures is the use of okadaic acid to promote the
hyperphosphorylation of Tau (Boban, Miskic, Leko, Hof, & Simic, 2018), another protein involved in the
pathogenesis of both AD and PD (Lei et al., 2010). It is yet unknown whether hyperphosphorylated Tau
promotes an AD- or PD- like phenotype in vitro.

Mitochondrial dysfunction mimetics for Parkinson’s disease
Similar to AD, PD is characterised by mitochondrial dysfunction, particularly at complex I of the ETS (Mizuno
et al., 1989), as well as oxidative stress and the involvement of hyperphosphorylated Tau, which leads to
extracellular protein aggregates and dopaminergic cell death (Lei et al., 2010). The use of RA-differentiated
SH-SY5Y in combination with different stressors allow researchers to screen therapeutics that have a
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particular effect on well-defined pathways of neuronal mitochondrial dysfunction (J.-X. Song et al., 2012;
Xiong et al., 2011). In particular, 1-methyl-4-phenylpyridinium (MPP+), rotenone, and 6-hydroxydopamine
(6-OHDA) are used to induce mitochondrial dysfunction at complex I, while paraquat is used to induce
aggregation of Tau (Xicoy et al., 2017). These stressors cause downstream effects of an increase oxidative
stress, proteasome dysfunction and autophagy dysfunction, all which are associated with PD pathogenesis
and contribute to overall dopaminergic cell death (Xicoy et al., 2017). Therefore, the combination of a wellcharacterised in vitro model coupled with the use of well-defined mitochondrial stressors provide an in vitro
model for studying pharmacological therapeutics that affect mitochondrial function.

The verdict on neuronal mitochondria
There is evidence that mitochondrial dysfunction is involved in neurodegenerative diseases and is involved
in normal, and pathological ageing. Mitochondrial form is known to affect mitochondrial function and the
outputs of these functions include energy production, controlled cell death (i.e. apoptosis) and signal
transduction, to maintain neuronal function. As such, these mechanisms begin to ‘weaken’ as normal
ageing continues, and mitochondrial dysfunction ensues. However, coping mechanisms such as the
degradation of dysfunctional mitochondria through mitophagy and the production of new mitochondria
circumvent pathological ageing. Indeed, pathological ageing is characterised with the accumulation of
dysfunction mitochondria, which is a gateway to the manifestation of several neurodegenerative diseases
like AD and PD. Thus, ways to improve mitochondrial function in the diseased and ageing brain is an
imperative solution to delay the onset of pathological ageing and neurodegenerative diseases. Of the ways
to improve mitochondrial function, pharmacological intervention still maintains a potential treatment option,
especially with the advent of medicinal and peptide chemistry. Thus, this section summarises the main
points and contextualises the mitochondria as a key player in the diseased and ageing brain.
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Aims
Herein, this thesis has three main aims, which are addressed in the following chapters as:
Chapter 2 - Characterising mitochondrial function in RA-differentiation SH-SY5Y. This provides a
baseline for non-stressed physiological mitochondrial function. This enables for future observations of
mitochondrial function upon treatment with a pharmacological therapeutic, stressor, or both.
Chapter 3 - Understanding the effects of type- and site-specific glycated Aβ1-42 on neuronal
mitochondrial function. This addresses whether the neurotoxicity of glycated Aβ1-42 can be attributed to
mitochondrial dysfunction as well as whether there is a particular type- or site-of glycation that exacerbates
neuronal dysfunction. Understanding the biology behind the effect of glycated Aβ1-42 on neuronal
mitochondrial function may be an important step towards a therapeutic target.
Chapter 4 - Investigating the effect of urolithin A on neuronal mitochondrial function. Given the
evidence that UA is bioavailable in humans, induces mitophagy in muscles and is predicted to cross the
BBB, UA may exert similar effects on neuronal mitochondrial function. Moreover, several mimetics for AD
and PD, such as Aβ1-42 and rotenone, will be used to ascertain any attenuation of UA on mitochondrial
dysfunction.
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Introduction
In order to investigate therapeutics and mechanisms that affect mitochondrial function in the diseased and
ageing brain, a suitable model is required. The use of an immortalised cell line is an ideal ‘first step’ for in
vitro research and reduces the cost of understanding fundamental neuronal biology. One of the most widely
used immortalised cell line in neuro-pharmacological research is the SH-SY5Y human neuroblastoma cell
line. SH-SY5Y cells exhibit neuron-like properties and are able to undergo differentiation to increase several
neuronal markers found in mature neurons. Retinoic acid (RA) is commonly used to induce SH-SY5Y
differentiation. However, there is a discrepancy in the literature on the exact phenotype of RA-differentiated
SH-SY5Y cells, concerning whether they are a cholinergic or dopaminergic phenotype. This phenotype is
an important factor when considering an in vitro model such as RA-differentiated SH-SY5Y cells for
Alzheimer’s disease (AD) or Parkinson’s disease (PD) research, since these diseases predominantly affect
cholinergic and dopaminergic neurons respectively. Indeed, mitochondrial dysfunction is implicated as a
cause of neuronal death associated with AD and PD (Reddy & Beal, 2008).
Notwithstanding this, RA-differentiated SH-SY5Y appear suited for mitochondrial research as many seminal
papers on mitochondrial behaviour have been discovered in SH-SY5Y (Chu et al., 2013; Rakovic et al.,
2018), although there is still a question as to whether mitochondrial function in RA-differentiated SH-SY5Y
parallels that of rodent primary neurons. Despite this, a knowledge gap remains in the characterisation of
how several mitochondrial parameters change with RA-differentiation of SH-SY5Y such as the
mitochondrial network, bioenergetic demand, mitochondrial membrane potential (ΔΨm), superoxide (O2•-)
production and mitophagy in RA-differentiated SH-SY5Y. Hence, this Chapter explores the morphological
and phenotypic characteristics of RA-differentiated SH-SY5Y, and the aforementioned mitochondrial
parameters in detail. RA is commonly dissolved in DMSO, therefore, comparisons will be drawn between
undifferentiated SH-SY5Y treated with the solvent only, DMSO, and RA-differentiated SH-SY5Y. This
comparison is important because treatment with DMSO on undifferentiated SH-SY5Y is not typically used,
given the unexpected effects of DMSO in other in vitro systems (Galvao et al., 2013; Pal, Mamidi, Das, &
Bhonde, 2012; Sumida et al., 2011).
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Undifferentiated SH-SY5Y and RA-differentiated SH-SY5Y
SH-SY5Y is a subclone of the parental cell line SK-N-SH, which was isolated in 1970 from a bone marrow
biopsy of a 4-year old female with metastatic neuroblastoma (Biedler, Helson, & Spengler, 1973). Then, a
clonal subline was created from SK-N-SH and subcloned twice to produce SH-SY5 and SH-SY5Y
respectively (Biedler, Roffler-Tarlov, Schachner, & Freedman, 1978). There are two adherent phenotypes
of undifferentiated SH-SY5Y in culture: the main population being the neuronal-like “N”-type cells and also
a sub-population of epithelial “S”-type cells (Kovalevich & Langford, 2013). Although “N”-type cells are able
to convert to “S”-type cells, as reported by the original group who subcloned SH-SY5Y (Biedler et al., 1978),
it is unknown whether this conversion is concomitant. Other groups have reported the interconversion
between “N”- and “S”-type cells of SH-SY5Y and the parental cell line, SK-N-SH, also exhibits
interconversion between the two cell types (Ross, Spengler, & Biedler, 1983). While there is evidence of a
morphological difference between “N”- and “S”-type cells, it is unknown whether these phenotypes possess
different biochemical properties such as the ability to convert L-Dopa to dopamine through tyrosine
hydroxylase (TH) (Ross et al., 1983).
SH-SY5Y can be differentiated to a specific mature neuronal phenotype depending on the differentiation
agent. Such differentiation agents include retinoic acid (RA), RA followed by brain-derived neurotropic
factor (BDNF) and phorbol esters such as 12-O-tetradecanoyl-phorbol-13 acetate (TPA) (Kovalevich &
Langford, 2013). The most commonly used differentiation agent is RA, which has a varied protocol of
differentiation ranging from 4 days up to 10 days (Lopes et al., 2010; Schneider et al., 2011; Xicoy et al.,
2017). Moreover, it is understood that only the “N”-type cells undergo differentiation with RA while the “S”type cells do not (Kovalevich & Langford, 2013). The phenotype produced by RA-differentiation is varied in
the literature, with some citing a cholinergic or dopaminergic phenotype based on the immunoblotting of
protein markers such as choline acetyltransferase (ChAT) and tyrosine hydroxylase (TH) respectively
(Gómez-Santos, Ambrosio, Ventura, Ferrer, & Reiriz, 2002; Lopes et al., 2010). Given this discrepancy,
further studies are needed to outline a standard differentiation protocol that considers several variables
such as the source of SH-SY5Y, passage number as well as the percentage and source of FBS used
(Gstraunthaler, Lindl, & van der Valk, 2013; Xicoy et al., 2017). Moreover, when drawing comparisons
between undifferentiated SH-SY5Y and RA-differentiated SH-SY5Y, many studies have not disclosed
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whether the undifferentiated SH-SY5Y were treated with the same concentration of DMSO. DMSO is a
commonly used solvent and it is known that DMSO can alter cell health and differentiation, as well as
mitochondrial function at the gene and protein level (Galvao et al., 2013; J. Liu, Yoshikawa, Nakajima, &
Tasaka, 2001; Pal et al., 2012; Timm, Saaby, Moesby, & Hansen, 2013). Hence, when drawing conclusions
upon RA-differentiation of SH-SY5Y, an appropriate DMSO-undifferentiated SH-SY5Y control should be
included.
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Mitochondrial function in SH-SY5Y and primary neurons
A major caveat of using an immortalised cancer cell line like SH-SY5Y is the question of whether these
cells behave anything like primary neurons. For instance, many cancer cell lines utilise glycolysis, even
under aerobic conditions, through the Warburg effect for ATP production, rather than depending on
mitochondria (Zheng et al., 2016). This means that there can be large metabolic differences between
primary cells and immortalised cancer cell lines like SH-SY5Y. However, it has been reported that RAdifferentiated SH-SY5Y shift the dependence from glycolysis to oxidative phosphorylation (OXPHOS) for
ATP production (Lopes et al., 2010; Schneider et al., 2011), which is also the main pathway of
mitochondrial-dependent ATP production found in differentiated primary neurons (H. Liu et al., 2018). While
certain parameters such as mitochondrial network diversification upon RA-differentiation have been
observed (Schneider et al., 2011), these observations are limited to descriptions of morphology rather than
accurate quantitation of mitochondrial networks. The quantitation of mitochondrial networks are becoming
increasingly automated and accurate, especially with the emergence of a software such as MiNa (A. J.
Valente et al., 2017). MiNa is a software package that analyses mitochondrial networks (i.e. an image of
mitochondria tagged with a fluorescent dye such as MitoTracker Green) and assigns several mitochondrial
characteristics such as mitochondrial branch length and number of networks (A. J. Valente et al., 2017).
Other parameters in mitochondrial function that need to be considered for the comparison of RAdifferentiated SH-SY5Y to primary neurons include the increased ΔΨm, which subsequently affects ROS
production (Agostini et al., 2016; H. Liu et al., 2018). This has not been quantified with an appropriate
DMSO-undifferentiated SH-SY5Y thus far. Furthermore, autophagy and mitophagy play important roles in
neuronal health, and there are several pathways involved to induce autophagy and/or mitophagy (MartinezVicente, 2017). Although some argue that primary neurons lack certain pathways of autophagy (Cummins
& Götz, 2018), there is evidence that primary neurons are capable of autophagy through the PINK1/DFPmediated pathway (Allen, Toth, James, & Ganley, 2013). Therefore, further characterizations of RAdifferentiated SH-SY5Y, using an appropriate DMSO-undifferentiated SH-SY5Y control, would afford a
better understanding of mitochondrial function to elucidate therapeutics for improving the diseased and
ageing brain.
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Hypothesis and aims
There is widespread use of the SH-SY5Y as an in vitro model for neurotoxicity research. The differentiation
of SH-SY5Y with RA will give rise to a more neuron-like model, which may exhibit mitochondrial changes
that closely mimic the mitochondrial behaviour in primary neurons. Given the discrepancy in the literature
concerning the phenotype of RA-differentiated SH-SY5Y (Xicoy et al., 2017), understanding the changes
induced by RA-differentiation at the morphological, phenotypic and mitochondrial level is imperative to
understanding the minutiae of the in vitro model. This allows for the investigation of therapeutics that
improve mitochondrial function in the diseased and ageing brain.
Thus, the main hypothesis for this set of experiments is that RA-differentiation SH-SY5Y induces
morphological, phenotypic and mitochondrial changes that parallels what is observed in primary neurons.
A further hypothesis is that DMSO treatment does not exert any morphological, phenotypic or mitochondrial
effects on undifferentiated SH-SY5Y, which is a control not typically used in the literature when comparing
RA-differentiated to undifferentiated SH-SY5Y. In this chapter, the research aims to characterise three
forms of SH-SY5Y: Day 0 undifferentiated, RA-differentiated and DMSO-undifferentiated SH-SY5Y,
especially at the mitochondrial level.
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Materials and Methods
This section details the materials and methods used, not only for this Chapter, but also for the Chapters
following this. Optimisations of several methods are also included.

General cell culture maintenance
DMEM/F12
(Phenol red free, 15 mM HEPES)
Foetal bovine serum (FBS)
sterile-filtered

Cat# 11039047, Thermo Fisher Scientific, USA.
Cat# FBSF, Batch #48827103, Moregate Biotech,
Australia. Heat inactivated for 30 min at 56 °C.

GlutaMAX™ Supplement

Cat# 35050061, Thermo Fisher Scientific, USA.

Penicillin-Streptomycin (PenStrep)
(10,000 units/mL)

Cat# 15140163, Thermo Fisher Scientific, USA.

1 × Phosphate-buffered saline (PBS)
All-trans retinoic acid (RA)

137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.8
mM K2PO4
Cat# R2625, Sigma-Aldrich, USA.
1 mM stock in DMSO stored at -20 °C.

0.4% (v/v) Trypan Blue

Cat# 15250061, Thermo Fisher Scientific, USA.

1 × TrypLE™ Express™ Express
Enzyme

Cat# 12604021, Thermo Fisher Scientific, USA.

Complete medium
Differentiation medium

DMEM/F12, 10% (v/v) FBS, 1% (v/v)
GlutaMAX™,100 units/mL PenStrep
DMEM/F12, 1% (v/v) FBS, 1% (v/v)
GlutaMAX™, 100 units/mL PenStrep, 10 µM RA

Undifferentiated SH-SY5Y (CRL-2266) were acquired at passage 27 (P27) from American Type Culture
Collection (ATCC, USA). The seeding densities are displayed in Table 2.1. Cells were fed every 2 days
with complete medium. Once the cells were ~90% confluent, the cells were passaged by washing twice
with pre-warmed (37°C) sterile 1 × PBS and incubating with 2 mL (in a 10 cm dish) or 4 mL (in a T175 flask)
of TrypLE™ Express for 5 min. After 5 min, the cultureware was gently tapped to dislodge remaining
adherent cells and a 1:1 volume of complete medium was added to the cultureware to inhibit the TrypLE™
Express. Cells were triturated 4 times and counted in a haemocytometer with 0.4% (v/v) TrypanBlue. Cells
that were positive for TrypanBlue staining were excluded from the final count. Cells were re-seeded into
the appropriate culture ware depending on the application. Cells over 7 passages (P34) were not used.
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Table 2.1 Seeding densities of undifferentiated SH-SY5Y for different applications.
Culture ware

Catalogue No.

Application

Amount of cells seeded

6-well plate
TC-treated

FAL353046
(Falcon, USA)

western blot

4.5 × 106 cells/well

12-well plate
TC-treated

FAL353043
(Falcon, USA)

Oximetry (Peptide work)
Flow cytometry
Citrate synthase

1.0 × 106 cells/well
0.5 × 106 cells/well
0.5 × 106 cells/well

24-well plate
TC-treated
96-well plate
clear flat bottom
TC-treated
96-well plate
clear bottom
black walled
TC-treated
10 cm dish
TC-treated
10 cm dish
TC-treated

FAL353047
(Falcon, USA)

RT-qPCR

0.3 × 106 cells/well

FAL35072
(Falcon, USA)

MTT Assay

0.05 × 106 cells/well

LDH Assay

0.05 × 106 cells/well

COR3603
(Falcon, USA)

MitoTracker Green live-cell
imaging

0.05 × 106 cells/well

FAL353003
(Falcon, USA)
FAL353003
(Falcon, USA)

Routine cell culture stock
maintenance

2 × 106 to 4 × 106 cells/dish

Oximetry

5.0 × 106 cells/dish

FAL353112
(Falcon, USA)

Routine cell culture stock
maintenance

4× 106 to 8 × 106 cells/dish

T175 flask
TC-treated
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Differentiation protocol
Undifferentiated SH-SY5Y are capable of undergoing differentiation with RA. A differentiation protocol
based on Schneider and colleagues (Schneider et al., 2011) was used, which caused phenotypic changes
in mitochondrial bioenergetics. Undifferentiated SH-SY5Y were plated on Day -1 into the appropriate
cultureware and left to adhere overnight in complete medium. Aliquots of 1 mM RA were diluted directly
into pre-warmed (37°C) differentiation medium to a final concentration of 10 µM RA with a final DMSO
concentration of 0.5% (v/v). To initiate differentiation, the complete medium was aspirated and then
replaced with 10 µM RA in differentiation medium on Day 0 and this 10 µM RA-supplemented differentiated
medium was replaced every 2 days (Day 2 and Day 4). For the DMSO undifferentiated control, the complete
medium was replaced with 0.5% (v/v) DMSO in differentiation medium without RA on Day 0, and this was
replaced every 2 days (Day 2 and Day 4). Drug treatments began on Day 4 and continued up to Day 6.
The differentiation protocol is outlined below in Figure 2.1.

Figure 2.1 Differentiation timeline for SH-SY5Y using retinoic acid (RA).
Undifferentiated SH-SY5Y were seeded at Day -1 and left to adhere to the tissue culture surface overnight.
10 µM of RA in 1% FBS DMEM/F12 was then added at Day 0 to initiate the differentiation process. Fresh
10 µM RA in 1% FBS DMEM/F12 was added every 2 days and the cells were assessed at Day 4 for several
neuronal markers. Treatment of cells with compounds was initiated on Day 4 for up to 2 days, ending on
Day 6.
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Preparation of SH-SY5Y cell lysates
Radioimmunoprecipitation assay
(RIPA) buffer

1% (v/v) Nonidet-P40 (NP-40), 1% (w/v) sodium
deoxycholate, 0.1% (v/v) SDS, 150 mM NaCl, 50 mM
Tris-HCl pH 8.0, 100 mL 18.2 MΩ ultrapure water

RIPA buffer with 1 × protease inhibitor

1 : 10 dilution of protease inhibitor

cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail (10 × stock in RIPA
buffer)

Cat# 04693159001, Roche, USA.

BioRad DC™ Protein Assay

Cat# 5000111, BioRad, USA.

Cells were washed twice with sterile 1 × PBS and aspirated. The cultureware was placed on ice followed
by the addition of cold RIPA buffer supplemented with 1 × protease inhibitor (200 µL/10 cm dish). Cells
were lysed on ice on an orbital shaker for 20 min and the resulting cell lysate was passed through a 22gauge syringe needle 10 times in order to shear DNA. After shearing, the cell lysate was centrifuged at
21,000 × g for 15 min at 4 °C. The supernatant was collected, aliquoted and stored at -80 °C until use.
Protein concentration of cell lysates was determined with the BioRad DC™ Protein Assay in a microplate
format using bovine serum albumin (BSA) as standards. The standards were between 0.2 µg/µL to 2.8
µg/µL of BSA with a linear correlation coefficient (R2) of >0.99.

Preparation of cell lysate for SDS-PAGE
5 × Reducing Loading Buffer (RLB)

0.31 M Tris pH 6.8, 10% (w/v) SDS, 50% (v/v) glycerol,
25% (v/v) β-mercaptoethanol, 0.01% (v/v) bromophenol
blue

Aliquoted cell lysates were thawed and kept on ice throughout the entire experiment in order to minimise
non-specific protein degradation by proteases. 25 µg of protein was loaded with 5 × RLB (to a final 1 × RLB
concentration) and RIPA buffer to a final volume of 25 µL. Cell lysates were heated at 95 °C for 5 min,
centrifuged at 200 × g for 1 min, and then loaded into the polyacrylamide gel using a blunt-ended 100 µL
Hamilton syringe. This protocol was modified when probing for mitochondrial complexes of the ETS, where
the cell lysate was left at room temperature (22 °C) for 30 min instead of heating, as per antibody
manufacturer’s instructions (Abcam, UK).
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SDS-PAGE
4–15% Mini-PROTEAN® TGX™
Precast Protein Gels (50 µL well)

Cat# 4561084, Bio-Rad, USA.

0.2 µm nitrocellulose Trans-Blot®
Turbo™ MINI Transfer Kit

Cat# 1704270, Bio-Rad, USA.

0.2 µm PVDF Trans-Blot® Turbo™
MINI Transfer Kit

Cat#1704272, Bio-Rad, USA.

1 × Electrophoresis Buffer
(Tris/Glycine/SDS)

Cat# 161-0732, Bio-Rad, USA.
Diluted 1:10 in H2O.

1 × Transfer-Blot® Turbo™ Transfer
Buffer

Cat# 10026938, Bio-Rad, USA.
Diluted 1 Transfer Buffer : 1 methanol : 3 H2O

The polyacrylamide gel containing the protein samples was run at a constant voltage of 200 V for 40 min
until the dye front reached the bottom, but not off the gel. The gel cassette was removed and transferred
using a semi-dry Trans-Blot turbo system (Bio-Rad, USA) with the Trans-Blot® Turbo™ Transfer Kit as per
manufacturer’s instructions. Both nitrocellulose and PVDF membranes were used depending on the
antibody manufacturer’s recommendations. The ‘Mixed MW’ pre-defined protocol was used for protein
targets between 5 – 150 kDa. This protocol was modified when probing for mitochondrial complexes of the
ETS where the sample was transferred to a 0.2 µm nitrocellulose membrane instead of the recommended
0.2 µm PVDF membrane by the manufacturer.
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western blot of SDS-PAGE samples
Odyssey® blocking solution

Cat# 927-40000, LI-COR, USA.

1 × PBS

8 g NaCl, 0.2 g KCl, 2.72 g Na2HPO4 · 7 H2O, 0.24 g
KH2PO4 in 1 L of Type 1 water.

1 × PBS-T

0.1% (v/v) Tween-20 in PBS.

The membrane with the SDS-PAGE separated cell lysates was immediately incubated with blocking
solution, to prevent non-specific binding of antibodies, for 1 hour at room temperature on an orbital shaking
platform. After 1 hour, the blocking solution was removed and the membrane was incubated the appropriate
primary antibody target in blocking solution (see Table 2.2) overnight at 4 °C on an orbital shaking platform.
After primary antibody incubation, the membrane was washed three times with 1 × PBS-T with 10 min
between each wash. Then, the membrane was incubated in fresh blocking buffer with fluorophoreconjugated secondary antibodies at a 1:20,000 dilution for 1 hour at room temperature protected from light.
After the secondary antibody incubation, the membrane was washed three times with 1 × PBS-T with 10
min between each wash protected from light. The membrane was dried on a piece of filter paper (antibody
face of membrane upwards), protected from light, and imaged in the Odyssey® Imaging System (LI-COR,
USA) at 700 nm and 800 nm. Images were then quantified using the Image Studio Lite (LI-COR, USA)
software. An example of band quantitation is outlined below in Figure 2.2. The corrected signal for box
area, and background fluorescence was calculated using equation (1). The normalisation of the target and
housekeeping band was calculated using equation (2). Immunoreactivity of fluorophore-conjugated
secondary antibody against RA-differentiated SH-SY5Y lysate was also checked (Figure 2.3).
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − (𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝐵𝐵𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)
𝑁𝑁𝑁𝑁𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(1)
(2)
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Figure 2.2 Example of densitometric quantitation of western blot bands.
RA-differentiated SH-SY5Y cell lysates were probed against primary antibodies βIII-tubulin and β-actin,
which were then incubated with the corresponding fluorescent-conjugated secondary antibodies and
imaged in the Odyssey® Imaging System (LI-COR, USA). Band analysis was done in ImageStudio Lite v5.2
(LI-COR, USA). Boxes were manually drawn around the western blot band, ensuring the left and right
background area did not spill into adjacent lanes. The total signal is acquired from the box area. The actual
signal is corrected for the background and box size using equation (1). Normalisation of the target band
(βIII-tubulin in the 800 nm channel) against the housekeeping band (β-actin in the 700 nm channel) was
done using equation (2).
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Figure 2.3 Immunoreactivity of fluorescent-conjugated secondary antibody against RAdifferentiated SH-SY5Y cell lysate.
25 µg of RA-differentiated SH-SY5Y cell lysate were resolved on a 4-15% polyacrylamide gel and
transferred onto a 0.2 µm pore size nitrocellulose membrane. The membrane was imaged with a fluorescent
total protein stain kit (Cat# 926-11010, LI-COR, USA) at 700 nm. The ‘No Antibody’ panel is the fluorescent
signal after removal of the fluorescent total protein stain using the ‘revert solution’ in the total protein stain
kit. The membranes were then incubated with the appropriate fluorescent-conjugated secondary antibody.
All images had the same curve settings for brightness and contrast.
(A) Donkey anti-mouse 800 CW (Cat# 926-32212, LI-COR, USA) shows slight immunoreactivity to RAdifferentiated SH-SY5Y cell lysate in the 800 nm channel.
(B) Donkey anti-mouse 680 RD (Cat# 926-68072, LI-COR, USA) shows no immunoreactivity to RAdifferentiated SH-SY5Y cell lysate in either 700 nm or 800 nm channel.
(C) Donkey anti-rabbit 800 CW (Cat# 926-32213, LI-COR, USA) shows no immunoreactivity to RAdifferentiated SH-SY5Y cell lysate in either 700 nm or 800 nm channel.
(D) Donkey anti-rabbit 680 RD (Cat# 926-68073, LI-COR, USA) shows no immunoreactivity to RAdifferentiated SH-SY5Y cell lysate in either 700 nm or 800 nm channel.
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Table 2.2 List of antibodies used.
Target

Complex I, II, III, IV,
and V

β-Actin
β-Actin
Choline
acetyltransferase
Choline
acetyltransferase

Tyrosine Hydroxylase

Tyrosine Hydroxylase
LC3B
SQSTM / p62

50

Use
Compenents
of
mitochondrial
ETS
Housekeeping
protein
Housekeeping
protein
Cholinergic
marker
Cholinergic
marker
Dopaminergic
marker

Dopaminergic
marker
Autophagy
marker
Autophagy
marker

Host &
Clonal
Type

Mouse

Rabbit
Mouse
Rabbit
Monoclonal
Rabbit
Polyclonal
Rabbit
Monoclonal
Rabbit
Polyclonal
Rabbit
Polyclonal
Mouse
Monoclonal

Catalogue
No.

ab110411,
Abcam, USA.
ab8227,
Abcam, USA
MAB1501R,
Chemicon,
USA
Ab181023,
Abcam, USA.
AB143,
Millipore,
USA.
701949,
ThermoFisher
Scientific,
USA.
AB152,
Millipore,
USA.
NB100-2220,
Novus, USA.
H00008878M01, Abnova,
Taiwan.

Immunogen
• Complex I: NDUFB8 subunit from cow
• Complex II: subunit 30 kDa from cow
• Complex III: UQCRC2 subunit from cow
• Complex IV: full length MTCO2 from human
• Complex V: ATP5A subunit from cow
A proprietary synthetic peptide within human β-Actin
(1-100 amino acids)

Dilution

1:1000

1:5000

Purified chicken β-Actin (50-70 amino acids from Nterminus)

1:5000

A propriety synthetic peptide sequence

1:5000

Unpurified antibody against a human placental enzyme

1:1000

Human tyrosine hydroxylase (64-269 amino acids).

1:1000

SDS-denatured tyrosine hydroxylase from rat
pheochromocytoma

1:1000

N-terminal portion of human LC3 sequence. Uniprot#
Q9GZQ8.

1:1000

Recombinant full length p62. Uniprot# Q13501.

1:1000

2.2 Materials and Methods
MAP2

Tau

βIII-Tubulin

Mouse IgG (Heavy +
Light chain) antibodies

Mouse IgG (Heavy +
Light chain) antibodies

Rabbit IgG (Heavy +
Light chain) antibodies

Rabbit IgG (Heavy +
Light chain) antibodies

Mature
neuronal
marker
Mature
Neuronal
Marker
Mature
Neuronal
Marker
Fluorophore
conjugated
secondary
antibody (800
nm)
Fluorophore
conjugated
secondary
antibody (700
nm)
Fluorophore
conjugated
secondary
antibody (800
nm)
Fluorophore
conjugated
secondary
antibody (700
nm)

Mouse
Monoclonal

M4403,
SigmaAldrich, USA.
MAB3420,
Chemicon,
USA.
G7121,
Promega,
USA

Immunospecific to all forms of MAP2 (a,b, and c)
against rat brain microtubule associate protein (MAP).

1:2000

Purified denatured bovine MAP.

1:2000

C-terminus (EAQGPK) peptide of βIII Tubulin (clone
5G8).

1:5000

Donkey

926-32212,
LI-COR
Biosciences,
USA

Mouse IgG, whole molecule

1:20,000

Donkey
Polyclonal

926-68072,
LI-COR
Biosciences,
USA

Mouse IgG, whole molecule

1:20,000

Donkey

926-32213,
LI-COR
Biosciences,
USA

Rabbit IgG, whole molecule

1:20,000

Donkey
Polyclonal

926-68073,
LI-COR
Biosciences,
USA

Rabbit IgG, whole molecule

1:20,000

Mouse
Monoclonal
Mouse
Monoclonal
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Quantitative real-time PCR
RNA isolation
Total RNA was isolated using the RNeasy Mini Kit (Qiagen, USA) according to the manufacturer’s protocol,
which was then stored at -80 °C until use. The amount and quality of total RNA isolated was assessed via
the 260/280 nm ratio in a Nanodrop spectrophotometer (ThermoFisher Scientific, USA). Isolated RNA with
260/280 nm ratios over 1.9 were considered as good quality.

cDNA synthesis
Total RNA was converted into cDNA using the Tetro Reverse Transcriptase kit (Cat# BIO-65050, Bioline,
UK) with a slight modification of the mastermix components as indicated in Table 2.3. The amount of RNA
converted to cDNA was kept the same for each reaction (up to 1 µg). The reaction was initiated by heating
to 25 °C for 10 min, then starting the extension at 45 °C for 30 min followed by a termination of reaction at
85 °C for 5 min. Once completed, the cDNA was stored at -20 °C. A no reverse transcriptase (NRT) control
was included as a separate tube during the cDNA synthesis to be used downstream in the SYBR based
qPCR. The conversion of RNA to cDNA was considered 100 % efficient and the cDNA concentrations were
used to calculate the final cDNA amount in the qPCR set up.
Table 2.3 Components of the Mastermix solution with and without reverse transcriptase.
Mastermix with reverse transcriptase
Component

Mastermix with no reverse transcriptase

Volume (µL)

Component

Volume (µL)

Primer oligo (dT)18

1

Primer oligo (dT)18

1

Primer Random Hexamer

1

Primer Random Hexamer

1

10 mM dNTP mix

1

10 mM dNTP mix

1

RiboSafe RNase inhibitor

1

RiboSafe RNase inhibitor

1

5 × RT Buffer

4

5 × RT Buffer

4

Tetro Reverse Transcriptase

1

DEPC-treated RNAse free H2O

1

RNA

11

RNA

11

Total volume

20

Total volume

20
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SYBR-based Quantitative real-time PCR
All experiments were done in a 384-well plate and set-up in a UV-irradiated Class I Hood with PCR grade
plasticware and reagents. Stocks of cDNA were diluted in 18.2 MΩ·cm ultrapure H2O to the appropriate
final concentration. All pre-designed PrimeTime lyophilised primers (IDT, USA) were reconstituted to 20
µM in 1 × TE buffer (10 mM Tris; 0.5 mM EDTA pH 8.0) according to the manufacturer’s recommendation.
Primer sequences were reconstituted to 100 µM in 1 × TE buffer. A list of primers used is outlined in Table
2.4. Working stocks of each primer were made at 5 µM and diluted to a final concentration of 0.5 µM unless
otherwise stated. No reverse transcriptase (NRT) and no template control (NTC) were included in all
experimental runs to assess for genomic DNA contamination. Non-specific amplification of more than 5 Ct
values higher than the target gene was considered as background. Amplification specificity was checked
by DNA gel electrophoresis of the product as well as using the dissociation curve of the target against the
dissociation curve of NRT and NTC. Electronic multi-dispense pipettes (Eppendorf, Germany) were used
to improve pipetting accuracy. cDNA were dispensed first into the 384-well plate followed by the SYBR®
mastermix (Cat#204141, Quantitect SYBR® Green PCR Kit, Qiagen, Germany) containing primers. The
final volume in each well was 12 µL with 4 ng of cDNA.
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Table 2.4 List of primers used in qPCR.
Target

Gene

RefSeq
NM_199293

TGCTAAACCT
GCTCTTCTCC

Tyrosine
hydroxylase
Choline
acetyltransfe
rase
βIII-Tubulin

TH

NM_199293

CHAT

NM_001142929

TUBB3

NM_001197181

Complex I

NDUFB8

NM_005004

Complex II

SDHB

NM_003000

Complex III

UQCRC2

NM_003366

Complex IV

NDUFA4

NM_002489

Complex Vc

ATP5A

NM_001001935

GAAGGCCCGA
ATCTCAGG
AAACCTACCT
GATGAGCAAC
C
GGCCTTTGGA
CATCTCTTCA
G
CCAGCTATAC
CATGGATCTC
TCT
AGAGTGTTGC
CTCCATTGAT
G
CTTGCACCAG
ATAAACCAAG
C
GCTTGCTGTA
ATCCACATTCA
C
CTTAAGACAC
GCCCAGTTTC
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NM_005176

55.6

145

1.4

Hs.PT.58.38701848a

55.0

116

1.8

Hs.PT.58.38606574a

CCTCCGTGTAG
TGACCCTT

55.0

89

0.5

Hs.PT.58.20385221a

GTGGAAGACTA
CGAACCTTACC

55.0

102

0.5

Hs.PT.58.14854465a

CAAGATTAAGA
ATGAAGTTGAC
TCTACT
TTCAGAACCATT
TCACAAGTGC

55.0

102

0.5

Hs.PT.58.39555113a

55.0

125

0.5

Hs.PT.58.21089220a

GCATTGTTCAAT
CCAGATGTTTG

55.0

112

0.5

Hs.PT.58.2274617a

ACTAGATGAAG
ATATAAATTACA
TACATCG
CAGAATGCGGT
AGGAGAAGAG

N/A

128

N/A

Hs.PT.56a.38617369

GGTCTCTAGAT
GGTGGATTTTG
G
GAAGCTGTCCA
CGCTGTA
GTTGTAGCAGG
CACCATACC

TH

ATP5G2

Hs.PT.58.369742a

Reverse

Tyrosine
hydroxylasec

Complex V

104

Final
concentration
(µM)
N/A

Forward

GCTGGGATTG
GAACTGTGT

Annealing
temperature
(°C)
N/A

Amplicon
size (bp)

Reference

a

55.0

90

0.5

Hs.PT.56a.4671722a

TGTTTTGGTC
GCAAACTCTG
CATGGGCATT
CTTGTTGTTG
GCAATGGGAT
GCAGCTATTT

TCTTTCCATGTG
CTGTCTGC
TGGAGCCAGTG
TAGCTGATG
GCAAGATAAGC
TGGGTGCTC

55.0

172

2.2 Materials and Methods
Schulz et al., 2012
0.5

55.0

203

0.5

55.0

213

0.5

GATGCCATAG
TTGAAGTGGT
GAC
GGAGGACCTG
CTGAAGTTTG

CCACAAGCATC
AGCAAAGTCTG
G
ACGGCCAGGTA
GAAGACGTA

55.0

134

0.5

55.0

204

0.5

GAGTCTGTAT
GGAGTGACAT
CG
GGACGCTGTT
CCTCGTTA

TGTCTGTATCCA
AGTCGTTCAC

58.2

118

N/A

Hs.PT.58.14965839a

ATCTGCGATCA
CCAGCCA

55.0

218

0.5

Ivankovic et al., 2016

NM_001142298

AGCTGCCTTG
TACCCACATC

CAGAGAAGCCC
ATGGACAG

55.0

86

0.5

NR_046237b

GGGGAGTATG
GTTGCAAAGC
TG

TCTGTCAATCCT
GTCCGTGTCC

55.0

130

0.5

Mitofusin-1

MFN1

NM_033540

Mitofusin-2

MFN2

NM_014874

Dynamin-like
120 kDa
protein
Dynaminrelated
protein 1
Mitochondrial
fission 1
protein
PGC-1αc

OPA1

NM_015560

DRP1

NM_001278463

FIS1

NM_016068

PPARGC1A

NM_013261

PTENinduced
putative
kinase 1
Ubiquitinbinding
protein p62
18S
ribosomal
RNA

PINK1

NM_032409

SQSTM1

18S

Β-actin

ACTB

NM_001101.3

Jo Dodd, School of
Biological Sciences,
the University of
Auckland.
Wierzbicki et al.,2014

CACAGAGCCT TGACCCATGCC 55.0
202
0.5
CGCCTTTGCC
CACCATCAC
Phosphoglyc PGK1
NM_000291.3
GTTGACCGAA
AGAACAGAACA
55.0
130
0.5
erate kinase
TCACCGACCT
TCCTTGCCCAG
1
CTC
C
a Assay ID for pre-designed primers from IDT; b Primer pair originally designed for rat which also detects the human transcript (NR_146146.1); c Primer
pair that did not amplify cDNA.
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MTT Assay
MTT powder

Cat# M5655, Sigma Aldrich, USA. 5 mg/mL dissolved in 1 × PBS
for 30 minutes and sterile filtered through 0.22 µm filter. Stored at
-20°C protected from light.

40 mM HCl acidified
isopropanol

50 mL 2 M HCl added to 2500 mL isopropanol.

The assay measures the reduction of the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) dye to an insoluble formazan crystal. This reduction of MTT is proportional to both the cellular and
mitochondrial activity and is indicative of cellular health. The MTT assay is considered as a gold-standard
for pharmacological screening.
Cells were plated in a 96-well plate at a density of 0.05 × 106 cells per well and RA-differentiation was
initiated as described in Section 2.2.1.1. After treatment with the drug compound, 15 µL of MTT dye was
added directly to the culture medium (150 µL of phenol red free differentiation media) containing either the
vehicle (0.5% DMSO) or the drug treatment compounds and left for 4 hours in the incubator (37 °C;
atmospheric O2 with 5% CO2). After 4 hours, the formazan crystals were solubilized by adding 150 µL of 40
mM HCl acidified isopropanol and mixed with a multichannel pipette. Once the formazan crystals were
dissolved, the plate was read at 540 nm with a background read at 720 nm (van Meerloo, Kaspers, & Cloos,
2011) in a SpectraMax iD3 plate reader (Molecular Probes, USA).

Analysis
The data was analysed as per equation (3) and presented as a normalized percentage to the vehicle.
Differentiation media containing 0.5% (v/v) DMSO was used as the blank for all treatments. Auto-reduction
of MTT by drug treatment compounds in the absence of cells was also tested.
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑀𝑀𝑀𝑀𝑀𝑀 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =
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Treatment (540 𝑛𝑛𝑛𝑛−720 𝑛𝑛𝑛𝑛)
Vehicle(540 𝑛𝑛𝑛𝑛−720 𝑛𝑛𝑛𝑛)

× Vehicle(540 𝑛𝑛𝑛𝑛−720 𝑛𝑛𝑛𝑛) × 100

(3)
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Lactate Dehydrogenase (LDH) Assay
The assay measures the amount of extracellular LDH (a cytosolic enzyme) released into in the culture
medium as a result of cellular necrosis.
LDH Kit

Cat # 11644793001, Roche, USA

Lysis solution

2% (v/v) Triton-X in differentiation medium

Cells were plated in a 96-well plate at a density of 0.05 × 106 cells per well and RA differentiation was
initiated as described in Section 2.2.1.1. After treatment with the drug compound, the supernatant of each
treatment condition in a 96-well plate (150 µL) was removed and dispensed into a new 96-well plate. Once
the supernatant was removed, 150 µL of DMEM/F12 supplemented with 2% Triton-X was added to the
wells of vehicle-treated cells in order to lyse the cells to measure the maximum LDH release and further
incubated for 20 min in the cell culture incubator (37 °C; 5% CO2). After 20 min, the lysed cells were
removed and added to the 96-well plate as a positive control for LDH release.
The assay was performed as per kit’s instructions (#11644793001, Roche, Switzerland). Briefly, 2.3 µL of
the catalyst (diaphorase/NAD+) and 102 µL of the dye solution (iodotetrazolium chloride and sodium lactate)
was added to each well and left for 30 min at room temperature (22 °C) in the dark. After 30 min, the
calorimetric reaction was stopped by adding 50 µL of 1 N HCl. The plate was read at 492 nm with a
background read at 620 nm in a SpectraMax iD3 plate reader (Molecular Probes, USA).
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Analysis
The data was analysed as per equation (4) and presented as a normalized value to the vehicle. Lysis
solution was used as the blank for all treatments when there are no observable difference in calorimetric
readings for all drug treatments. There is no observable difference in calorimetric readings of the lysis
solution to the differentiation medium. All compounds used for treatment of cells were checked for
interference with the calorimetric reading of the LDH assay by conducting the experiment in a cell-free
environment.

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐿𝐿𝐿𝐿𝐿𝐿 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =

58

Treatment 1(492 𝑛𝑛𝑛𝑛−620 𝑛𝑛𝑛𝑛)
Vehicle(492 𝑛𝑛𝑛𝑛−620 𝑛𝑛𝑛𝑛)

× Vehicle(492 𝑛𝑛𝑛𝑛−620 𝑛𝑛𝑛𝑛) (4)
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High-Resolution Respirometry
Respiration Medium (MiRO5)
pH 7.1

0.5 mM EGTA, 3 mM MgCl2·6H2O, 60 mM lactobionic acid (pH
7.0 with 5 N KOH), 20 mM taurine, 10 mM KH2PO4, 20 mM
HEPES, 110 mM sucrose, 15 mM bovine serum albumin (BSA).

8.13 mM Digitonin

Cat# D141 (Sigma Aldrich, USA) reconstituted in DMSO prior to
experiment.

0.25 M Sodium pyruvate

Cat# 5280 reconstituted in H2O prior to experiment on the day.

0.40 M Malate pH 6.7

Cat# M1000 (Sigma Aldrich, USA) reconstituted in H2O and
neutralised with 10 N KOH. Stored at -20 °C.

2.0 M Glutamate

Cat# 27647 (Sigma Aldrich, USA) reconstituted in H2O and
neutralised with 5 N KOH. Stored at -20 °C.

0.5 M ADP (Mg2+)

Cat# A9187 reconstituted in H2O and neutralised with 5 N KOH.

4 mM Cytochrome C

Cat# C2506 (Sigma Aldrich, USA) reconstituted in H2O. Stored
at -20 °C.

1 M Succinate

Cat# S3674 (Sigma Aldrich, USA) reconstituted in H2O. Stored
at -20 °C.

1 mM CCCP

Cat# C2759 reconstituted in DMSO and neutralised with 5 N
KOH. MgCl2 added

1 mM Rotenone

Cat# R8875 (Sigma Aldrich, USA) reconstituted in EtOH. Stored
at -20 °C.

5 mM Antimycin A

Cat# A8674 (Sigma Aldrich, USA) reconstituted in EtOH. Stored
at -20 °C.

0.8 M Ascorbate

Cat# A4034 (Sigma Aldrich, USA) reconstituted in H2O. Stored
at -20 °C.

0.2 M TMPD

Cat# T3134 (Sigma Aldrich, USA) reconstituted in H2O. Stored
at -20 °C.

4 M Sodium azide

Cat# 71289 reconstituted in H2O. Stored at -20 °C.

Sodium Dithionite

Cat# 71699 (Sigma Aldrich, USA).

Prior to the experiment, the chambers of the high-resolution respirometer Oroboros O2k (Oroboros, Austria)
were incubated with rat or mice liver homogenate for 10 min to remove any residual inhibitors or substrates
in the chamber. After 10 minutes, the chambers were washed three times with 100% ethanol, then three
times with 70% ethanol and finally three times with distilled H2O. 1.8 mL of pre-warmed MiRO5 was added
to each chamber and allowed to equilibrate at 37 °C with a stirrer speed of 750 rpm. All substrates and
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inhibitors are prepared as indicated above and kept on ice throughout the entire experiment protected from
light.
After treatment, cells were detached from the cultureware with TrypLE™ Express for 5 min and 10% FBS
DMEM/F12 was added to inactivate the TrypLE™ Express. Cells were centrifuged at 210 × g for 4 min at
22 °C and the supernatant was discarded. The cells were resuspended in 1 mL of pre-warmed MiRO5 and
centrifuged at 210 × g for 4 min at 22 °C followed by a final resuspension in 200 µL of MiRO5. Cell counts
were done using this final resuspension in 200 µL. After cell counting, resuspended cells in MiRO5 were
added to the chamber of the high-resolution respirometer and the stoppers immediately closed.
A modified multiple substrate-uncoupler-inhibitor titration (SUIT) protocol (Pesta & Gnaiger, 2012) was
carried out for all experiments as outlined in Table 2.5 with an example of an oximetry trace in Figure 2.4.
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Table 2.5 Protocol for permeabilisation of cells and the addition of substrates and inhibitors.
Step

Compound

Amount added to each
chamber

Site of action

1

Digitonin

1 µL / 106 cells

Permeabilisation of plasma
membrane of cells

2

Pyruvate
Malate
Glutamate

5 µL
2.5 µL
10 µL

Substrate for Complex I

3

ADP + Mg2+

5 µL

Substrate for Complex V

4

Cytochrome C

5 µL

Mitochondrial membrane
integrity check

5

Succinate

20 µL

Substrate Complex II

6

CCCP

1 µL titration

Abolishment of mitochondrial
proton gradient (ΔμH+)

7

Rotenone

1 µL

Inhibitor of Complex I

8

Antimycin A

1 µL

Inhibitor of Complex III

9

Ascorbate
TMPD

5 µL
3.75 µL

Substrates for Complex IV

10

Sodium azide

20 µL

Inhibitor of Complex IV
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After each addition of a substrate or inhibitor, the traces were allowed to plateau before adding the next
substrate or inhibitor. After the addition of sodium azide, the chamber stopper was removed and sodium
dithionite powder was added. Then the chamber was immediately sealed with the stoppers again to
establish a zero baseline. Experiments were run at oxygen concentrations between 195 µM and 50 µM in
the chamber and reoxygenation of the chamber was done by lifting the stopper.

Calibration of each experimental run
Each chamber was calibrated for atmospheric oxygen saturation (maximum) and zero oxygen (baseline) in
MiRO5. Respiration was normalized to the number of cells (or mitochondrial volume, see Section 2.3.3.1
for determination of mitochondrial volume) in the chamber and presented as oxygen flow per cell (pmol
O2/(second × 106 cells)). The solubility factor of MiRO5 is 0.92. Residual oxygen consumption from the
oxygen electrodes (after the addition of antimycin A) in the chamber were subtracted from all readings. The
average respiration was taken during the plateau phase except for respiration at complex IV where the
maximum peak was taken and subtracted from the plateau after sodium azide addition.
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Figure 2.4 Representative mitochondrial O2 consumption trace of RA-differentiated SH-SY5Y
cells treated with 0.5% (v/v) DMSO.
The red line represents oxygen consumption and the blue line is oxygen concentration in the chamber.
Once the cells were added to the chamber of the Oroboros O2k (Oroboros, Austria), the endogenous
respiration was determined. Digitonin was added to permeabilise the plasma membrane and then pyruvate,
malate, and glutamate (PMG) were added to stimulate complex I respiration followed by ADP (Mg2+) which
allowed for oxidative phosphorylation (OXPHOS). Mitochondrial membrane integrity was maintained as
seen with no increase in O2 consumption after the addition of cytochrome c (Cyt c). Succinate stimulates
respiration at complex II and the titration of 1 µL CCCP uncouples the mitochondrial proton gradient to
produce uncoupled (maximum) respiration. Rotenone was added to inhibit complex I followed by antimycin
A to inhibit complex III. Ascorbate and then N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) were added
to stimulate respiration at complex IV, followed by sodium azide after the maximum peak is reached to
correct for background respiration at complex IV.
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Flow cytometry
Cells were harvested in TrypLE™ Express for 5 min and 10% FBS DMEM/F12 added to inactivate the
TrypLE™ Express. Cells were centrifuged at 210 × g for 4 min at 22 °C and the supernatant was discarded.
The cells were resuspended in pre-warmed 1% FBS DMEM/F12 containing the appropriate dye or
fluorophore-conjugated antibody. An unstained control was always included and incubated in 1% FBS
DMEM/F12 with no dye or fluorophore conjugated antibodies. After dye or fluorophore-conjugated antibody
incubation, the cells were centrifuged at 210 × g for 4 min at 22 °C and resuspended in pre-warmed 1%
FBS DMEM/F12. This step was repeated again and the cells were resuspended in a final volume of 50 µL.
All experiments were analysed in an Accuri C6 (Becton Dickson, USA) with a 3 blue 1 red laser setting at
a flow rate of 22 µL/min. The filter settings on the Accuri C6 are listed below. Analysis of flow cytometry
data was done in FlowJo Version 10.0 (FlowJo, USA).
Detector position

Laser

Filter

FL1

488 nm (blue)

533/30

FL2

488 nm (blue)

585/40

FL3

488 nm (blue)

670/LP

FL4

640 nm (red)

675/25

Determination of SH-SY5Y populations
In order to identify the population viable SH-SY5Y cells from cellular debris, undifferentiated and RAdifferentiated SH-SY5Y were gated using cell granularity (side scatter) and cell size (forward scatter) plot.
Cells were then incubated with a fluorophore conjugated antibody (anti-CD90-FITC, Cat# 555595, BD
Biosciences, USA) against a cell surface marker (CD90) present on both undifferentiated and RAdifferentiated SH-SY5Y. Propidium iodide (Cat# P3566, ThermoFisher, USA) was used as a dead cell
indicator. Cells were harvested as outlined in Section 2.2.7. Briefly, once harvested, the cells were
resuspended in pre-warmed 1% FBS DMEM/F12 containing the fluorophore-conjugated antibodies and
incubated at room temperature for 15 min followed by wash steps described in Section 2.2.7. The
unstained control was incubated in 1% FBS DMEM/F12 with no fluorophore-conjugated antibodies.
Propidium iodide (PI) was added to a final concentration of 15 µM and analysed on the Accuri C6. For cells
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incubated with anti-CD90-FITC and PI, the cells were also subjected to heat at 60 °C for 10 min to identify
non-viable dead cells. Based on this, viable RA-differentiated SH-SY5Y can be determined on cell size and
cell granularity accurately (Figure 2.5). A shift in cell size and cell granularity indicates non-viable RAdifferentiated SH-SY5Y cells. There was no difference in cell size and granularity between RA-differentiated
SH-SY5Y and undifferentiated SH-SY5Y, therefore the same gates for cell size and single cells were
applied.
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Figure 2.5 Determination of SH-SY5Y populations.
RA-differentiated cells were either left unstained (left column) or stained with an antibody against a cellsurface marker (anti CD90-FITC; second from left column) or anti CD90-FITC and a dead cell dye
(propidium iodide, PI; second from right column). The same tube of cells incubated with anti CD90-FITC
and PI was heated to 60°C for 10 min to induce cell death (right column). Healthy RA-differentiated SHSY5Y are positive for anti-CD90 (Q3, bottom row). Cellular death changes the cell granularity and cell size
(Top right) and are positive for anti-CD90 and PI (Q2, bottom row).
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Mitochondrial membrane potential using JC-10 dye
To assess the mitochondrial membrane potential (ΔΨm) of RA-differentiated SH-SY5Y cells, the JC-10 dye
(ab112134, Abcam, USA) was used following the manufacturer’s instructions. JC-10 is a dye that
sequesters to the active mitochondria. Once aggregated in the mitochondria, JC-10 fluoresces at a different
emission wavelength (570 nm) to JC-10 monomers (520 nm) present in the cytosol. The excitation spectra
remains the same at 490 nm for JC-10 aggregates and monomers.
Briefly, JC-10 (100 × reconstituted in DMSO) was diluted to 1 × into Assay Buffer B (proprietary), protected
from light and pre-warmed to 37 °C. Cells were harvested as outlined in Section 2.2.7 and the cells were
resuspended in 100 µL of 1 × JC-10 in a humidified 5% CO2 incubator at 37 °C for 30 min. After 30 min,
the cells were subjected to wash steps described in Section 2.2.7. The unstained control was incubated in
Assay Buffer B with no JC-10 dye. Viable cells were gated on cell granularity and cell size followed by
single cells (see Figure 2.6) prior to determining JC-10 gates.

Optimisation of JC-10 compensation
Since the emission peak for JC-10 aggregate and monomers are close together, there is bleed through
from the emission of JC-10 monomers into the JC-10 aggregate channel. Therefore, compensation for this
bleed through is necessary. RA-differentiated cells were loaded with 100 µM of CCCP for 1 hour as a
positive control for JC-10 monomers only. Analysis of JC-10 loaded RA-differentiated SH-SY5Y cells was
done with a compensation of 7.5% in JC-10 monomers (FL1-A) spilling into JC-10 aggregates (FL2-A). The
percentage of polarised cells (quadrant 2; Q2) to depolarised cells (quadrant 3; Q3) were calculated as
follows (5):
% 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

No.cells in Q2

No.cells in Q2+No.cells in Q3

× 100

(5)
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Figure 2.6 Optimisation of JC-10 compensation in RA-differentiated SH-SY5Y.
RA-differentiated cells were either left unstained (top row), JC-10 stained (middle row) or JC-10 stained
with 100 µM CCCP treatment for 1 hour CCCP, a mitochondrial membrane potential uncoupler, was used
as a positive control for JC-10 monomers only. For unstained cells, the cells remained in Q4 while the cells
with polarised and depolarised mitochondria were in Q2 and Q3 respectively.
(Left panel) Under compensation of JC-10. A 0% compensation showed clustered data with a slope for
JC-10 and 100 µM CCCP treated cells. This is indicative of spillover from one channel (JC-10 monomerFL1) into another channel (JC-10 aggregate-FL2). The JC-10 stained cells also showed this slope. The
unstained cells do not have a slope as expected.
(Middle panel) Appropriate compensation of JC-10. A 7.5% compensation showed the spreading of
data points and the shift of the slope to the x-axis for JC-10 and 100 µM CCCP treated cells. The JC-10
stained cells showed a broadening of the slope indicating good compensation. The unstained cells
remained unaffected.
(Right panel) Over compensation of JC-10. A 12.5% compensation showed most of the data points for
JC-10 and 100 µM CCCP treated cells are past the x-axis. The JC-10 stained cells show spreading of data
points with an increase in the proportion of cells that have past the x-axis. The unstained cells remained
unaffected.
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Mitochondrial volume using MitoTracker™ Green dye
To assess the mitochondrial volume of undifferentiated and RA-differentiated SH-SY5Y cells, the
MitoTracker™Green (M7514, ThermoFisher, USA) was used following the manufacturer’s instructions.
MitoTracker™Green (MTG) is a dye that sequesters to active mitochondria proportional to the mitochondrial
volume. MTG has an excitation and emission spectra of 490 nm and 516 nm respectively, and can be
quantified in the FL1 channel.
Briefly, 1 mM of MTG was diluted to 200 nM in 1% FBS DMEM/F12. Cells were harvested as outlined in
Section 2.2.7 and the cells were resuspended in 1 mL of 200 nM MTG in a humidified 5% CO2 incubator
at 37 °C for 30 min. After 30 min, the cells were subjected to wash steps described in Section 2.2.7. The
median MTG fluorescence (FL1) was used. Viable cells were gated on cell granularity and cell size followed
by single cells (see Figure 2.5) prior to getting the median MTG fluorescence.

Mitochondrial superoxide using MitoSOX™ Red dye
To assess mitochondrial superoxide of undifferentiated and RA-differentiated SH-SY5Y, MitoSOX™ Red
(M36008, ThermoFisher, USA) was used following the manufacturer’s instructions. MitoSOX™ Red (MTS)
is a dye that sequesters to the mitochondria and is oxidised by superoxide. This oxidised form of MTS has
an excitation and emission maxima of 510 nm and 580 nm respectively, and can be quantified in the FL3
channel.
Briefly, 5 mM of MTS was diluted to 5 µM in 1% FBS DMEM/F12. Cells were harvested as outlined in
Section 2.2.7 and the cells were resuspended in 1 mL of 5 µM MTS in a humidified 5% CO2 incubator at
37 °C for 30 min. After 30 min, the cells were subjected to wash steps described in Section 2.2.7. The
median MTS fluorescence (FL1) was used. Viable cells were gated on cell granularity and cell size followed
by single cells (see Figure 2.5) prior to getting the median MTS fluorescence. It is important to note that
detection of ROS by MTS is semi-quantitative because it has been shown to react with other species of
ROS besides mitochondrial superoxide (Cheng et al., 2018). However, MTS remains a good indicator of
mitochondrially derived ROS. Complementary techniques like HPLC and LC-MS of MTS products would
highlight other species of ROS that react with MTS besides superoxide (Cheng et al., 2018)
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Autophagy detection using CYTO-ID® dye
To assess autophagic vesicles in the autophagy pathway in undifferentiated and RA-differentiated SHSY5Y, CYTO-ID® dye (Enzo Life Sciences, USA) was used following the manufacturer’s instructions.
CYTO-ID is a cationic amphiphilic tracer dye that binds specifically to vesicles in the autophagy pathway
(including pre-autophagosomes and autolysosomes) in a proprietary manner, which is not LC3 dependent
(M. Yan from Enzo Life Sciences, personal communication, November 9, 2018). CYTO-ID has an excitation
and emission spectra of 480 nm and 530 nm respectively, and can be quantified in the FL1 channel.
Briefly, 3 µL of CYTO-ID dye (supplied as a 50 µL stock solution) was diluted in 1mL of 1% FBS DMEM/F12.
Cells were harvested as outlined in Section 2.2.7 and the cells were resuspended in 250 µL of diluted
CYTO-ID in a humidified 5% CO2 incubator at 37 °C for 30 min. After 30 min, the cells were subjected to
wash steps described in Section 2.2.7. The median CYTO-ID fluorescence (FL1) was used. Viable cells
were gated on cell granularity and cell size followed by single cells (see Figure 2.5) prior to getting the
median CYTO-ID fluorescence.
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Live-cell imaging of mitochondrial network
Live-cell imaging of mitochondrial network and connectivity was conducted in the Operetta High-Content
Imaging System (PerkinElmer, USA) using the live-cell chamber set to 37 °C with 5% CO2. Mitochondria
were stained with MitoTracker™Green (MTG). Undifferentiated or RA-differentiated SH-SY5Y were plated
in a 96-well black walled plate (COR3603, Corning) that had a 60% thinner bottom plastic for better imaging
resolution. Briefly, 1 mM of MTG was diluted to 200 nM in pre-warmed 1% FBS DMEM/F12 and 15 µM
Hoechst 33342. Cells were washed twice with pre-warmed (37 °C) sterile 1 × PBS at and incubated with
200 nM MTG in a humidified 5% CO2 incubator at 37 °C for 30 min protected from light. After 30 min, the
cells were washed twice with pre-warmed sterile 1 × PBS and 100 µL of 1% FBS DMEM/F12 was dispensed
into each well and immediately placed in the Operetta High-Content Imaging System with the live-cell
chamber connected. 475/30 nm and 525/50 nm filters were used for the excitation and emission spectra
respectively. The exposure time was set to 500 ms for MTG, 200 ms for Hoechst 33342 and 100 ms for
brightfield. Vertical plane sections with a step size of 0.1 µm between each step size was used to determine
the optimum focal plane every time. At least 4 imaging areas were taken near the centre of each well in the
96-well plate. All treatments were done in triplicate wells.
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Analysis of mitochondrial network using MiNa
After obtaining the fluorescent images of the mitochondrial network, images of SH-SY5Y cells were
analysed in MiNa (A. J. Valente et al., 2017), an Image J plug-in that interprets the mitochondrial network
for descriptive parameters such as mitochondrial branch length, the number of networks and the number
of fragmented individual mitochondria.
The mitochondrial network analysis by MiNa was done as described by Valente and colleagues with preprocessing using the ‘Unsharp Mask’, ‘contrast limited adaptive histogram equalisation (CLAHE)’ and
‘Median’ functions. Optimisations of each pre-processing step was undertaken to ensure accurate
mitochondrial network estimation. Both the ‘CLAHE’ and ‘Median’ function in MiNa did not significantly
affect the mitochondrial network estimation based on the overlay of the actual mitochondrial network from
the fluorescent image (white) and the skeletonised version by MiNa (red) (Figure 2.7). In contrast, the
‘Unsharp Mask’ function in MiNa contributes to the biggest variability in the estimation of mitochondrial
network. Further optimisations of the appropriate ‘Unsharp Mask’ threshold can be found in Figure 2.8.
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Figure 2.7 Optimisations of median filter radius and CLAHE function in MiNa.
Live-cell images (× 40) of mitochondria in RA-differentiated SH-SY5Y cells incubated with 200 nM
MitoTracker Green (white structures) overlaid with the predicted skeleton (red) by MiNA (A. J. Valente et
al., 2017). Median filter radius and CLAHE function does not affect the final skeleton of mitochondrial
network in RA-differentiated SH-SY5Y.
(A) Median filter radius between 2 to 20 does not affect the skeleton of mitochondrial network.
(B) CLAHE under ‘Low’, ‘Default’ and ‘Max’ settings does not affect the skeleton of mitochondrial network
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Figure 2.8 Optimisations of threshold settings of the unsharp mask function in MiNA.
Live-cell images (× 40) of mitochondria stained with 200 nM MTG (white structures) overlayed with the
predicted skeleton (red) by MiNA in RA-differentiated SH-SY5Y cells. Threshold settings have contributes
to the final skeleton of mitochondrial network in RA-differentiated SH-SY5Y.
(A) Radius and mask strengths of the unsharp mask function.
(B) Mitochondrial skeleton merging at blurred boundaries. Merging between two independent
mitochondrial networks when low radius (1) and mask strength (0.4) is applied.
(C) False fragmentation of mitochondrial skeleton. Fragmentation in dark branches of mitochondria
when high radius (4) and low mask (0.4) strength is applied.
(D) Over skeletonization of mitochondrial skeleton. Inaccurate estimation when low radius (1) and high
mask strength (0.8) is applied.
(E) Mitochondrial skeleton merging between two brightly stained branches. Bright mitochondrial
branches in close proximity are merged when high radius (4) and high mask strength (0.8) is applied.
(F) Accurate mitochondrial skeleton estimation. A good overlay between the mitochondria (white
structures) and the predicted skeleton (red) using mid radius size (2) and high mask (0.8) strength.
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Statistical Analyses
All data was checked for normal distribution using the Shapiro-Wilk test. Data that was not normally
distributed was log-transformed, and if normal distribution was met, the data was then statistically analysed.
The student’s t-test was used to compare between two groups, either paired or unpaired. For more than
two treatment groups, a One-way analysis of variance (ANOVA) was used with a Dunnet’s post-hoc test
(for comparisons to a control) or a Bonferroni’s post-hoc test (for multiple comparisons between groups).
All statistical analyses were done in GraphPad Prism 7 (GraphPad Software Inc., USA) unless otherwise
stated. P-values equal to or less than 0.05 (p ≤ 0.05) was considered statistically significant.
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Results
The results in this chapter is divided into three main parts: the first covering the morphological
characterisation of SH-SY5Y, followed by the phenotypic characterisation of SH-SY5Y and then the
mitochondrial characterisation of SH-SY5Y. For clarity, undifferentiated SH-SY5Y without DMSO treatment
will be denoted as ‘Day 0 undifferentiated SH-SY5Y’, RA-differentiated SH-SY5Y at day 4 with 0.5% (v/v)
DMSO will be denoted as ‘RA-differentiated SH-SY5Y’, and undifferentiated SH-SY5Y at day 4 with 0.5%
(v/v) DMSO will be denoted as ‘DMSO undifferentiated SH-SY5Y’. The DMSO undifferentiated was
included as a control for the effect of DMSO treatment on cell health and other unexpected off-target effects
(Frankowski et al., 2013). Many studies comparing undifferentiated and RA-differentiated SH-SY5Y do not
explicitly state the use of a DMSO undifferentiated control.

Morphological characterisation of SH-SY5Y
RA-differentiated SH-SY5Y stops proliferating and has
increased neurite extension
RA-differentiated SH-SY5Y was assessed for changes in cell morphology after 4 days of differentiation in
10 µM RA. Figure 2.9B shows the presence of “N”- and “S”-type cells present in Day 0 undifferentiated
SH-SY5Y before 10 µM RA in differentiation medium was added. “N”-type cells appear pyramidal with
observable neurites extending from the soma while “S”-type cells show no neurite extension with a large
soma. The Day 0 undifferentiated SH-SY5Y do not exhibit pronounced neurite extension. On day 1 of RAdifferentiation, neurite extension was observed, which was at least twice the length of the soma (cell body).
Moreover, there is some evidence of pyramidal shaped neuroblastoma as well as “S”-type cells is present
at day 1. Further neurite extension at day 2 and neurite diversification (cross-over of neurites) at day 3 was
observed with some evidence of “S”-type cells still present. At day 4 of RA-differentiation, long neurites
were maintained and the neurite appeared to be thicker, while the number of “S”-type cells was observed
to be lower. In comparison, DMSO-undifferentiated SH-SY5Y at day 4 shows a mixture of both “N”- and
“S”-type cells with an increased confluency due to the continued proliferation. This proliferative effect was
stopped in RA-differentiated SH-SY5Y.
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DMSO treatment affects RA-differentiated SH-SY5Y cell health
Next, the effect of DMSO on RA-differentiated SH-SY5Y was assessed in order to determine a non-toxic
DMSO treatment threshold. DMSO is commonly used as a reconstitution solvent and can have unexpected
low-dose toxicity on cells (Galvao et al., 2013). RA-differentiated SH-SY5Y were grown in differentiation
medium containing 10 µM at 0.1% (v/v) DMSO for four days. Following this, RA-differentiated SH-SY5Y
were treated with DMSO concentrations from 0.2% (v/v) up to 10% (v/v) for 24 hours or 48 hours.
24 hours of DMSO exposure up to 0.5% (v/v) and 1% (v/v) had no effect on MTT reduction, a measure of
cellular metabolic activity, and LDH release, a measure of cellular necrosis, respectively (Figure 2.10).
Similarly, 48 hours of DMSO exposure up to 1% (v/v) and 10% (v/v) did not affect MTT reduction and LDH
release respectively (Figure 2.10). Therefore, 0.5% (v/v) DMSO for up to 48 hours was chosen as a nontoxic DMSO threshold for all in vitro experiments.
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Figure 2.9 RA-differentiation of SH-SY5Y human neuroblastoma cells.
(A) Timeline of RA-differentiation protocol for SH-SY5Y. Undifferentiated SH-SY5Y were seeded on
Day -1 and left to adhere to cultureware. Differentiation was initiated on Day 0 with the addition of 10 µM
RA in differentiated medium followed by second addition of 10 µM RA in fresh differentiation medium on
Day 2.
(B) RA-differentiation induces a change in SH-SY5Y cell morphology. Brightfield images of RAdifferentiated SH-SY5Y cells displaying extended neurites and ‘spindle-like’ morphology. Black arrows
represent “N”-type adherent cells and white arrows represent “S”-type adherent cells. Red arrows show the
extension and lengthening of neurites upon RA exposure up to Day 4. The DMSO-undifferentiated control
(at Day 4 exposed to 0.5% (v/v) DMSO) does not show any lengthening of neurites and have continued to
proliferate in culture to a higher density. Scale bar = 100 µm.
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Figure 2.10 RA-differentiated SH-SY5Y is affected by DMSO in a time- and dose-dependent
manner.
Day 4 RA-differentiated SH-SY5Y were exposed to 0.1% (v/v) up to 10% (v/v) DMSO for 24 hours and 48
hours. For LDH release, the ‘Max’ treatment corresponds to Triton-X lysed cells treated with 0.1% (v/v)
DMSO and presented as the maximum LDH release possible.
(A&B) Effect of DMSO on RA-differentiated SH-SY5Y at 24 hours. (A) DMSO significantly decreases
MTT reduction ≥ 1% (v/v) (B) DMSO significantly increases LDH release ≥ 5% (v/v).
(C&D) Effect of DMSO on RA-differentiated SH-SY5Y at 24 hours. (C) DMSO significantly decreases
MTT reduction ≥ 1% (v/v) (B) DMSO significantly increases LDH release ≥ 10% (v/v).
Results are presented as mean ± SEM (N = 3 biological replicates). *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001; P-values calculated using Dunnett’s post hoc test in a One-way ANOVA. P-value
comparisons were done to 0.1% (v/v) DMSO.
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Phenotypic characterisation of SH-SY5Y
Antibody validation against cholinergic, dopaminergic and
mature neuronal markers
As noted, there are discrepancies on the phenotype and protocol of RA-differentiated SH-SY5Y (Xicoy et
al., 2017), with many citing different cholinergic and dopaminergic phenotypes. Moreover, several mature
neuronal markers have been used to ascertain whether RA-differentiated SH-SY5Y had proteins commonly
found in mature neurons. Therefore, in order to investigate the protein abundance levels of cholinergic,
dopaminergic and mature neuronal markers in RA-differentiated SH-SY5Y, a thorough antibody validation
was undertaken.
ChAT and TH are important in the synthesis of acetylcholine and L-dopa (precursor to dopamine); two
neurotransmitters that are found in cholinergic and dopaminergic neurons respectively. Hence, ChAT and
TH were used to characterise the phenotypic change in SH-SY5Y upon RA-differentiation.
The western blot results using an anti-ChAT polyclonal antibody (AB143; Millipore, USA) against RAdifferentiated SH-SY5Y showed many non-specific bands ranging from 100 kDa to 20 kDa with the majority
of dark bands between ~60 kDa to 37 kDa (Figure 2.11). Given the expected band at 68 kDa for ChAT,
AB143 did not produce a single band against ChAT. Neither method of quantitation by fluorescence or
chemiluminescence affected the detection of AB143.
Similarly, an anti-TH polyclonal antibody (AB152; Millipore, USA) against RA-differentiated SH-SY5Y
showed four dark unspecific bands ranging from 50 kDa to 25 kDa (Figure 2.11). The expected molecular
weight for TH using AB152 is 62 kDa. Hence, it is evident that neither AB143 nor AB152 were specific for
the intended targets. Monoclonal antibodies against ChAT and TH were acquired and used for
characterizing RA-differentiated SH-SY5Y, which had greater immunospecificity against the targets (see
Figure 2.12).
Several protein targets that are specific to mature neurons include βIII-tubulin, MAP2, and Tau, which are
all associated with microtubule structures important for the cytoskeleton. For the anti-MAP2 monoclonal
antibody (M4403; Sigma-Aldrich, USA), the western Blot results indicate a single dark band at ~74 kDa
(Figure 2.11), which is close to the expected 70 kDa molecular weight of MAP2c . The M4403 antibody
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also recognises the two other isoforms of MAP2; MAP2a and MAP2b, which have a molecular weight of
280 kDa. There are discrepancies around the nature of the specific isoforms of MAP2 and the abundance
of MAP2 during neuronal development (Nunez, 1988; Pezzini et al., 2017). As such, MAP2 was not used
as a mature neuronal target when probing with the M4403 antibody.
Another mature neuronal target, Tau, was probed for using anti-Tau monoclonal antibody (MAB3420;
Millipore, USA), which resulted in three dark bands between 75 kDa and 50 kDa (Figure 2.11). MAB3420
was reported to detect 5 bands between 68 kDa and 52 kDa, which indicates detection of different Tau
isoforms. Due to this, Tau was not used as a mature neuronal target when probing with the MAB3420
antibody. Anti-βIII-tubulin antibody produced a strong signal with one band and was subsequently used as
a mature neuronal target for RA-differentiated SH-SY5Y (Figure 2.12).
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Figure 2.11 Validation of antibodies against cholinergic, dopaminergic and mature neuronal
markers.
For all experiments, 25 µg of RA-differentiated SH-SY5Y cell lysates were resolved on a 4-15%
polyacrylamide gel. The lysates were transferred to a 0.2 µm pore size nitrocellulose membrane.
(A) Anti-Choline acetyltransferase (ChAT) (Cat# AB143; Millipore, USA) produced unspecific bands.
The rabbit polyclonal antibody was not specific to a single target and laddering was observed when
quantitated by (left) fluorescent-conjugated and (right) HRP-conjugated secondary antibodies. 1:1000 of
AB143 was used followed by 1:20,000 fluorescent-conjugated and 1:5000 HRP-conjugated secondary
antibody incubation.
(B) ChAT was detected using an anti-ChAT antibody (Cat# Ab181023; Abcam, USA) in RAdifferentiated SH-SY5Y lysates. 1:5000 of Ab181023 was used followed by 1:20,000 fluorescentconjugated secondary antibody incubation.
(C) Anti-Tyrosine hydroxylase (TH) (Cat# AB152; Millipore, USA) produced unspecific bands. The
rabbit polyclonal antibody was not specific to a single target and laddering was observed when quantitated
by fluorescent-conjugated secondary antibodies. 1:1000 of AB152 was used followed by 1:20,000
fluorescent-conjugated secondary antibody incubation.
(D) TH was detected using an anti-TH antibody (Cat# 701949, ThermoFisher Scientific, USA) in RAdifferentiated SH-SY5Y lysates. 1:1000 of 701949 was used followed by 1:20,000 fluorescent-conjugated
secondary antibody incubation.
(E) Microtubule associated protein-2 (MAP2) was detected using an anti-MAP2 antibody (Cat#
M4403; Sigma-Aldrich, USA) in RA-differentiated SH-SY5Y lysates. 1:2000 of M4403 was used
followed by 1:20,000 fluorescent-conjugated secondary antibody incubation.
(F) Tau was detected using an anti-Tau antibody Tau (Cat# MAB3420; Chemicon, USA) in RAdifferentiated SH-SY5Y lysates. 1:2000 of MAB3420 was used followed by 1:20,000 fluorescentconjugated secondary antibody incubation.
(G) βIII-Tubulin was detected using an anti-βIII-Tubulin antibody (Cat# G7121; Promega, USA) in RAdifferentiated SH-SY5Y lysates. 1:5000 of G7121 was used followed by 1:20,000 fluorescent-conjugated
secondary antibody incubation.
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RA-differentiated SH-SY5Y exhibits cholinergic and mature
neuronal properties
Once the antibody validation was completed, mRNA expression levels and relative protein abundance was
carried out on Day 0 undifferentiated, RA-differentiated and DMSO-undifferentiated SH-SY5Y. There was
a significant increase in the mRNA expression levels of the mature neuronal marker TUBB3 (βIII-Tubulin),
which was at least a ~2 fold increase from Day 0 undifferentiated SH-SY5Y (Figure 2.12A). The DMSOundifferentiated SH-SY5Y had no significant difference to the Day 0 undifferentiated SH-SY5Y. Conversely,
there was no significant difference in mRNA expression levels for CHAT and TH upon RA-differentiation of
SH-SY5Y relative to Day 0 undifferentiated SH-SY5Y (Figure 2.12A). This observation was also similar for
DMSO-undifferentiated SH-SY5Y relative to Day 0 undifferentiated SH-SY5Y (Figure 2.12A).
Next, the relative protein abundance was quantitated using the densitometry analysis of the western blot
bands. There was a significant ~2 fold increase in ChAT proteins for RA-differentiated SH-SY5Y relative to
Day 0 undifferentiated SH-SY5Y (Figure 2.12C). The quantitation of ChAT was done on the pooled
intensities of both bands displayed in Figure 2.12B. There was no significant change in ChAT proteins for
DMSO-undifferentiated SH-SY5Y relative to Day 0 undifferentiated SH-SY5Y. Interestingly, there was no
significant increase in βIII-Tubulin protein abundance for RA-differentiated and DMSO-undifferentiated SHSY5Y relative to Day 0 undifferentiated SH-SY5Y despite observing an increase TUBB3 mRNA expression
for RA-differentiated SH-SY5Y (Figure 2.12C). Neither treatments of RA nor DMSO had any change in TH
protein abundances relative to Day 0 undifferentiated SH-SY5Y. Therefore, RA-differentiation induced an
observable change at the protein level in the cholinergic marker, ChAT, despite not significantly increasing
CHAT mRNA expression levels. While the increase in TUBB3 mRNA expression levels was observed upon
RA-differentiation, this did not lead to a change in protein abundance.
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Figure 2.12 Relative mRNA expression and protein abundance of choline acetyltransferase
(ChAT), tyrosine hydroxylase (TH) and βIII-Tubulin in undifferentiated and RA-differentiated SHSY5Y.
(A) Increase in βIII-Tubulin mRNA expression with RA-differentiated SH-SY5Y. Relative mRNA
expression assessed by SYBR based RT-qPCR with β-actin and PGK1 used as stable housekeeping
genes. Data presented as fold change normalised to Day 0. Results are presented as mean ± SEM (n = 3).
**p < 0.01; P-values calculated using Dunnett’s post hoc test in a One-way ANOVA. P-value comparisons
were done to Day 0.
(B) Representative western blot (N = 3 biological replicates) showing protein abundance of ChAT, TH and
βIII-Tubulin in total cell lysate with β-actin as a loading control.
(C) Increase in ChAT protein abundance with RA-differentiated SH-SY5Y. Densitometric analysis of
western blot bands of the ChAT (top and bottom band together), TH and βIII-Tubulin normalized to β-actin.
Data presented as fold change normalised to Day 0 **p < 0.01; P-values calculated using Dunnet’s post
hoc test in a One-way ANOVA. P-value comparisons were done to Day 0.
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Mitochondrial characterisation of SH-SY5Y
RA-differentiated SH-SY5Y has diversified mitochondrial
network with decrease in mitochondrial volume
The mitochondrial network of SH-SY5Y is known to change upon RA differentiation and contribute to the
efficiency of mitochondrial function and respiration (Schneider et al., 2011). However, Schneider and
colleagues did not quantify the specific changes in mitochondrial network such as mitochondrial branch
length, branch number and the number of individual/non-networked mitochondrion (Schneider et al., 2011).
In this section, the specific mitochondrial parameters were quantified in MiNa (A. J. Valente et al., 2017),
an Image J plug-in, which allows for accurate quantitation of fluorescent images. The fluorescent images
of RA-differentiated SH-SY5Y mitochondria stained with MTG (Figure 2.13A) revealed that mitochondria
have an increased (p < 0.05) in number of networks, an increase (p < 0.01) in individual/non-networked
mitochondria and a decrease (p <0.05) in median mitochondrial branch length relative to DMSOundifferentiated SH-SY5Y (Figure 2.13B). RA-differentiation of SH-SY5Y also caused an increase (p <
0.001) in mitochondrial footprint (Figure 2.13B) relative to DMSO-undifferentiated SH-SY5Y. The
mitochondrial footprint is the area of image consumed by MTG signal and is also used as a proxy for
mitophagy (i.e. the selective mitochondrial degradation) (A. J. Valente et al., 2017). There was no significant
difference in the number of network branches with RA differentiation relative to Day 4 DMSO (Figure
2.13B).
After observing these differences in mitochondrial network and volume, changes in mRNA expression of
genes involved in mitochondrial fusion (MFN1, MFN2, OPA1) and mitochondrial fission (DRP1, FIS1) were
investigated. It is known that mitochondrial fusion and fission affect the mitochondrial network (Seo et al.,
2010). There was a significant increase in all mitochondrial fusion genes and DRP1 upon RA differentiation
relative to Day 0 undifferentiated (Figure 2.13C). DMSO-undifferentiated SH-SY5Y had a significant
increase in the mRNA expression of mitochondrial fusion genes, MFN1 and OPA1, relative to the Day 0
undifferentiated SH-SY5Y. There was no significant difference in mRNA expression of FIS1 regardless of
treatment.

86

2.3 Results
Given the differences in mitochondrial network, the overall mitochondrial volume was further investigated.
The mitochondrial volume was assessed using MTG, which proportionally accumulates in the matrix of
mitochondria, with flow cytometry. Our data indicated a significant decrease (p < 0.05) in MTG fluorescence
per cell upon RA treatment relative DMSO-undifferentiated SH-SY5Y (Figure 2.13D). This inverse
relationship of an increase in mitochondrial network and a decrease in mitochondrial volume is discussed
further in Section 2.4.
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Figure 2.13 RA-differentiation of SH-SY5Y diversifies the mitochondrial network but decreases
mitochondrial volume per cell.
(A) RA-differentiation of SH-SY5Y diversified mitochondrial networks relative to DMSO treated
undifferentiated SH-SY5Y. Representative images (N = 3 biological replicates; 10 images per biological
replicate) of mitochondria from RA differentiated and DMSO treated SH-SY5Y stained with MitoTracker
Green (green) and the nucleus with Hoechst 33342 (blue). The skeletonized image, which tracks
mitochondrial network, was produced in MiNa (See Materials).
(B) Quantitative analysis of different mitochondrial morphologies by MiNa. RA differentiation increases the
number of individual mitochondria and mitochondrial networks, the median branch length and the
mitochondrial footprint. Results are presented as mean ± SEM (N = 3 biological replicates; 10 images per
biological replicate). * p < 0.05; ** p < 0.01; *** p < 0.001; P-values calculated using a two-tailed unpaired
t-test. Data from individual mitochondrion, mitochondrial networks and mitochondrial footprint were logtransformed to correct for normality prior to statistical analysis.
(C) RA-differentiation of SH-SY5Y increased mRNA expression of mitochondrial fussion (MFN1, MFN2 &
OPA1) and mitochondrial fission (DRP1) genes relative to Day 0 undifferentiated SH-SY5Y. Results
presented as fold change to Day 0 undifferentiated SH-SY5Y and are presented as mean ± SEM (N = 3
biological replicates). ACTB (β-actin) and PGK1 were used as housekeeping genes. * p < 0.05; P-values
calculated using Dunnett’s post hoc test in a One-way ANOVA. P-value comparisons were done to Day 0
undifferentiated SH-SY5Y.
(D) RA-differentiation of SH-SY5Y decreased total mitochondrial volume per cell relative to DMSOundifferentiated SH-SY5Y. Mitochondrial volume was assessed by MitoTracker Green. Results are
presented as mean ± SEM (N = 5 biological replicates) with representative flow cytometry plots in the
corresponding histogram (right). A shift of the histogram towards the right indicates an increase in
MitoTracker Green fluorescence within the cell. * p < 0.05; P-values calculated using a two-tailed paired ttest.
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RA-differentiated SH-SY5Y has increased mitochondrial
respiration and reserve capacity relative to mitochondrial
volume
After observing changes in the mitochondrial network upon RA-differentiation, the mitochondrial respiration
was investigated because the efficiency of the respiration is linked to the diversification of the mitochondrial
network. It should be noted that the respiration values were normalised to mitochondrial volume. Using
high-resolution respirometry (oximetry), RA-differentiated SH-SY5Y had a higher rate of endogenous
respiration relative to DMSO-undifferentiated SH-SY5Y before permeabilisation of the plasma membrane
(Figure 2.14A). The permeabilisation of the plasma membrane dilutes cytosolic substrates for
mitochondria, and mitochondria only respire when exogenous substrates are added in excess into the
respiration chamber (Section 2.2.6). After plasma membrane permeabilisation and the substrates for
complex I added, there was an increase in respiration for both RA-differentiated and DMSO-undifferentiated
SH-SY5Y (Figure 2.14A). Following this, ADP was added to stimulate oxidative phosphorylation
(OXPHOS) and RA-differentiated SH-SY5Y maintained a high rate of respiration across complex I, complex
II and complex I+II respiration states relative to DMSO-undifferentiated SH-SY5Y. A mitochondrial
membrane potential uncoupler, CCCP, was added to promote maximum respiration in the absence of a
limiting mitochondrial H+ gradient. Upon CCCP addition, RA-differentiated SH-SY5Y still maintained a high
rate of uncoupled respiration across complex I, complex II and complex I+II respiration states relative to
DMSO-undifferentiated SH-SY5Y. An artificial electron donor, TMPD, was used to stimulate respiration at
complex IV, which resulted in higher respiration rates in RA-differentiated SH-SY5Y compared to DMSOundifferentiated SH-SY5Y. Moreover, there was an increase in reserve capacity of RA-differentiated relative
to DMSO-undifferentiated SH-SY5Y. The reserve capacity is the difference in maximum OXPHOS
respiration to maximum uncoupled respiration (Figure 2.14B).
The mRNA expression and protein levels of respiratory complexes within the electron transport system
(ETS) were investigated in order to explain the increase in mitochondrial respiration upon RA differentiation.
There was no significant difference in mRNA expression for all five respiratory complexes in the ETS for
either RA or DMSO treatment (Figure 2.14C). At the protein level, treatment with DMSO resulted in the
decrease in CI, CII, CIV levels and an increase in CIII levels relative to Day 0 undifferentiated SH-SY5Y
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(Figure 2.14D & Figure 2.14D E). RA treatment had a similar decreasing trend in CII and CIV levels while
CI and CIII remained unchanged compared to Day 0 undifferentiated SH-SY5Y. Neither treatments had a
significant effect on CV (ATP synthase) protein levels. Hence, the results indicate a potential off-target
effect of DMSO treatment on mitochondrial respiration. Moreover, the changes observed in the
mitochondrial respiration upon RA differentiation may be due to the diversification of the mitochondrial
network rather than an increase in the abundance of respiratory complexes in the ETS.
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Figure 2.14 RA-differentiated SH-SY5Y has increased mitochondrial respiration and reserve
capacity.
(A) RA-differentiated SH-SY5Y has increased mitochondrial respiration at all respiration states. Results are
presented as mean ± SEM (N = 8 biological replicates). * p < 0.05; ** p < 0.01; *** p < 0.001; P-values
calculated using a two-tailed paired t-test.
(B) RA-differentiated SH-SY5Y has increased mitochondrial reserve capacity. The reserve capacity is the
difference between complex I+II respiration in OXPHOS and uncoupled respiration states. Results are
presented as mean ± SEM (N = 8 biological replicates). ** p < 0.01; P-values calculated using a two-tailed
paired t-test.
(C) RA-differentiated SH-SY5Y did not have a change in mRNA expression of mitochondrial respiratory
complexes relative to Day 0 undifferentiated SH-SY5Y. Results presented as fold change to Day 0
undifferentiated SH-SY5Y and are presented as mean ± SEM (N = 3 biological replicates). 18s (18s
ribosomal RNA) and PGK1 were used as housekeeping genes for complex I to complex IV; ACTB (β-actin)
and PGK1 were used as housekeeping genes for complex V. P-values calculated using Dunnett’s post hoc
test in a One-way ANOVA. P-value comparisons were done to Day 0.
(D) Representative western blot (N = 3 biological replicates) showing protein abundance of each
mitochondrial respiratory complex in total cell lysate with β-actin as a loading control. All bands are from
same lanes of the same sample.
(E) RA-differentiated SH-SY5Y do not have a change the protein levels of mitochondrial respiratory
complexes relative to Day 0 undifferentiated SH-SY5Y. Densitometric analysis of western blot bands of
the mitochondrial complexes normalized to β-actin. Results presented as fold change to Day 0
undifferentiated SH-SY5Y and are presented as mean ± SEM (N = 3 biological replicates). p < 0.05, **p <
0.01; P-values calculated using Dunnett’s post hoc test in a One-way ANOVA. P-value comparisons were
done to Day 0.
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RA-differentiated SH-SY5Y has increased mitochondrial
membrane potential (ΔΨm) and superoxide (O2⋅-) production
The increase in mitochondrial respiration may be indicative of an increase in ETS efficiency, which depends
on the ΔΨm. Therefore, ΔΨm was investigated using JC-10, a dye that accumulates and aggregates in
active mitochondria based on ΔΨm and fluoresces at a different wavelength to cytosolic monomers of JC10 (See Section 2.2.7.2). RA-differentiation of SH-SY5Y resulted in a significant increase (p < 0.05) in the
proportion of cells with high ΔΨm relative to DMSO-undifferentiated SH-SY5Y (Figure 2.15A). The
representative flow cytometry plots show a larger proportion of DMSO-undifferentiated SH-SY5Y in the
lower right quadrant indicating depolarised ΔΨm.
Next, basal and stimulated mitochondrial O2⋅- production in RA-differentiated SH-SY5Y was assessed. The

production of O2⋅- is linked to ΔΨm. As the ΔΨm increases, there is a greater flux of electrons going through

the ETS, which causes a higher rate of electron leakage from the ETS to produce O2⋅- (Murphy, 2009). O2⋅was evaluated using MitoSOX Red, a mitochondrial O2⋅- indicator, with flow cytometry. Under basal culture

conditions, there are a higher proportion (p < 0.05) of RA-differentiated SH-SY5Y cells positive for MitoSOX

Red relative to DMSO-undifferentiated SH-SY5Y (Figure 2.15B). In addition, RA-differentiated SH-SY5Y
were more sensitised to O2⋅- production when treated with antimycin A (Ant A), a complex III inhibitor, which

blocks electron flux and promotes electron leakage to produce O2⋅-. Indeed, RA-differentiated SH-SY5Y

had a significant increase (p < 0.05) in O2⋅- production compared to DMSO-undifferentiated SH-SY5Y when

treated with Ant A (Figure 2.15B).
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Figure 2.15 RA-differentiation of SH-SY5Y increases mitochondrial membrane potential (ΔΨm)
and are prone to superoxide (O2•-) production.
(A) RA-differentiation of SH-SY5Y increases the proportion of cells with a polarised ΔΨm relative to DMSO
treated undifferentiated SH-SY5Y. ΔΨm was assessed by JC-10. Results are presented as mean ± SEM
(N = 4 biological replicates) with representative flow cytometry plots in the corresponding histogram (right).
* p < 0.05; P-values calculated using a two-tailed paired t-test.
(B) RA-differentiation of SH-SY5Y has a higher basal O2·- production and produces more O2·- upon
treatment with a complex III inhibitor, 10 µM Antimycin A (Ant A), relative to DMSO treated undifferentiated
SH-SY5Y. O2·- production assessed by MitoSOX. Results are presented as mean ± SEM (Basal O2·- N = 5
biological replicates; Ant A O2·- N = 4 biological replicates) with representative flow cytometry plots in the
corresponding histogram (right). * p < 0.05; P-values calculated using a two-tailed paired t-test.
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RA-differentiated SH-SY5Y has increased basal autophagy
In Section 2.3.3.1, the mitochondrial footprint with RA-differentiation is higher relative to DMSOundifferentiated SH-SY5Y. This mitochondrial footprint is used as a proxy for mitophagy (A. J. Valente et
al., 2017), this was investigated further by using CYTO-ID, a dye that sequesters proportionally to
autophagic vesicles. It should be noted that this dye is not specific to mitophagy, but rather, all vesicles
encapsulated by an autophagophore membrane. Under basal culture conditions, RA-differentiated SHSY5Y had a higher median CYTO-ID signal compared to DMSO-undifferentiated SH-SY5Y (p < 0.01)
(Figure 2.16A & Figure 2.16C). Next, chloroquine (ChQ) was used to inhibit the degradation of autophagic
vesicles resulting in an increase of autophagic vesicles and CYTO-ID signal. Indeed, RA- differentiated SHSY5Y maintained a higher median CYTO-ID signal compared to DMSO-undifferentiated SH-SY5Y (p <
0.01) (Figure 2.16A & Figure 2.16C). Notwithstanding this, there was no difference in autophagic flux (i.e.
the rate of production and degradation of autophagy-associated vesicles) between RA-differentiated SHSY5Y and DMSO-undifferentiated (Figure 2.16B).
Following this observation, mRNA expression levels for markers of autophagy, PINK1 and SQSTM1, were
investigated. RA-differentiation of SH-SY5Y stimulated PINK1 mRNA expression at least 4 fold compared
to Day 0 undifferentiated SH-SY5Y (p < 0.01) (Figure 2.16D). Similarly, SQSTM1 mRNA expression
increased at least 3 fold compared to Day 0 undifferentiated SH-SY5Y (p < 0.01) (Figure 2.16D). DMSOundifferentiated SH-SY5Y also had a significant increase in PINK1 mRNA expression levels relative to Day
0 undifferentiated SH-SY5Y, although to a lesser extent than RA-differentiated SH-SY5Y.
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Figure 2.16 RA-differentiated SH-SY5Y has increased autophagy and autophagic markers.
(A) RA-differentiated SH-SY5Y increased the basal level of autophagy. Autophagy was assessed by
CYTO-ID. Autophagy associated vesicles accumulated upon treatment with 2 µM chloroquine (ChQ), an
autophagy inhibitor that stops lysosomal acidification. Results are presented as mean ± SEM (N = 3
biological replicates). ** p < 0.01; P-values calculated using a two-tailed paired t-test.
(B) RA-differentiated SH-SY5Y did not affect autophagic flux relative to Day 4 DMSO treated cells.
Autophagic flux was assessed by % increase in CYTO-ID median fluorescence upon 24 hours of ChQ
treatment from basal. Results are presented as mean ± SEM (N = 3 biological replicates). P-values
calculated using a two-tailed paired t-test.
(C) Representative flow cytometry plots RA-differentiated SH-SY5Y (left) and DMSO treated
undifferentiated SH-SY5Y (right) loaded with CYTO-ID dye. Cells that were treated with 2 µM ChQ are
represented with the green histogram. A shift of the histogram towards the right indicates an increase in
CYTO-ID fluorescence within the cell.
(D) RA-differentiated SH-SY5Y has increased mRNA expression of autophagy related genes. PINK1
and SQSTM1 relative to Day 0 undifferentiated SH-SY5Y. ACTB (β-actin) and PGK1 were used as
housekeeping genes. Results are presented as mean ± SEM (N = 3 biological replicates). *p < 0.05; **p <
0.01; P-values calculated using Dunnett’s post hoc test in a One-way ANOVA. P-value comparisons were
done to Day 0 undifferentiated SH-SY5Y.
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Discussion
SH-SY5Y remains a widely used in vitro model for neurodegenerative research both in an undifferentiated
and differentiated state. RA is the most common differentiating agent employed to induce SH-SY5Y to
undergo biochemical and morphological changes that make the cell line exhibit mature neuronal markers,
as found in primary neuronal cultures. As noted by Xicoy et al. (2017), there are discrepancies in the
literature regarding the phenotype of SH-SY5Y upon RA-differentiation. Therefore, the morphological and
phenotypic changes in RA-differentiated SH-SY5Y were assessed. Following this, the changes that
accrued at the mitochondrial level upon RA-differentiation of SH-SY5Y were characterised. Understanding
these features serve as a starting point to observe any mitochondrial change that may be induced by
pharmacological therapeutics.

RA-differentiated SH-SY5Y exhibit a cholinergic and mature
neuronal phenotype
From the western blot results in Section 2.3.2.3, there was an increase in ChAT without a change in TH
protein abundance levels upon RA-differentiation of SH-SY5Y for 4 days relative to Day 0 undifferentiated
SH-SY5Y. Likewise, another group observed a slight increase in ChAT without a change in TH protein
abundance levels upon RA-differentiation of SH-SY5Y for 4 days relative to undifferentiated SH-SY5Y,
although this was not subjected to quantitative analysis (Gómez-Santos et al., 2002). In contrast, Lopes
and colleagues observed a significant increase in TH upon RA-differentiation of SH-SY5Y for 4 days relative
to Day 0 undifferentiated SH-SY5Y (Lopes et al., 2010). However, ChAT was not a target that was probed
(Lopes et al., 2010).
It is evident that despite similar differentiation protocols (10 µM RA for 4 days) on SH-SY5Y, very different
phenotypic outcomes are produced based on the protein abundance levels determined by western blotting.
There may be several variables that influence the different phenotypic outcomes such as the number of
passages prior to RA-differentiation, the source of SH-SY5Y and the % (v/v) of foetal bovine serum (FBS)
used. Neither Lopes et al. (2010) nor Gómez-Santos et al. (2002) have listed the passage number used.
Increasing the number of passages is known to change the ratio of “N”- and “S”-type cells in SH-SY5Y
(Xicoy et al., 2017), where “N”-type cells are only capable of RA-differentiation (Kovalevich & Langford,
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2013). This is supported by my own observation of a change in undifferentiated SH-SY5Y sub-populations
following 7 passages (P27+7; data not shown).
Another variable that is known to contribute to the inconsistency of phenotypic outcomes from different
groups is the source of SH-SY5Y (H.-Q. Wang, Imai, Kataoka, & Takahashi, 2007). While Lopes et al.
(2010) have acquired SH-SY5Y from ATCC, Gómez-Santos et al. (2002) have not disclosed where SHSY5Y were acquired from. The original SH-SY5Y cultures (CRL-2266) were deposited by J.L. Biedler to
ATCC and only ~34% of published literature have reported the acquisition of SH-SY5Y from ATCC, while
~47% of published literature have not cited a source for SH-SY5Y (Xicoy et al., 2017). Thus, the source
where SH-SY5Y were acquired from is important and needs to be disclosed in order to draw conclusions
on phenotypic changes upon RA-differentiation.
The effect of FBS in in vitro research is important because of batch variability within and between
companies (Gstraunthaler et al., 2013). Different sources of FBS have different compositions of proteins
and metabolites that can affect cell behaviour (Gstraunthaler et al., 2013). As such, Lopes et al. (2010) and
Gómez-Santos et al. (2002) have both acquired FBS from Gibco (USA), however, only Lopes et al. (2010)
have heat-inactivated the FBS to inactivate the complement proteins, which are proteins involved in the
immune response. Moreover, Lopes et al. (2010) have used 1% (v/v) of FBS during RA-differentiation,
which is the most common concentration of FBS used during RA-differentiation, while Gómez-Santos et al.
(2002) used a FBS-free culture medium during RA-differentiation. This highlights the importance of FBS
concentration and heat-inactivation during RA-differentiation.
Notwithstanding these two studies by Lopes et al. (2010) and Gómez-Santos et al. (2002), RAdifferentiation of SH-SY5Y at 10 µM between for up to 7 days also does not increase in TH protein
abundance levels as quantified by western blotting (Cheung et al., 2009; Filograna et al., 2015; Presgraves,
Ahmed, Borwege, & Joyce, 2003). Given the results presented in Section 2.3.2.3, RA-differentiated SHSY5Y for up to 4 days from ATCC display a cholinergic phenotype based on the ChAT protein abundance
levels despite no significant changes at the mRNA level (potentially due to the low number of biological
repeats). Nevertheless, RA-differentiation of SH-SY5Y may not be exclusively cholinergic as these cells
also exhibit catecholamine production (including dopamine) as seen with High-performance liquid
chromatography (HPLC) analysis of day 7 RA-differentiated SH-SY5Y lysates (Filograna et al., 2015).
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Next, the question of whether RA-differentiated SH-SY5Y displays a mature neuronal phenotype was
investigated. Several studies have chosen different mature neuronal markers used such as NeuN (Lopes
et al., 2010), synaptophysin (Cheung et al., 2009), MAP2 (Presgraves et al., 2003; Schneider et al., 2011),
Tau (Encinas et al., 2000) and βIII-tubulin because the antibody used produced a single band (Dwane,
Durack, & Kiely, 2013) to characterise RA-differentiated SH-SY5Y, βIII-tubulin was chosen in this study.
βIII-tubulin is a component of the microtubule, which is important for the neuronal cytoskeleton. The results
presented in Section 2.3.2.3 showed a significant increase in mRNA expression of TUBB3 (βIII-tubulin)
independent of a change at the protein level upon RA-differentiation of SH-SY5Y at 4 days. This finding
agrees with a previous report on the protein levels of βIII-tubulin, which showed no significant change in
βIII-tubulin protein levels upon RA-differentiation of SH-SY5Y (from ATCC) for 3 days (Dwane et al., 2013),
however, the βIII-tubulin mRNA expression levels were not investigated. It is known that the relationship
between protein abundance and mRNA expression levels can be difficult to correlate. This correlation is
difficult because of several factors such as post-transcriptional modifications that affect mRNA translation,
and the lack of more sophisticated techniques of quantifying protein and mRNA abundance (Yansheng Liu,
Beyer, & Aebersold, 2016). Furthermore, the ~ 2-fold increase in TUBB3 mRNA expression upon RAdifferentiation of SH-SY5Y at 4 days may not be sufficient to produce enough protein to be detected with
western blotting. Additionally, the visible morphological changes characterised by the extension of neurites,
which exceed the length of the soma upon RA-differentiation of SH-SY5Y, was also indicative of the mature
neuronal phenotype produced.
Herein, the results indicate that RA-differentiation of SH-SY5Y drives the cell towards a cholinergic
phenotype and exhibits an increase βIII-Tubulin as a mature neuronal marker. However, RA-differentiated
SH-SY5Y may not be exclusively cholinergic. Therefore, RA-differentiation of SH-SY5Y may be useful as
an in vitro model for AD research given that AD is characterised by cholinergic neuronal loss (Selkoe,
2001).
The DMSO-undifferentiated SH-SY5Y control did not have an effect on either ChAT, TH and βIII-tubulin
mRNA expression or protein levels. Moreover, there was no effect of 0.5% (v/v) of DMSO up to 48 hours
on cellular metabolic activity and necrosis of RA-differentiated SH-SY5Y. However, this does not exclude
the effect of 0.5% (v/v) of DMSO on mitochondrial function, which is discussed in Section 2.4.6.
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RA-differentiated SH-SY5Y increases mitochondrial networks
mediated by MFN2 and DRP1
Changes in mitochondrial function are known to occur upon RA-differentiation of SH-SY5Y (Schneider et
al., 2011), however, the specific modifications of the mitochondrial networks has not been extensively
explored. Here, the fluorescent images from Section 2.3.3.1 show a visible diversification of mitochondrial
networks, which centred around the nuclei of RA-differentiated SH-SY5Y cells. This result agrees with
several studies that showed a diversification of mitochondrial networks, which were also centred around
the nuclei of RA-differentiated SH-SY5Y at day 6 (Schneider et al., 2011) and RA+BDNF (brain derived
neurotropic factor)-differentiated SH-SY5Y (Xun et al., 2012) relative to undifferentiated SH-SY5Y.
However, previous quantitation of the mitochondrial network was only limited to descriptions of
mitochondrial morphology (Schneider et al., 2011; Xun et al., 2012). Therefore, MiNa was used to analyse
mitochondrial networks. The results from Section 2.3.3.1 showed significant increases in numbers of
individual/non-networked mitochondria and mitochondrial networks, with an increase in median
mitochondrial branch length upon RA-differentiation of SH-SY5Y. While the increase in the number of
individual mitochondria may seem unexpected, mitochondrial networks are highly dynamic, undergoing
both fusion and fission events depending on the cellular bioenergetic demands. Moreover, a caveat of the
algorithm within MiNa is that the software detects individual mitochondria lacking branching (i.e. a
characteristic of a mitochondrial network). Therefore, mitochondrial structures that are either punctate, rod
shaped, or irregularly shaped are classified as individual mitochondria (A. J. Valente et al., 2017). Indeed,
the bioenergetic demand of RA-differentiated SH-SY5Y is known to change with RA-differentiation
(Schneider et al., 2011), as such, this may contribute to the remodelling of the mitochondrial network seen
with RA-differentiated SH-SY5Y.
Next, the mRNA expression levels of mitochondrial fusion and fission genes were investigated to elucidate
a particular mechanism that affects the remodelling of mitochondrial networks upon RA-differentiation of
SH-SY5Y. Despite observing increases in all mitochondrial fusion genes (MFN1, MFN2, OPA1) and one
mitochondrial fission gene (DRP1), both RA- and DMSO-treated SH-SY5Y increased MFN1 and OPA1
relative to the Day 0 undifferentiated SH-SY5Y. Indeed, DMSO concentrations from 0.1% (v/v) up to 1%
(v/v) are known to alter gene expression profiles in human embryonic stem cells, and this alters the
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differentiation rates of the mesoderm (Pal et al., 2012). Hence, only MFN2 and DRP1 were specific to RAdifferentiated SH-SY5Y rather than the DMSO-undifferentiated SH-SY5Y.
MFN1 and MFN2 are important in maintaining mitochondrial connectivity through mitochondrial fusion and
homozygous MFN1 and MFN2 is embryonically lethal (Chen et al., 2003). Moreover, during Purkinje neuron
differentiation in the cerebellum, MFN2, but not MFN1, was required for mitochondrial fusion for the
outgrowth of dendritic spines (Chen, McCaffery, & Chan, 2007). Similarly, homozygous knock-out mice for
DRP1 are also embryonically lethal and DRP1 is important for neuronal mitochondrial fission in order to
regulate synaptic function with Ca2+ fluctuations (Ishihara et al., 2009). Therefore, there is evidence
supporting the roles for MFN2 and DRP1 in neuronal differentiation and function, especially in RAdifferentiated SH-SY5Y.
Following the mRNA expression levels of mitochondrial fusion and fission genes, the total mitochondrial
abundance was assessed using MitoTracker Green (MTG). MTG accumulates in the matrix of active
mitochondria (Presley, Fuller, & Arriaga, 2003) and this was used to ascertain whether the diversification
of mitochondrial networks changed with RA-differentiation of SH-SY5Y. Interestingly, a decrease in
mitochondrial volume was observed upon RA-differentiation of SH-SY5Y. A potential explanation is that
RA-differentiation of SH-SY5Y promotes thinner and more diversified mitochondria, rather than thicker and
less diversified mitochondria, as observed with DMSO-undifferentiated SH-SY5Y. Indeed, there is evidence
that mitochondrial rearrangement into thinner and denser networks are observed in differentiating neurons
from the developing neural tube of mice (Mils et al., 2015). Further investigations into mitochondria
ultrastructure using transmission electron microscopy (TEM) is required to fully understand this
phenomena. Notwithstanding the use of MTG to estimate mitochondrial volume, other measures of
mitochondrial abundance exist such as using citrate synthase (an enzyme in the mitochondrial matrix) and
mtDNA/nDNA levels. However, a previous study showed RA-differentiated SH-SY5Y for 5 days resulted in
no difference in citrate synthase activities and mtDNA/nDNA levels relative to undifferentiated SH-SY5Y
(Schneider et al., 2011). The lack of a change in citrate synthase activity and mtDNA/nDNA levels after RAdifferentiation observed by Schneider et al. (2011) may be an artefact of comparing undifferentiated SHSY5Y, which were not exposed to DMSO and subsequently used as a control, to RA-differentiated SHSY5Y. As previously mentioned, DMSO-undifferentiated SH-SY5Y resulted in an increase in mitochondrial
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fusion genes only, therefore, this could potentially have an unexpected effect of increasing mitochondrial
volume relative to RA-differentiated SH-SY5Y.

RA-differentiated SH-SY5Y mitochondrial network remodelling
increases mitochondrial oxygen consumption relative to
mitochondrial volumes
Changes in mitochondrial networks are a reflection of the metabolic demands neurons. For example,
altered mitochondrial fusion affects glucose homeostasis in proopiomelanocortin neurons, a type of neuron
in the hypothalamus that interprets metabolic signals (S. Ramírez et al., 2017). Therefore, the effect on the
mitochondrial network remodelling on mitochondrial respiration was investigated. The results in Section
2.3.3.2 show an increase in endogenous respiration and mitochondrial oxygen consumption after
permeabilisation of RA-differentiated SH-SY5Y relative to DMSO-undifferentiated SH-SY5Y. This result
agrees with a previous study with a similar differentiation protocol for SH-SY5Y, where there was an
increase in maximum uncoupled respiration and the reserve capacity of the unpermeabilised RAdifferentiated SH-SY5Y at day 5 (Schneider et al., 2011). Notably, Schneider et al. (2011) measured oxygen
consumption in a Seahorse XF24 (Agilent Technologies, USA) in intact cells, which does not provide
detailed respiration rates coming from each complex within the respiratory chain. Therefore, the results
presented in Section 2.3.3.2 using the Oroboros O2k (Oroboros, Austria) provide a detailed account of an
increase at complex I, II and IV in the oxidative phosphorylation (OXPHOS) and uncoupled respiratory state
of RA-differentiated SH-SY5Y relative to DMSO-undifferentiated SH-SY5Y. This increase in respiration of
RA-differentiation SH-SY5Y occurred independently of a change in the mRNA expression levels and protein
abundance of complexes within the respiratory chain. Another study has shown a similar trend where
increases in mitochondrial respiration occurred independently of an increase in protein abundance levels
of the respiratory chain upon RA+BDNF-differentiation of SH-SY5Y (Xun et al., 2012). Conversely, RAdifferentiated SH-SY5Y at day 5 increased the protein abundance levels in complex IV subunits encoded
by nuclear DNA (COX4 isoform 1 & 2) and mitochondrial DNA (COX2) of the respiratory chain (Schneider
et al., 2011). Indeed, the results in Section 2.3.3.2 has also used an antibody against COX2 and found no
differences in COX2 protein abundance. Moreover, the mRNA expression levels of a nuclear encoded
subunit of complex IV, NDUFA4 (also known as COXFA4 (Pitceathly & Taanman, 2018, p. 4)), does not
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change upon RA-differentiation of SH-SY5Y. Thus, the differences in protein abundance levels of complex
IV could be due to the variables mentioned in Section 2.4.1, where SH-SY5Y source (not disclosed by
Schneider et al. (2011)) and FBS (not heat-inactivated by Schneider et al. (2011)) may play an important
role in the phenotypic outcome during differentiation.
The reserve capacity, also known as the spare capacity, was increased for RA-differentiated SH-SY5Y
relative to DMSO-undifferentiated SH-SY5Y. The reserve capacity of mitochondria is important for the
production of more energy when there is a sudden demand in energy expenditure. Schneider et al. (2011)
also observed this increase in reserve capacity upon RA-differentiation of SH-SY5Y and associated the
increase in reserve capacity to the increase in mtDNA and nDNA encoded complex IV subunits. The results
presented here does not support this observation by Schneider et al. (2011). Therefore, it is proposed that
RA-differentiation of SH-SY5Y causes a remodelling of the mitochondrial network, which makes energy
production more efficient. The remodelling of the mitochondrial network upon RA-differentiation of SHSY5Y may have implications for the shape of mitochondrial cristae, which is known to determine the
assembly of mitochondrial respiratory chain complexes (Cogliati et al., 2013). Indeed, a study has shown
an increase in cristae complexity (characterised by an increase in folds as seen under TEM) upon
Drosophila stem cell differentiation (Teixeira et al., 2015). Morever, the arrangement of complex V (ATP
synthase) at the terminal end of a cristae bulb is known to increase efficiencies in respiration (Cogliati et
al., 2016), which suggests that the increase in protein abundance in complexes may not be necessary for
an increase respiratory function. The mitochondrial respiratory chain complexes are known to form
‘supercomplexes’, where the association and spatial arrangement of the complexes on the inner membrane
of the mitochondria can affect respiration efficiency (Letts et al., 2016). Thus, it is possible that RAdifferentiation can invoke changes in the cristae of mitochondria upon mitochondrial remodelling, which
causes an increase in respiratory efficiency, however, further investigations looking at the ultrastructure of
cristae of mitochondria by TEM and immunoblotting of supercomplexes are required to determine this fully
(Cogliati et al., 2013).
The reason for increases in reserve capacity upon RA-differentiation of SH-SY5Y may be due to the switch
from aerobic glycolysis to oxidative phosphorylation upon RA-differentiation. It is known that many cancer
cells primarily use aerobic glycolysis, known as the Warburg effect, which decreases the dependence on
mitochondria for energy production (Zheng et al., 2016). Upon differentiation, most neuronal cancer cells
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undergo metabolic reprogramming to shift the dependence on aerobic glycolysis to using cytosolic
substrates for OXPHOS in the mitochondria, which produces more ATP per molecule of pyruvate (Zheng
et al., 2016). Therefore, having this ability for efficient energy production is beneficial for a differentiated
neuron that may be more susceptible to sudden increases in energy demand.

Increased mitochondrial respiration in RA-differentiated SHSY5Y is associated with an increase in ΔΨm and O2•- production
After observing an increase in mitochondrial respiration upon RA-differentiation, the ΔΨm and O2•production was investigated. The results in Section 2.3.3.3 show an increase in the proportion of cells with
high ΔΨm upon RA-differentiation of SH-SY5Y for 4 days relative to DMSO-undifferentiated SH-SY5Y.
Indeed, another study showed that RA-differentiation of SH-SY5Y at day 5 increased ΔΨm by ~60% relative
to undifferentiated SH-SY5Y (DMSO treatment not disclosed), but was considered as a sign of less active
mitochondria (Schneider et al., 2011). Conversely, a different study demonstrated that RA-differentiation of
SH-SY5Y at day 7 did not change ΔΨm relative to undifferentiated SH-SY5Y (DMSO treatment not
disclosed) (Lopes et al., 2010). Again, this highlights the inconsistencies around appropriate control
treatments.
ΔΨm and mitochondrial respiration are both tightly linked; a decrease in ΔΨm would result in a decrease
in mitochondrial respiration efficiency, and vice versa. An overview of mitochondrial respiration and ΔΨm
is discussed in Chapter 1. As a result of an increase dependence on OXPHOS upon RA-differentiation of
SH-SY5Y, there is more electron flux through the respiratory chains, which results in a higher rate of H+
being actively transferred from the matrix to the intermembrane space (IMS). The translocation of H+ from
the matrix to the IMS occurs at complex I, III and IV, and this results in an increased ΔΨm (Nicholls &
Ward, 2000). Therefore, it is expected that an increase in mitochondrial respiration relative to mitochondrial
volume upon RA-differentiation of SH-SY5Y is accompanied by the increase in the proportion of cells with
polarised mitochondria should enhance electron leakage and promote O2•- release.
Next, the amount of basal and stimulated ROS production was investigated. It is known that having a high
ΔΨm generates more ROS (Nicholls & Ward, 2000). In this present work, RA-differentiation of SH-SY5Y,
under basal and stimulated conditions, increased O2•- production. This supports the general view that a
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greater electron flux through the respiratory chain increases the ΔΨm, and also increases the amount of
O2•- produced by the mitochondria. This could occur as a result of ‘electron leakage’ from complex I and III
of the respiratory chain before reaching the terminal electron acceptor (H2O) at complex IV (Jastroch et al.,
2010). Moreover, a greater increase in O2•- production when RA-differentiated SH-SY5Y relative to DMSOundifferentiated SH-SY5Y when treated with a complex III inhibitor, antimycin A, supports this idea of a
greater electron flux and ‘electron leakage’. Additionally, at low levels, O2•- is involved in signalling pathways
through redox-sensitive transcription factors that can affect protein translation (Murphy, 2009). Therefore,
it is plausible that RA-differentiation of SH-SY5Y may harness these redox-sensitive transcription factors in
order to invoke changes at the phenotypic and mitochondrial level.
At the time of this writing, basal levels of mitochondrial specific ROS (O2•-) upon RA-differentiation of SHSY5Y has not been quantified elsewhere in the published literature. However, an increase in intracellular
ROS not specific to the mitochondria was detected upon stimulation with a ROS-producing compound in
RA-differentiated SH-SY5Y at day 7 (Cheung et al., 2009). Furthermore, neither undifferentiated SH-SY5Y
nor RA-differentiated SH-SY5Y had a difference in basal ROS production (Cheung et al., 2009). Therefore,
the increase in mitochondrial respiration upon RA-differentiation of SH-SY5Y is associated with an increase
in ΔΨm, which attenuates the mitochondria to ROS production because of a greater electron flux.

RA-differentiated SH-SY5Y has increased autophagy, and PINK1
and SQSTM1 autophagy associated genes
The regulation of autophagy is an important aspect in the turnover of intracellular components for cellular
health. Importantly, the dysfunction in mitophagy, which is a dysfunction in the process of selective
degradation of mitochondria, has been implicated as a result of ageing and neurodegenerative diseases
(Ding & Yin, 2012; Martinez-Vicente, 2017). Moreover, autophagy, and more specifically mitophagy, is
important for neuronal function by the clearance of dysfunctional mitochondria in cell lines (Cummins &
Götz, 2018). However, a question remains as to whether primary neurons undergo PINK1/Parkin-mediated
mitophagy (Cummins & Götz, 2018).
Given the involvement of autophagy and mitophagy in regulating mitochondrial networks (Seo et al., 2010,
p. 20), general autophagy was investigated first. The results in Section 2.3.3.4 demonstrate an overall
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increase in autophagy that was independent of a change in autophagic turnover (the production and
degradation of autophagy-associated vesicles) upon RA-differentiation of SH-SY5Y. The mRNA expression
levels show at least a 3 fold increase in PINK1 and SQSTM1, which are genes associated with the proteins
that are involved in autophagophore recruitment around mitochondria. These results indicate a PINK1dependent pathway of autophagophore recruitment that does not involve mitochondrial PINK1 translocation
to the outer mitochondrial membrane due to the ΔΨm depolarisation (as seen with the result in Section
2.3.3.3) upon RA-differentiation. A possible pathway could be through a yet to be characterised OMM
protein that localises to the OMM upon iron chelation with deferiprone (DFP) (Allen et al., 2013). Moreover,
this PINK1/DFP-mediated mitophagy involves the recruitment of SQSTM1 for the formation of
autophagophores. The increase in SQSTM1 mRNA expression results in Section 2.3.3.4 would also
support this hypothesis of a PINK1/DFP-mediated mitophagy pathway in RA-differentiated SH-SY5Y. A
detailed review of the PINK1-dependent and independent pathways of autophagy/mitophagy are outlined
in Chapter 1.
Interestingly, DMSO-undifferentiated SH-SY5Y had a significant increase in PINK1 but not SQSTM1 mRNA
expression levels. However, PINK1 expression levels were lower in DMSO-undifferentiated SH-SY5Y
relative to RA-differentiated SH-SY5Y. Therefore, 0.5% (v/v) of DMSO may have unexpected effects on
depolarising the ΔΨm, which was also observed on mitochondria from a murine lymphoma cell line (J. Liu
et al., 2001). This depolarisation of ΔΨm may cause PINK1 translocation and initiate the PINK1/Parkinmediated pathway of autophagy (Georgakopoulos et al., 2017) in DMSO-undifferentiated SH-SY5Y, rather
than through the PINK1/DFP-mediated pathway in RA-differentiated SH-SY5Y.
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Unexpected effects of DMSO on mitochondrial function
As previously mentioned, DMSO is commonly used as a solvent and has not been included (or disclosed)
as an appropriate control when comparing undifferentiated SH-SY5Y to RA-differentiated SH-SY5Y. The
results in Section 2.3.3 highlight the effect that DMSO has on genes involved in mitochondrial fusion,
mitochondrial respiratory complexes, and autophagy/mitophagy. A compelling study shows the unintended
effect of DMSO during human embryonic stem cell development, which could explain the effects of 0.5%
(v/v) DMSO on undifferentiated SH-SY5Y. Moreover, DMSO concentrations as low as 0.2% (v/v) stimulated
ROS production in human monocytic leukemia cells, which highlights the potential confounding effects of
DMSO on parameters of cell function even at DMSO concentrations considered to be low (Timm et al.,
2013). Therefore, it is important to consider the effect of DMSO when drawing conclusions between
undifferentiated SH-SY5Y and RA-differentiated SH-SY5Y. As such, the DMSO-undifferentiated SH-SY5Y
was included as a more robust control.
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Mitochondrial form and function in RA-differentiated SH-SY5Y is
similar to primary neurons
The work done thus in this chapter highlights the changes at the mitochondrial level in order to characterise
RA-differentiated SH-SY5Y as a useful in vitro model compared to the reported mitochondrial function in
primary neurons. Moreover, this chapter revealed the unexpected effects of DMSO on undifferentiated SHSY5Y mitochondrial function. Indeed, the diversification of mitochondrial networks occurs in differentiating
neurons in the neural tube of mice, where mitochondria underwent rearrangement to be thinner and denser
networks (Mils et al., 2015), an observation also seen in RA-differentiated SH-SY5Y.
Differentiation of neurons from human stem cell reveals an increase in OXPHOS, which occurs
preferentially compared to glycolysis (H. Liu et al., 2018). Therefore, this increase in OXPHOS was also
observed for RA-differentiated SH-SY5Y. Following the increase in OXPHOS, the increase in ΔΨm upon
human stem cell differentiation to neurons in vitro is thought to be an important upstream regulator for many
neuronal differentiation pathways (H. Liu et al., 2018). As such, an increase in the proportion of RAdifferentiated SH-SY5Y with high ΔΨm was observed. Moreover, the increase in ROS production observed
during differentiation of mouse cortical neurons was hypothesised to contribute to overall metabolic
reprogramming of the in vitro primary cultures (Agostini et al., 2016). This increase in ROS production was
observed in RA-differentiated SH-SY5Y, as shown in this chapter.
Lastly, it is known that under unstressed and basal conditions, primary neurons undergo mitophagy through
the PINK1/DFP-mediated pathway independent of the PINK1/Parkin-mediated pathway, which relies on
ΔΨm depolarisation (Allen et al., 2013). This PINK1/DFP-mediated pathway has also been shown to occur
in SH-SY5Y, although to a lesser extent than in primary neurons (Allen et al., 2013). Therefore, RAdifferentiated SH-SY5Y has a similar pathway of mitophagy as that of primary neurons.
Given the similarities of mitochondrial function and pathways of mitophagy to differentiated primary
neurons, RA-differentiation of SH-SY5Y is a robust model for the investigation of therapeutics to improve
mitochondrial function in the diseased and ageing brain.
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Summary and Conclusion
SH-SY5Y is widely used as an in vitro model for neuro-pharmacological experiments. There are many
differentiating agents used to promote the phenotypic development of SH-SY5Y. A common differentiating
agent used is retinoic acid (RA), however, the exact phenotype and mitochondrial changes have been
controversial in the current literature. This chapter shows that RA-differentiated SH-SY5Y has a cholinergic
mature neuronal phenotype. Moreover, RA-differentiated SH-SY5Y had significant changes at the
mitochondrial level including mitochondrial network diversification, increased in oxidative phosphorylation,
ΔΨm, ROS and autophagy, which parallels mitochondrial form and function in primary neurons. Moreover,
the increase in autophagy and/or mitophagy may contribute to mitochondrial network diversification and
remodelling. The use of DMSO as a control to undifferentiated SH-SY5Y was not disclosed in the literature,
which creates an additional layer of complexity when comparing between undifferentiated and RAdifferentiated SH-SY5Y. DMSO is a widely used solvent and has been shown to induces unexpected
changes at the mRNA expression and protein abundance levels. Herein, this chapter also explored the
effect of DMSO at concentrations that did not show signs of toxicity, on undifferentiated SH-SY5Y
mitochondrial function. In conclusion, RA-differentiated SH-SY5Y is a better model than undifferentiated
SH-SY5Y because of the mitochondrial similarities to that reported in primary neurons. This is
advantageous as a ‘first-step’ when investigating therapeutics to improve mitochondrial function in the
diseased and ageing brain.
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Figure 2.17 RA-differentiation of SH-SY5Y is a better in vitro model for investigating
therapeutics that improve mitochondrial function.
Relative to the DMSO-undifferentiated SH-SY5Y, RA-differentiated SH-SY5Y have diversified
mitochondrial networks and exhibits an increase in βIII-tubulin and ChAT, which makes the model suitable
for neurodegenerative studies involving cholinergic neuronal death like Alzheimer’s disease. The increase
in OXPHOS, ΔΨm, ROS of RA-differentiated mimics that found in primary neurons, especially the
PINK1/DFP-mediated pathway of autophagy / mitophagy. In comparison, DMSO-undifferentiated SH-SY5Y
do not have diversified mitochondrial networks and have an unexpected effect of increasing MFN2 and
OPA1 expression. DMSO-undifferentiated SH-SY5Y may also have several defects in mitochondrial
function, which result in PINK1/Parkin-mediated autophagy and/or mitophagy.
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Introduction
An important aspect of brain ageing is the accumulation of amyloid-β 1-42 (Aβ1-42), a 42 amino acid
peptide involved in the pathogenesis of Alzheimer’s disease (AD), which aggregates extracellular to
neurons and forms amyloid plaques (Vinters, 2015). While these amyloid plaques cause neuronal
dysfunction (Vinters, 2015), intracellular Aβ1-42 is also known to cause mitochondrial dysfunction in
neurons (Reddy & Beal, 2008; Rhein et al., 2009). Indeed, mitochondrial dysfunction is implicated as a key
event that precedes the manifestation of AD (Reddy & Beal, 2005) and other age-related
neurodegenerative disorders (M. T. Lin & Beal, 2006) — a ‘molecular switch’ that triggers a cascade of
events leading to AD. As ageing is a major risk factor for AD development, this natural process of ageing
also ubiquitously produces advanced glycated end-products (AGEs), which are a type of post-translational
modification capable of modifying long-lived peptides such as Aβ1-42 (Kaur, Kamalov, & Brimble, 2016;
Vitek et al., 1994). Several seminal studies provide evidence of increased AGE modifications that are
associated with AD brains (Sasaki et al., 1998; M. A. Smith et al., 1994; Vitek et al., 1994). Given the
evidence of AGE modifications on Aβ1-42, this chapter investigates a particular AGE modification on Aβ142 and its effect on neuronal and mitochondrial function.

Alzheimer’s disease, Aβ1-42 and mitochondrial dysfunction
More than 100 years have passed since Alois Alzheimer’s first account of cognitive degeneration as
detailed in the 1901 case of 51-year-old woman by the name of Auguste Deter (Möller & Graeber, 1998).
Still, there are myriad of questions that remain unanswered with regard to the exact pathogenic
mechanisms of AD. AD typically manifests through dementia-like symptoms which include an impaired
ability to acquire and remember new information, to reason, and to perform visuospatial and language
functions (McKhann et al., 2011). There are also two forms of AD: familial and sporadic AD. Familial AD is
strictly driven by genetic factors that influence the early age of onset (< 65 years of age) whereas sporadic
AD is modulated by both genetic and environmental factors that affect the age of onset (> 65 years of age).
Aβ1-42 is processed from the transmembrane amyloid precursor protein (APP) through successive
cleavage by γ-secretase and β-secretase, which is known as the amyloidogenic pathway (Thinakaran &
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Koo, 2008). Alongside Aβ1-42, other proteins, such as Tau and Fyn, are also thought to be involved in the
development of neuronal dysfunction associated with AD (Haass & Mandelkow, 2010). However, the exact
relationship between Aβ1-42, Fyn, and Tau still remains unclear. The non-amyloidogenic pathway involves
processing by α-secretase and γ-secretase only, which produces a truncated peptide, p3 (17 – 40/42 amino
acids long) (Selkoe, 2004). γ-secretase has been shown to preferentially produce Aβ1-42, and the less
toxic version, Aβ1-40 (Klein, Kowall, & Ferrante, 1999; Yan & Wang, 2006), than p3 peptides (Siegel et al.,
2017). Mutations in the APP gene, or in either of the secretase enzymes (PSEN1, PSEN2) can promote
the amyloidogenic APP processing pathway to produce Aβ1-42 (Selkoe, 2001). Moreover, having the
APOE ε4 allele increases the risk of developing AD due to the impaired clearance of soluble Aβ in the brain
by Apolipoprotein E4 (C.-C. Liu, Kanekiyo, Xu, & Bu, 2013).
While these inherited genetic factors are associated with familial AD, there is evidence to suggest other
somatically acquired or inherited genetic mutations in the mitochondrial genome that contribute to sporadic
AD (Reddy & Beal, 2005). Moreover, mitochondria are regulators of cellular death and are prone to
accumulated mtDNA mutations with ageing (Reddy & Beal, 2008). These accumulated mtDNA mutations
contribute to bioenergetic deficits within neurons through abnormal ETS complex assembly or function
(Reddy & Beal, 2008). Furthermore, mtDNA mutations can also lead to reactive oxygen species (ROS)
dyshomeostasis through the increased production of ROS at complex I, complex II and complex III of the
ETS, or through decreased cellular ROS scavenging capacities of the enzymes manganese superoxide
dismutase (MnSOD), methionine sulphoxide reductase A (MSRA) and catalase (Reddy & Beal, 2008).
Mitochondria are also a direct site of action for Aβ1-42 at the inner mitochondrial membrane (Manczak et
al., 2006) and is imported through the translocase of the outer membrane (TOM) (C. A. H. Petersen et al.,
2008).
Recent evidence suggests that there is impaired mitochondrial autophagy (i.e. mitophagy) in AD and other
age-related pathologies (Diot, Morten, & Poulton, 2016; Fivenson et al., 2017; Kerr et al., 2017; Roberts,
Tang, Fon, & Durcan, 2016). Mitophagy is the selective degradation of the damaged mitochondria in order
to maintain a pool of healthy functioning mitochondria. This selective degradation is mediated by
externalization of PTEN-induced kinase 1 (PINK1) through mitochondrial membrane potential (ΔΨm)
depolarisation followed by autophagophore recruitment by LC3 and p62 proteins (Chu, Bayır, & Kagan,
2014; Georgakopoulos et al., 2017). Therefore, the increased interactions of mitochondria with intracellular
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Aβ1-42 as a result of accumulated mtDNA mutations through ageing coupled with impaired mitophagy may
exacerbate the manifestation of AD (Kerr et al., 2017).

AGE modifications on Aβ1-42
Glycation is an irreversible and non-enzymatically driven process that occurs through a Maillard reaction
that conjugates sugars and proteins (Kaur et al., 2016; Kimur et al., 1996). A particular sugar derivative
found in vivo, methylglyoxal (MG), is a glycating agent capable of forming different AGEs on Aβ1-42 at
lysine residue 16 (Lys16) and 28 (Lys28) (Degenhardt, Thorpe, & Baynes, 1998; Sinha, Lopes, & Bitan,
2012). The increase in in vivo methyglyoxal production has been observed in AD patients (Kuhla et al.,
2005). Several key studies have shown that a common and major species of AGE, Nε-(carboxyethyl)lysine
(CEL), is elevated in AD brain samples relative to age-matched controls (Pamplona et al., 2005). CEL levels
have been found at increased levels in cerebrospinal fluid (CSF) and were correlated with a decline in the
cognitive ability of AD patients (N. Ahmed et al., 2005). CEL modifications on AD-associated serum proteins
were also elevated in AD patients relative to age-matched controls (C.-Y. Lin et al., 2018). Other studies
have also demonstrated high levels of CEL in cartilage collagen (Verzijl et al., 2000) and eye lenses (M. U.
Ahmed, Brinkmann Frye, Degenhardt, Thorpe, & Baynes, 1997) among aged individuals. Furthermore,
non-AD disease states, which affect cerebral sugar homeostasis as a consequence of ageing, such as
Type II diabetes mellitus, may also contribute to the formation of AGEs within the brain (T. Valente, Gella,
Fernàndez-Busquets, Unzeta, & Durany, 2010).
While CEL is one of the most common forms of MG derived AGE that associates with AD, there are other
MG derived AGEs such as argpyrimidine, MG imidazolone, and MG-lysine dimmer (MOLD) (Takeuchi &
Yamagishi, 2008). Despite this, the physiological significance of these MG derived AGEs has not been as
extensively explored as CEL. The fifth arginine (Arg5) from the C-terminus on Aβ is also a glycation site,
however, there is evidence to suggest a preferential glycation at Lys residues by MG (Fica-Contreras et al.,
2017). Another non-MG derived AGE is also able to attach at Lys residues, Nε-(carboxymethyl)lysine
(CML), and was found to increase with CEL modifications (N. Ahmed et al., 2005; Pamplona, Portero-OtÍn,
Bellmunt, Gredilla, & Barja, 2002). Physiologically, Aβ1-42 could be glycated with many forms of AGEs at
different amino acid positions. At this stage, however, very little is known about the effect of specific
modifications and whether there is a major species of AGE that contributes to neuronal toxicity.
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Despite the mounting evidence that the increase in CEL modifications on Aβ1-42 were associated with AD,
studies have glycated Aβ1-42 with MG to produce non-specific AGEs at different amino acid groups
(Emendato et al., 2018; Fica-Contreras et al., 2017, p.). However, non-specific of glycations have made it
difficult to interpret in vitro studies (Li et al., 2013). Therefore, this chapter addresses issues of non-specific
AGE modifications by using organic (Gruber & Hofmann, 2005) and peptide chemistry (Kaur et al., 2016)
to synthesize unglycated Aβ1-42 and three Aβ1-42 variants with site-specific CEL modifications, namely: a
single CEL modification at Lys16 (Aβ-CEL16), Lys28 (Aβ-CEL28), and double CEL modifications at Lys16
and Lys28 (Aβ-CEL16&28).

AGE modifications and mitochondrial function
At the time of writing, only one study has investigated AGE modifications, specifically AGE modifications of
Aβ1-42, on primary neuronal function (Li et al., 2013), and had not quantified mitochondrial function.
However, other studies have investigated the effect of AGE modifications on mitochondrial function in nonneuronal models. CML-modified collagen caused apoptosis in primary human dermal fibroblast through
the activation of the caspase-9 mitochondrial apoptosis pathway, with a 3-fold increase in p53, Bax and
Bcl-2 genes (Alikhani et al., 2005). p53 is involved in the maintenance of the mitochondrial genome, while
Bax and Bcl-2 are important for mitochondrial outer membrane permeabilisation (MOMP) (Park, Zhuang,
Li, & Hwang, 2016). Moreover, AGE-induced ROS production is attenuated by the inhibition of complex II
of the ETS in the mitochondria of human umbilical vein endothelial cells (HUVEC) (Basta et al., 2005, p. 2).
Therefore, these results demonstrate that AGE modifications are capable of inducing mitochondrial
pathways of cellular death, and are capable of ROS production at mitochondrial complex II.
The alternative, but less examined, perspective on the relationship between AGE modifications and
mitochondrial function is that AGE modifications are a product, rather than a cause, of mitochondrial
dysfunction. CEL modifications on mitochondrial proteins in aged rats (24 months) were found to decrease
upon caloric restriction relative to aged matched controls fed ad libitum (Pamplona et al., 2002). Pamplona
and colleagues (2002) linked caloric restriction to a decrease in blood glucose and mitochondrial ROS
production, and as a result, a decrease in CEL modifications. Despite this, the breadth of evidence suggests
an important relationship between AGE modifications and mitochondria.
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Hypothesis and aims
Previous studies have established that glycated Aβ1-42 is neurotoxic (Li et al., 2013) and that altering the
Lys residues (Sinha et al., 2012) as well as the specific glycation sites of Aβ1-42 (Fica-Contreras et al.,
2017) can affect Aβ1-42 behaviour and neurotoxicity. Therefore, the hypothesis is that there may be
behavioural differences in CEL-glycated Aβ1-42 peptides, depending on the site of glycation, which may
affect neuronal toxicity.
This research aims to biophysically characterise the three CEL-glycated variants of Aβ1-42: Aβ-CEL16,
Aβ-CEL28 and Aβ-CEL16&28 and to investigate how different these CEL-glycated variants behave relative
to unglycated Aβ1-42. Additionally, this research aims to investigate the in vitro effect of these CEL-glycated
Aβ1-42 on neuronal mitochondrial function in a RA-differentiated SH-SY5Y human neuroblastoma cell line.

123

Chapter 3

Methods
Peptide synthesis
Peptide synthesis of unglycated Aβ1-42 and CEL-glycated Aβ1-42 was undertaken by Dr. Harveen Kaur
and Distinguished Professor Margaret A. Brimble at the University of Auckland. All lyophilised peptides had
a minimum purity of 94% and were stored at -20°C before peptide pre-treatment. The method of peptide
synthesis is outlined as follows. Fmoc-CEL(Boc)(OtBu)-CO2H1 was prepared as previously described (Kaur
et al., 2016). All peptides were assembled by automated Fmoc solid-phase peptide synthesis (Fmoc-SPPS)
using a TributeTM peptide synthesiser (Protein technologies Inc.). To aminomethyl ChemMatrix resin (100
mg, 0.062 mmol, 0.62 mmol/g) pre-swollen in CH2Cl2 (5 mL, 10 min), was added a mixture of Fmoc-AlaHMPP (91 mg, 0.186 mmol) and DIC (24 µL, 0.186 mmol) in CH2Cl2:DMF (3:1, v/v, 2.0 mL). The reaction
mixture was agitated at room temperature for 1 h, after which the resin was filtered and washed with DMF
(3 x 3 mL). Conditions for automated Fmoc-SPPS are as follows: Fmoc-amino acid couplings: To the
peptidyl resin was added a mixture of Fmoc-AA-OH (0.50 mmol), HATU (0.46 mmol) and NMM (1.00 mmol)
in DMF (2.0 mL). The reaction mixture was agitated at room temperature for 30 min, after which the resin
was filtered and washed with DMF (2 mL, 4 x 30 sec). For the coupling of Fmoc-CEL(Boc)(OtBu)-CO2H:
To the peptidyl resin was added a mixture of Fmoc-CEL(Boc)(OtBu)-CO2H (119 mg, 0.20 mmol), HATU (72
mg, 0.19 mmol) and DIPEA (87 μL, 0.50 mmol) in DMF (2.0 mL). The reaction mixture was agitated at room
temperature for 2 h, after which the resin was filtered and washed with DMF (2 mL, 4 x 30 sec). Fmocdeprotections: To the peptidyl resin was added a solution of 20% piperidine in DMF (3.0 mL), and the
reaction mixture agitated room temperature for 5 min. This procedure was repeated once, after which the
resin was filtered and washed with DMF (2 mL, 5 x 30 sec). Following the final Fmoc-deprotection, the
peptidyl-resin was washed with DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL) and dried under vacuum. To the dry
resin-bound peptide was added a mixture of TFA/TIPS/H2O/EDT (94:1:2.5:2.5; v/v/v/v; 10 mL) and the
reaction mixture was agitated at room temperature for 2 h. The TFA mixture was filtered, the resin washed
with the cleavage cocktail (2 x 2 mL), and the combined filtrates concentrated under a gentle flow of
nitrogen. The crude peptides were precipitated with cold Et2O (40 mL), isolated by centrifugation, and this
isolation procedure was repeated twice. The crude peptides were air-dried and purified by semi-preparative
reverse phase high-performance liquid chromatography (RP-HPLC) on a Thermo Scientific Dionex Ultimate
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3000 HPLC equipped with a four channel UV Detector at 210, 225, 254 and 280 nm. A semi-preparative
column (XTerra MS C18, 125 Å, 250 mm x 10 mm, 10 μm) was used at either room temperature or 50°C
and at a flow rate of 5 mL min-1. A linear gradient of 8%B to 18%B over 55 min was employed, where solvent
A was 0.1% NH4OH in water and B was 0.1% NH4OH in acetonitrile. Any co-eluting Met(O) by-products
were consequently reduced by dissolution of the purified peptide (1.0 mg, 2.2 µmol) in neat TFA (1 mL, 1
mg mL-1) and cooled to 0°C. To this was added a cooled solution of tetrabutylammonium iodide (0.8 mg,
22.2 µmol) dissolved in neat TFA (0.8 mL). The mixture was kept at 0°C with regular agitation for 5 min,
during which a pale brown discolouration was observed. The reaction mixture was then concentrated under
a gentle flow of nitrogen, the product precipitated with cold Et2O, isolated by centrifugation, and re-purified
by semi-preparative RP-HPLC as described above.
The purified peptides were characterised by analytical reverse phase high-performance liquid
chormotography (RP-HPLC) and low resolution mass spectrometry (LRMS). Analytical RP-HPLC was
performed on a Thermo Scientific Dionex Ultimate 3000 UHPLC equipped with a four channel UV Detector
at 210, 225, 254 and 280 nm. An analytical column (XTerra MS C18, 125 Å, 150 mm x 4.6 mm, 5 μm) was
used at 50 °C and at a flow rate of 1 mL min-1. A linear gradient of 1% B to 41% B over 20 min was employed,
where solvent A was 0.1% NH4OH in water and B was 0.1% NH4OH in acetonitrile. LRMS analysis was
acquired on an Agilent Technologies 1260 Infinity LC equipped with an Agilent Technologies 6120
Quadrupole mass spectrometer, using 50% B over 3 min, where solvent A was 0.1% formic acid in water
and B was 0.1% formic acid in acetonitrile.
Synthesis, purification and characterisation afforded Aβ1-42 as white fluffy flakes (66% yield relative to
crude reduced peptide, >98% purity), RT: 11.8 min, ESI-MS (deconvoluted mass 4513.42 ± 0.20 Da,
calculated mass 4514.08); Aβ-CEL16 as white fluffy flakes (54% yield relative to crude, 94% purity), RT:
10.9 min, ESI-MS (deconvoluted mass 4585.50 ± 0.48 Da, calculated mass 4586.14); Aβ-CEL28 as white
fluffy flakes (73% yield relative to crude reduced peptide, >98% purity), RT: 10.7 min, ESI-MS (deconvoluted
mass 4585.75 ± 0.75 Da, calculated mass 4586.14); Aβ-CEL16&28 as white fluffy flakes 20% yield relative
to crude reduced peptide, >98% purity), RT: 10.3 min, ESI-MS (deconvoluted mass 4657.43 ± 0.29 Da,
calculated mass 4658.20). The peptide synthesis scheme is outlined in Figure 3.1.
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Figure 3.1 Peptide synthesis scheme, and RP-HPLC and LC-MS characterisation profiles for Aβ1-42, Aβ-CEL16, Aβ-CEL28 and AβCEL16&28.
Analytical RP-HPLC profiles were acquired using an analytical column (XTerra MS C18, 125 Å, 4.6 x 150 mm, 5 μm) at 50 °C with a linear gradient of 2%
buffer B per min (buffer A = 0.03% NH4OH in H2O; buffer B = 0.03% NH4OH in acetonitrile) depicting Aβ1-42 (>98% purity), Aβ-CEL16 (94% purity), AβCEL28 (>98% purity), and Aβ-CEL16&28 (>98% purity). Mass spectra over the range of 400-1600 m/z shows the desired peptides Aβ1-42 (deconvoluted
mass 4513.42 ± 0.20 Da, calculated mass 4514.08), Aβ-CEL16 (deconvoluted mass 4585.50 ± 0.48 Da, calculated mass 4586.14), Aβ-CEL28
(deconvoluted mass 4585.75 ± 0.75 Da, calculated mass 4586.14) and Aβ-CEL16&28 (deconvoluted mass 4657.43 ± 0.29 Da, calculated mass 4658.20).
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Peptide pre-treatment and concentration quantitation
Pre-treatment of peptides to remove preformed aggregates were performed as per Ryan and colleagues
(Ryan et al., 2013) by treating once with 10% (w/v) NH4OH to a concentration of 0.5 mg/mL in LoBind
Protein 1.5 mL microcentrifuge tubes (Eppendorf, Germany). Peptides reconstituted in 10% (w/v) NH4OH
were left for 10 min at room temperature (21˚C) followed by bath sonication for 5 min in a Soniclean 160T
(Transtek Systems, Australia) at a frequency band of 50 – 60 kHz. After bath sonication, the peptides in
solution were centrifuged at 16,100 × g for 10 minutes at 21˚C and the supernatant was removed and
dispensed into 100 µL aliquots which were lyophilized in a vacuum freeze dryer (Alpha 2-4 LDplus, Martin
Christ, Germany) and stored at -30˚C.
Peptide concentration was determined in a Cary 4000 UV spectrophotometer (Varian, USA) at 280 nm
using a 10 mm path-length quartz cuvette. Briefly, pre-treated NH4OH lyophilized peptide was reconstituted
(155 µL) in 0.22 µm filtered 0.33 mM NaOH /1 × DPBS as per Ryan and colleagues (Ryan et al., 2013).
The reconstituted peptide was then centrifuged at 16,100 × g for 10 minutes at 21˚C and 150 µL of the
supernatant was immediately used for spectrophotometric analysis. Concentration of the peptide was
determined from the absorbance at 280 nm using the molar extinction coefficient for a single tyrosine
residue in Aβ1-42 (1490 M-1 cm-1).

Preparing fibril and oligomeric Aβ1-42
It is possible to prepare synthetic Aβ1-42 in different aggregation states such as fibrils or oligomers (defined
in Figure 3.2). This technique allows for the characterisation of the expected behaviour of unglycated Aβ142 relative to the glycated Aβ1-42 variants. In order to promote Aβ1-42 fibril formation, NH4OH pre-treated
peptides were incubated in 10 mM HCl for up to 5 days at 37˚C. For Aβ1-42 oligomer formation, NH4OH
pre-treated peptides were incubated in serum- and phenol-free DMEM/F12 for up to 5 days at 4˚C (Stine
et al., 2011). All peptides were reconstituted in LoBind Protein 1.5 mL microcentrifuge tubes (Eppendorf,
Germany) with sampling taken at 0 hour and every 24 hours up to 120 hours.
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Transmission Electron Microscopy (TEM)
TEM was used in order to investigate peptide morphology. Samples (2 µL) were adsorbed onto glowdischarged carbon-coated 400-mesh copper grids (Gilder, UK) for 30 seconds, and then washed in
ultrapure water (18.2 MΩ·cm) for 30 seconds followed by 60 seconds in 2% (w/v) uranyl acetate. Excess
uranyl acetate was wicked from the copper grid using a filter paper and imaged in a CM12 transmission
electron miscroscope (Philips, Netherlands) at an operating voltage of 120 kV with a Bioscan 792 camera
(Gatan, USA). At least 3 fields of view (140,000× magnification) were taken for each sample.

3.2.5 Quantitation of TEM micrographs
Quantitation of aggregate ratio of oligomers, protofibrils and fibrils were manually counted using ImageJ
(NIH, USA). Classification of oligomers, protofibrils and fibrils are shown in Figure 3.2 below.

Figure 3.2 Characterization of Aβ1-42 fibril, protofibrils, and oligomers in TEM micrographs.
Fibrils had a diameter between 8 nm to 10 nm and were >150 nm in length, protofibrils were <150 nm in
length or having a ‘worm-like’ morphology, and oligomers were ‘spherical’ in shape with diameters between
15–35 nm (M. Ahmed et al., 2010). Scale bar = 100 nm.
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Computational Modelling of Free Energy of Release
Computational modelling provides estimates of the energy required to dissociate fibrils and allows insight
into fibril stability when it would be empirically hard to measure. This work was undertaken by Dr. Thomas
Collier at Massey University, New Zealand and Associate Professor Jane R. Allison at the University of
Auckland, New Zealand. The model for the Aβ fibril chosen for this work was the core of the Aβ1-42 fibril,
determined from NMR studies (Ritter et al., 2005). The published PDB structure only contains Aβ17-42 with
the N-terminal 16 amino acids missing, due to their structural heterogeneity. For our model, the missing 16
amino acids were added using the tLeaP program from Amber12 (Case et al., 2012). The protofibril model
consists of 5 Aβ monomers labelled A-E, from the inner to outer surface of the fibril model. All amino acids
were assumed to be in their standard protonation states for physiological pH (7.0), resulting in a net charge
of -20, which was neutralised by the addition of 20 sodium ions. The protofibril was added to a unit cell with
dimensions 12 x 8 x 22 nm, and was fully solvated using TIP3P water. Periodic boundary conditions were
applied in all directions (Jorgensen, Chandrasekhar, Madura, Impey, & Klein, 1983).
All simulations were conducted using the Gromacs2016.1 software package (Abraham et al., 2015).
Simulations were run using the Charmm36m force field (Huang et al., 2016), with additional terms for CEL
generated using CGenFF (Vanommeslaeghe et al., 2010). The CEL parameters were verified by
comparison to parameters generated through an alternative method, using a combination of RESP charge
fitting using R.E.D server and Forcegen. The lengths of covalent bonds involving hydrogen atoms were
restrained using the LINCS algorithm (Hess, Bekker, Berendsen, & Fraaije, 1997), such that a time step of
2 fs could be employed. Short-range non-bonded interactions were calculated using a cut-off of 1.4 nm,
with long range electrostatics calculated using the particle mesh Ewald (PME) algorithm (Darden, York, &
Pedersen, 1993).
The initial models underwent steepest descent energy minimisation for 5000 steps until the change in force
was less than 0.02 kJmol-1nm-1 followed by a 5000 step conjugate gradient minimisation using a 0.01 kJmol1nm -1

tolerance The models were then heated from 50 K to 310 K in the NVT ensemble at a heating rate of

2.1 K∙ps-1. The Nose-Hoover thermostat (Evans & Holian, 1985) was used to maintain the temperature,
with the protein and non-protein atoms coupled to separate temperature baths using a thermostat time
constant of 0.1 ps. Following NVT equilibration at 310 K for 250 ps, a short constant pressure equilibration
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was conducted for 500 ps at 1 atm pressure, using the Parrinello-Rahman barostat with a pressure coupling
constant of 2.0 ps.
Following equilibration, restraints were removed from peptide E, with the remaining peptides restrained to
their initial positions via harmonic restraints on the heavy atoms to provide an immobile reference for the
pulling simulations. Position restraints are frequently employed on the model Aβ structure to mimic the
stability of much larger structures, whilst reducing the computational expense (Lemkul & Bevan, 2010;
Takeda & Klimov, 2009). For each of the models, peptide E was pulled away from the rest of the protofibrillar
structure along the z-axis over 1 ns at a constant pulling rate of 0.01 nm∙ps-1 using a spring constant of
1000 kJ∙mol-1∙nm-2. From the generated trajectories, snapshots were taken for the starting configurations
of the umbrella sampling windows (Patey & Valleau, 1973; Torrie & Valleau, 1977). Snapshots were taken
in an asymmetric fashion with the first distribution of windows taken at 0.1 nm increments until the centre
of mass (COM) distance between peptides D and E was 2.0 nm; beyond this distance the remaining
snapshots were taken at 0.2 nm intervals. This asymmetric distribution enabled greater resolution at small
COM distances, whilst reducing the overall number of windows, such that only 45 windows were used.
Within each window a 10 ns simulation was performed utilising the same simulation protocol as above to
give a total umbrella sampling simulation time of 450 ns. The weighted histogram analysis method within
Gromacs2016.1 was utilised to analyse the results (Shankar Kumar, Rosenberg, Bouzida, Swendsen, &
Kollman, 1992).

Thioflavin T (ThT) assay to measure peptide aggregation
Thioflavin T (ThT) was prepared fresh before every experiment at a concentration of 1 mM in ultrapure
water (18.2 MΩ·cm) and was diluted in ice-cold 10 mM sodium phosphate buffer pH 7.4 to a final
concentration of 10 µM. Peptides were reconstituted in ice-cold 10 µM ThT and immediately diluted in a
non-binding solid bottom black 96 well plate (GN655900) on ice. The plate was sealed with a clear plastic
cover and placed in an EnVision plate reader (PerkinElmer, USA) at a chamber temperature of 30˚C.
Fluorescence intensity was monitored over 300 minutes (1 minute between each read) using an excitation
and emission wavelength of 440 nm and 485 respectively. Each independent experiment had triplicate
wells of each peptide.
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Half time (t1/2) analysis
Analysis of ThT fluorescence intensity and the time it takes to get to half the maximum fluorescence, half
time (t1/2), was performed as previously described using the AmyloFit software (Meisl et al., 2016). Double
log-log plots of t1/2 (min) and starting monomeric concentration (µM) was used to assess molecular
mechanisms of aggregation using the scaling exponent (γ). The line of best fit used for the double log-log
plots is the one phase decay function in GraphPad Prism (Version 7.00) with model equation (6).
𝑌𝑌 = 𝐼𝐼𝐼𝐼 (𝑌𝑌0 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 𝑒𝑒 (−𝐾𝐾×𝑋𝑋) + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

(6)

Circular dichroism (CD) to measure peptide secondary structure
The secondary structure of the peptide may affect higher order structures as seen by TEM. As such, CD
was used to ascertain the differences in secondary structures of the glycated and unglycated Aβ1-42.
Frozen lyophilised peptides were left to thaw to room temperature and then diluted into a clean 1 mm quartz
cuvette (Hellman Analytics, Germany) to the 10 µM in 10 mM sodium phosphate buffer (pH 7.4). The 1 mm
quartz cuvette was cleaned with a 30 min soak in a 3:1 solution of sulphuric acid to nitric acid to remove
residual contaminants. Then the cuvette was flushed with Type 1 water and 70% ethanol followed by drying
with filtered air.
The secondary structure of the peptides were quantified in a Chirascan circular dichroism
spectrophotometer (Applied Biophysics, UK) at chamber temperature of 30°C with a bandwidth of 2.5 nm
and a read time of 2 seconds per 1 nm from 260 nm to 180 nm. Experiments were done on different days.
Mdeg values were subtracted from the baseline (10 mM sodium phosphate buffer alone). Spectral
deconvolution and estimation of secondary structure was carried out using BeStSel (Micsonai et al., 2015).
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SH-SY5Y Cell Culture and Mitochondrial Assays
The methods and materials for SH-SY5Y cell culture and the mitochondrial assays (except for the caspase
3/7 assay) are outlined in Chapter 2.

Caspase 3/7 activity assay
Measurement of caspase 3/7 activity in the cell culture supernatant was done as another measure of a
compromised plasma membrane, rather than apoptosis. Activation of caspase 3/7 is outlined in section
1.4.2. 25 µL of the cell culture medium after Aβ1-42 treatment was added to a non-binding solid bottom
black 96 well plate (GN655900, Greiner, USA). Then the fluoregenic caspase substrate (reconstituted in
DMSO) was added to a final concentration of 40 µM in buffer (20 mM HEPES, 1 mM EDTA, 5 mM DTT,
0.1% CHAPS, 10% sucrose). The fluoresecence was monitored at 37°C for 3.5 hours with 2 minute
intervals between each read in a SpectraMax iD3 plate reader (Molecular Devices, USA) at an excitation
and emission of 385 nm and 460 nm respectively. A linear line of best fit between fluorescence intensity
and time was used to determine the slope (R2 > 0.96 for all slopes) and presented as a function of
fluorescence units/min. The blank consisting of Aβ1-42 in unconditioned cell culture medium was used as
a reference.
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Results
Validating a commercially available synthetic human Aβ1-42
In-house synthesis of Aβ1-42 requires a significant amount of time and would be costly to produce.
Therefore, synthetic human Aβ1-42 from two commercial suppliers (GenicBio, China and Bachem,
Germany) was initially chosen as a control for biophysical characterization and in vitro assays to serve as
a benchmark for the in-house synthesised Aβ1-42. Aβ1-42 from GenicBio has been previously used in
numerous studies (Molokanova et al., 2014; A. E. Ramírez, Pacheco, Aguayo, & Opazo, 2014; Rocha,
Loureiro, Brezesinski, & do Carmo Pereira, 2012).

Synthetic Aβ1-42 from GenicBio has non-Aβ1-42 derived
ionised fragments and low peptide purity
Prior to starting the biophysical characterization and in vitro assays, Aβ1-42 composition and purity was
checked using liquid chromatography-mass spectrometry (LC-MS) and reverse phase high-performance
liquid chromatography (RP-HPLC) respectively. Dr. Harveen Kaur at the University of Auckland conducted
the LC-MS and RP-HPLC on GenicBio Aβ1-42, Bachem Aβ1-42 and in-house synthesised Aβ1-42.
The LC-MS profile of GenicBio Aβ1-42 (Figure 3.3A) showed a broad peak from 15 min, which is not highly
resolved, and is also trending upwards indicating aggregation of the peptide in the column. Conversely, the
LC-MS profile for Aβ1-42 from Bachem (Figure 3.3D) and the in-house synthesised Aβ1-42 (Figure 3.3G)
shows a highly resolved single peak just after 15 min. The peak between 15 min and 16 min were further
analysed by mass spectrometry for the ionised fragments corresponding to Aβ1-42.
The mass spectrum profile of GenicBio Aβ1-42 (Figure 3.3B) indicated large amounts of ionised fragments
that were not associated with the expected mass-to-charge ratio (m/z) for Aβ1-42. The expected ionised
fragments ([M+7H]7+ 645.8 m/z, [M+6H]6+ 753.2m/z, [M+5H]5+ 903.7 m/z, [M+4H]4+ 1129.4 m/z, [M+3H]3+
1505.4 m/z) were observed for Aβ1-42 from Bachem (Figure 3.3E) and the in-house synthesised Aβ1-42
(Figure 3.3H). The results of the RP-HPLC and mass spectrometry analysis of GenicBio Aβ1-42 are
different to what was supplied by GenicBio.

133

Chapter 3
The expected retention time of Aβ1-42 with a calculated molecular weight of 4514.08 Da is 11.8 min on a
RP-HPLC graph. The RP-HPLC analysis of GenicBio Aβ1-42 (Figure 3.3C) showed a broad retention time
from 5 min to 15 min in comparison to a single main retention time peak at ~11.82 min for Aβ1-42 from
Bachem (Figure 3.3F)and the in-house synthesised Aβ1-42 (Figure 3.3I). The relative area under the
retention curve from 11.82 min to 12.90 min is indicative of peptide purity. Thus, the in-house synthesized
Aβ1-42 had a purity of 94.93%, GenicBio Aβ1-42 had a purity of 40.40% and Bachem Aβ1-42 had a purity
of >98%.

3.3.1.2

Synthetic

Aβ1-42

from

GenicBio

has

altered

peptide

morphology
Depending on the solution or buffer, synthetic human Aβ1-42 can be driven into different aggregate states
such as oligomers or fibrils (Stine, Jungbauer, Yu, & LaDu, 2011). This allows for the characterisation of
peptide morphology and whether alterations in peptide sequences, like glycation, have an effect on the
expected peptide morphology. Following RP-HPLC and LC-MS analysis, the unglycated synthetic Aβ1-42
from GenicBio, Bachem and in-house synthesised were incubated in an oligomer promoting buffer (serumand phenol-free DMEM/F12) for 24 hours at 4°C and a fibril promoting solution (10 mM HCl) for 24 hours
at 37°C under quiescent conditions. The peptides were imaged via TEM.
As expected, the Bachem and in-house synthesised Aβ1-42 showed oligomers in the oligomeric
preparation and long fibrils in the fibrillar preparation (Figure 3.4; Middle & right panel). There is some
evidence of oligomer aggregation (Figure 3.4; white arrow heads) with individual oligomers not exceeding
35 nm in diameter. Conversely, synthetic Aβ1-42 from GenicBio showed large spherical aggregates with a
40-50 nm diameter (Figure 3.4; black arrow heads) surrounded by oligomers in the oligomeric
preparation. In the fibrillar preparation, Aβ1-42 from GenicBio shows a dark and dense patch (Figure 3.4;
red arrow heads) with fibril projections. Therefore, the results indicate that the Bachem and in-house
synthesised Aβ1-42 behave as expected in the oligomeric and fibrillar preparation while the GenicBio Aβ142 has many morphological abnormalities, which is a reflection of the impurities seen with the GenicBio
Aβ1-42 RP-HPLC and LC-MS.
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Figure 3.3 Analysis of synthetic human Aβ1-42 composition and purity from two sources.
This analysis was undertaken by Dr. Harveen Kaur, the University of Auckland.
(A,D & G) GenicBio Aβ1-42 had a broad peak indicating poor peptide purity. LC-MS chromatogram of (A)
Aβ1-42 from GenicBio, (D) Aβ1-42 from Bachem and (G) Aβ1-42 synthesised in-house using an Agilent
C3, 150 mm x 3.0 mm, 3.5 μm) at a flow rate of 0.3 mL min-1 with a linear gradient increase of 3% B per
min (buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile).
(B,E & H) GenicBio Aβ1-42 had many fragmented products that were not expected derivatives of Aβ1-42.
Mass spectrum of peak over 15 min to 16 min of (B) Aβ1-42 from GenicBio, (E) Aβ1-42 from Bachem and
(H) Aβ1-42 synthesised in-house. Expected mass-to-charge ratio (m/z) for Aβ1-42 are [M+7H]7+ 645.8 m/z,
[M+6H]6+ 753.2 m/z, [M+5H]5+ 903.7 m/z, [M+4H]4+ 1129.4 m/z, [M+3H]3+ 1505.4 m/z)
(C,F & I) GenicBio Aβ1-42 has a purity of 40.4% while in-house synthesised Aβ1-42 has a purity of 94.93%.
Analytical RP-HPLC profile of (C) Aβ1-42 from GenicBio, (F) Aβ1-42 from Bachem and (I) Aβ1-42
synthesised in-house using an analytical column (XTerra MS C18, 125 Å, 4.6 x 150 mm, 5 μm) at 50 °C
with a gradient of 1-41% buffer B over 20 min (buffer A = 0.1% ammonium hydroxide in H2O; buffer B =
0.1% ammonium hydroxide in acetonitrile. The integration table of each peak are listed below.
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Figure 3.4 Representative TEM micrographs of synthetic Aβ1-42 from GenicBio, Bachem and
in-house synthesis after 24 hours in either an oligomeric preparation or fibrillary preparation.
(Left panel) Synthetic Aβ1-42 from GenicBio had abnormal peptide morphology. (Top) abnormal peptide
morphology showing enlarged spherical aggregates (black arrow heads) and (Bottom) darkly stained
patches with fibril projections (red arrow heads).
(Middle panel) Synthetic Aβ1-42 from Bachem had expected peptide morphology. (Top) oligomer
morphology with oligomeric aggregates (white arrow heads) and (Bottom) normal fibril formation.
(Right panel) Aβ1-42 synthesised in-house had expected peptide morphology. (Top) expected oligomer
morphology with oligomeric aggregates (white arrow heads) and (Bottom) normal fibril formation.
Scale bar = 100 nm (Scale bar = 200 nm for bottom left panel). At least 3 images were acquired from
different windows of the copper grid.
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3.3.1.3 Synthetic Aβ1-42 from GenicBio is not neurotoxic
As previously shown, the results from the LC-MS, RP-HPLC and TEM showed that Aβ1-42 from GenicBio
was not as pure, and has an altered peptide morphology relative to the Bachem and in-house synthesised
Aβ1-42. Therefore, it was hypothesised that Aβ1-42 GenicBio would not affect the MTT reduction in RAdifferentiated SH-SY5Y.

Unlike the biophysical characterisation, no pre-aggregation steps were

undertaken and the protocol for in vitro treatment was carried out as per Ryan and colleagues (Ryan et al.,
2013). Indeed, 10 µM Aβ1-42 from GenicBio for 24 hours and 48 hours caused a ~25% decrease in MTT
reduction relative to the vehicle, and this was not significantly different to the vehicle (Figure 3.5A). The
vehicle for Aβ1-42 GenicBio had a 1/24 dilution of the buffer used to reconstitute the peptide (0.33 mM
NaOH / 1 × DPBS).
Conversely, 10 µM Aβ1-42 from Bachem for 24 hours and 48 hours showed a ~53% significant decrease
in MTT reduction relative to the vehicle in RA-differentiated SH-SY5Y (Figure 3.5B), which was twice the
fold change compared to Aβ1-42 from GenicBio. There was no difference in MTT reduction of 10 µM Aβ142 from Bachem between 24 hours and 48 hours (Figure 3.5B). The vehicle for Aβ1-42 Bachem had a
1/20 dilution of the buffer used to reconstitute the peptide (0.33 mM NaOH / 1 × DPBS).
At the same Aβ1-42 concentration (10 µM), the in-house synthesis caused a ~25% decrease in MTT
reduction, which is similar to the fold change of Aβ1-42 from GenicBio (Figure 3.5C). There was a 7%
decrease in MTT reduction of the vehicle at 48 hours relative to 24 hours, which was independent of a
change in MTT reduction caused by the peptide and this indicates the potential neurotoxic effect of the
diluent on RA-differentiated SH-SY5Y cell health. The vehicle for the in-house synthesised Aβ1-42 had a
1/8 dilution of the buffer used to reconstitute the peptide (0.33 mM NaOH / 1 × DPBS).
The vehicle was tested at multiple dilutions from 1/29 up to 1/8 to test the effect of changing the composition
of the cell culture media by the addition of the diluent. There was no significant difference between any of
the dilution factors of the diluent relative to the control where no diluent was added (Figure 3.5D).
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Figure 3.5 Neurotoxic effect of synthetic Aβ1-42 from different sources on RA-differentiated SHSY5Y.
RA-differentiated SH-SY5Y were treated with 10 µM of synthetic Aβ1-42 for 24 hours or 48 hours as
indicated. The peptide was reconstituted in 0.33 mM NaOH /1 × DPBS. The vehicle for all treatments did
not exceed a 1/8 dilution of 0.33 mM NaOH /1 × DPBS into cell culture medium.
(A) Synthetic Aβ1-42 from GenicBio did not cause a significant drop in MTT reduction. Results are
presented as mean ± SEM (N = 2 biological replicates). P-values calculated using Bonferroni’s post hoc
test in a Two-way ANOVA. Multiple comparisons were done between 24 hours and 48 hours for each
treatment and between treatments within each timepoint.
(B) Synthetic Aβ1-42 from Bachem caused a significant drop in MTT reduction. Results are presented as
mean ± SEM (N = 2 biological replicates). *** p < 0.001; P-values calculated using Bonferroni’s post hoc
test in a Two-way ANOVA. Multiple comparisons were done between 24 hours and 48 hours for each
treatment and between treatments within each timepoint.
(C) Synthetic Aβ1-42 from the in-house synthesis causes a drop in MTT reduction. Results are presented
as mean of triplicate wells from 1 biological replicate (N = 1 biological replicates).
(D) The diluent (0.33 mM NaOH / 1 × DPBS) did not affect MTT reduction up to a 1/8 dilution for 24 hours.
RA-differentiated SH-SY5Y were exposed to different amounts of the dilution in order to ascertain the
neurotoxic effect of the diluent. No significant difference was observed between either treatments with the
diluent for 24 hours. Results are presented as mean ± SEM (N = 3 biological replicates). P-values calculated
using Bonferroni’s post hoc test in a One-way ANOVA.
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3.3.1.4 Biophysically characterising Bachem and in-house synthesised
Aβ1-42
After assessing the in vitro effect of unglycated Aβ1-42 on MTT reduction in RA-differentiated SH-SY5Y,
Aβ1-42 from GenicBio was not used for any further analysis. Therefore, to biophysically characterise
unglycated Aβ1-42, a commonly cited commercial source of Aβ1-42 from Bachem (Bachem, 2018) was
used to optimise the ThT assay as well as the CD assays.
The ThT assay measures peptide aggregation and can provide information on the aggregation profiles,
which are used to estimate the rate and pathway of aggregation (Meisl et al., 2016, 2017). The results from
the ThT assay showed a dose-dependent increase in the plateau fluorescence for Bachem Aβ1-42 (1 µM
to 5 µM) (Figure 3.6A) and in-house synthesised Aβ1-42 (1 µM to 4 µM) (Figure 3.6D). The exponential
phase for Aβ1-42 fibril growth is dose-dependent for Bachem Aβ1-42 but not for in-house synthesised Aβ142. Moreover, the plateau ThT fluorescence values are at least 2 fold higher for each peptide concentration
between Bachem Aβ1-42 and in-house synthesised Aβ1-42. The blank showed similar values and the
settings on the plate reader were kept the same for all experiments.
Unglycated monomeric Aβ1-42 is known to aggregate through a secondary nucleation mechanism (Cohen
et al., 2013). The secondary nucleation mechanism is characterised by the formation of a growth competent
nucleus between two monomeric Aβ1-42 on a pre-existing fibril surface (Meisl et al., 2016). This growth
competent nucleus is capable of undergoing elongation by recruiting further monomeric Aβ1-42 to form
complex structures like fibrils. Therefore, analysis of the kinetic ThT profile for Bachem Aβ1-42 and inhouse synthesised Aβ1-42 in AmyloFit (Meisl et al., 2016) was undertaken using a software package that
compares the kinetic ThT profile to different mechanisms of aggregation. After applying different
mechanisms of aggregation to the kinetic ThT profile, the Bachem Aβ1-42 aggregated as expected through
a secondary nucleation dominated mechanism (lowest MRE = 0.00095) (Figure 3.6B), while in-house
synthesised Aβ1-42 aggregates through multi-step secondary nucleation dominated (lowest MRE =
0.00997) (Figure 3.6E). The mean residual error (MRE) is a measure of how close the fitted values are to
the actual values. A list of all the MRE values for all aggregation models are presented in Table 3.1.
The results from CD revealed a temporal change in CD spectra from time of peptide reconstitution until 65
min for Bachem Aβ1-42 and 60 min for in-house synthesised Aβ1-42. Bachem Aβ1-42 showed a signature
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CD spectrum of β-sheet rich secondary structures with a minima at 215 nm and a maxima at 195 nm
(Figure 3.6C). The intensity of the maxima and minima increased as a function of time indicating that more
β-sheet secondary structures form. Conversely, the in-house synthesis Aβ1-42 shows a signature CD
spectrum of random coil rich secondary structures (Figure 3.6F). The intensity of the minima at 195 nm
increases as a function of time, similar to Bachem Aβ1-42, which indicates more random coil (including
other structures like 310-helix, π-helix, β-bridge, bend, loop/irregular and/or invisible regions of peptide
(Meisl et al., 2016)) rich in secondary structures.
Next, CD spectral deconvolution with BeStSel (Micsonai et al., 2015) revealed a similar proportion of βturn, β-sheet and ‘other’ secondary structures between Bachem Aβ1-42 and in-house synthesised Aβ1-42
(Figure 3.6G). The proportion of α-helix for Bachem Aβ1-42 was at least double that of the in-house
synthesised Aβ1-42.
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Figure 3.6 Comparison of biophysical properties between Aβ1-42 from Bachem and in-house
synthesised Aβ1-42.
(A-C) Biophysical properties of Aβ1-42 from Bachem. (A) A dose-dependent change in the ThT
fluorescence plateau and the exponential phase for Aβ1-42 fibril growth is seen. (B) Normalization and
curve fitting of ThT fluorescence from (A) to a secondary nucleation mechanism in AmyloFit (Meisl et al.,
2016). (C) Background corrected (10 mM sodium phosphate buffer only) CD spectra of of 5 µM peptide at
5 min, 20 min and 65 min after peptide reconstitution. A signature β-sheet rich shape with a minima at 215
nm and a maxima at 195 nm is observed.
(D-F) Biophysical properties of in-house synthesised Aβ1-42. (D) A dose-dependent change in the ThT
fluorescence plateau is seen. There is no observable change in the time of the exponential phase for Aβ142 fibril growth. (E) Normalization and curve fitting of ThT fluorescence from (D) to a secondary nucleation
mechanism in AmyloFit ((Meisl et al., 2016). (F) Background corrected (10 mM sodium phosphate buffer
only) CD spectra of 5 µM of peptide at 4 min, 22 min and 60 min after peptide reconstitution.
(G) Aβ1-42 from Bachem and in-house synthesised Aβ1-42 have the same proportion of β-sheet.
Spectral deconvolution of Aβ1-42 from Bachem at 65 mins (C) and in-house synthesised Aβ1-42 at 60 mins
(F) in BeStSel (Micsonai et al., 2015). Same proportions secondary structures were observed for β-turn, βsheet and ‘other’ structures with a decrease in α-helix.

Table 3.1 Mean residual error (MRE) showing the best fit model (green) to worst fit model (red) of
aggregation.

Mechanism of aggregation

Bachem
Aβ1-42

In-house
synthesised
Aβ1-42
MRE

Second nucleation dominated
Multi-step secondary nucleation dominated
Nucleation elongation
Saturating elongation and fragmentation
Fragmentation
Fragmentation and secondary nucleation
Saturating elongation
Saturating elongation and secondary nucleation

0.00095
0.00124
0.00116
0.00209
0.00208
0.00222
0.00222
0.00228

0.01010
0.00997
0.01330
0.01020
0.01000
0.01000
0.02520
0.01030

The values were fitted to experimental ThT kinetic data for Bachem Aβ1-42 and in-house synthesised Aβ142 using different mechanisms of aggregation in AmyloFit (Meisl et al., 2016). Bachem Aβ1-42
aggregations via the second nucleation dominated pathway and the in-house synthesised Aβ1-42
aggregates via the multi-step secondary nucleation dominated pathway.
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Biophysical Characterization of unglycated and CEL-modified
Aβ1-42
After optimisaiton of the biophysical characterisation assays, further work was done to biophysically
characterise the CEL-modified Aβ1-42.

3.3.2.1 Double CEL modifications at Lys16 and Lys28 differentially
affects Aβ1-42 aggregation over 5 days
Unglycated Aβ1-42 is known to form fibrils in 10 mM HCl at 37°C within 24 hours (Stine et al., 2011). Next,
it was questioned whether the site-specific CEL modifications on Aβ1-42 were able to form fibrils to the
same extent as unglycated Aβ1-42 under the same experimental conditions. Different aggregate species
of the peptides was assessed with quantitative TEM across 5 days. The three main aggregate species
considered were fibrils, protofibrils and oligomers as outlined in Figure 3.2. At day 0, when the lyophilised
peptides were resuspended in the fibril promoting solution, all peptides have >80% oligomers with
protofibrils making up the remaining aggregate species (Figure 3.7C – Figure 3.7F). Negligible amounts
of fibrils are seen at day 0 across all peptides.
At day 1, Aβ1-42 and Aβ-CEL28 had a high proportion of fibrils (>60%) followed by a significant decrease
(p < 0.05) in oligomers. In contrast, at day 1, Aβ-CEL16 and Aβ-CEL16&28 had a low proportion of fibrils
without a significant decrease in oligomers. This high proportion of fibrils and low proportion of oligomers
exhibited by Aβ1-42 and Aβ-CEL28 was maintained until day 5 without a significant change in the proportion
of protofibrils. However, only Aβ1-42 had a significant increase in protofibrils by day 5.
Conversely, Aβ-CEL16 and Aβ-CEL16&28 maintained a low proportion of fibrils and high proportion of
oligomers until day 5, with the exception of Aβ-CEL16 displaying a significant decrease (p < 0.05) in
oligomers by day 5. The proportion of oligomers for Aβ-CEL16&28 remained unchanged by day 5. The
proportion of protofibrils remains unaffected across all days for Aβ-CEL16 and Aβ-CEL16&28. AβCEL16&28 also displayed a greater variation in the aggregate species profile across all days compared to
all peptides.
There were no observable differences when comparing the TEM micrographs at day 5 between Aβ1-42
and Aβ-CEL28. However, Aβ-CEL16 appeared to have slightly different aggregate species relative to Aβ1-
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42 with Aβ-CEL16&28 having the least likeness to Aβ1-42. A double CEL-modification at both Lys16 and
Lys28 affected peptide morphology and appears to either prevent the elongation of fibrils or promote the
fragmentation of fibrils. A single CEL-modification at Lys16 slowed down the rate of oligomer conversion to
either fibrils or protofibrils. Conversely, a single CEL-modification at Lys28 did not significantly affect peptide
behaviour relative to the unglycated Aβ1-42.

3.3.2.2 Double CEL modifications at Lys16 and Lys28 decrease free
energy release upon elongation
To estimate the propensity of the CEL-glycated Aβ1-42 to aggregate into protofibrillar structures via a
simple elongation mechanism, computational free energy calculations were employed. Umbrella sampling
was used to determine the free energy change, ΔGbind, upon addition of an Aβ1-42 monomer to a 4monomer protofibril model based on the NMR structure 2BEG (Lührs et al., 2005). The same four singleand double-glycated Aβ variants were tested, with all Aβ1-42 monomers exhibiting the same glycation state
for each simulation such that the fibril was homogeneous, analogous to the experimental studies. The
results of these simulations are presented in Figure 3.8A, with the full PMF curves available in Figure A.1.
CEL-glycation impacts ΔGbind in a manner that depends on the location of the CEL. Glycation at Lys 16
results in a ΔGbind that is 37% lower than the unglycated Aβ1-42 ΔGbind, and Lys 16&28 decreases the
ΔGbind by 64% of the unglycated Aβ1-42, suggesting that glycation at these positions destabilises the
formation of the fibril or protofibril structure. The proportion of oligomer in the day 5 TEM images (Figure
3.7C – Figure 3.7F) mirrors the calculated ΔGbind values, with the two models with less negative ΔGbind
values, Aβ-CEL16 and Aβ-CEL16&28, both exhibiting much larger proportions of oligomer relative to Aβ142 and Aβ-CEL28.
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Figure 3.7 Double CEL modifications at Lys16 and Lys28 differentially affects Aβ1-42
aggregation over 5 days.
All peptides were synthesised in-house.
(A) Chemical structure of Nε-(carboxyethyl)lysine (CEL). The structure of CEL consists of two carboxylic
acid (CO2H; COOH) groups and one amine (NH2) group.
(B) Peptide sequences of unglycated Aβ1-42 and the three CEL variants on Aβ1-42.
(C-F) Aβ-CEL16&28 do not form extensive fibrils and have a high abundance of protofibrils and oligomers
after 5 days in a fibril promoting buffer relative to all CEL modified peptides and unglycated Aβ1-42.
Representative TEM micrographs at day 5 (left panel) (N = 2-3 replicates; scale bar = 100 nm) with the
graph of % aggregate species (right panel) showing proportions of fibrils, protofibrils and oligomers over
5 days. Results are presented as mean ± SEM (N = 2-3 replicates). P-values for oligomers and protofibrils
are relative to Day 0 and fibrils are relative to Day 1 using Bonferroni’s post hoc test in a One-way analysis
of variance (ANOVA).
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3.3.2.3 Double CEL modifications at Lys16 and Lys28 has a faster rate
of fibril aggregation
The molecular mechanism of fibril aggregation was also explored, as it is another crucial aspect that
contributes to peptide morphology and behaviour. By utilising the proposed mathematical models for Aβ142 self-assembly (Meisl et al., 2017), the kinetics of peptide aggregation was assessed using the Thioflavin
T (ThT) assay, with representative ThT plots available in Figure A.2. The half-time (t1/2; time to reach half
the maximum ThT signal) of each peptide was plotted against their starting monomeric peptide
concentrations (0.2 µM to 5 µM) (Figure 3.8B). The slope of each fitted line indicates the rate of fibril
aggregation, which is influenced by molecular mechanisms such as elongation (increase in fibril mass)
and/or secondary nucleation (increase in fibril number) (Meisl et al., 2017).
Our results show that the basal rate of fibril aggregation for Aβ1-42 (-1.17) is slower relative to Aβ-CEL16
(-0.65) and Aβ-CEL28 (-0.76) with Aβ-CEL16&28 (-0.34) having the fastest rate of fibril aggregation.
Therefore, peptide aggregation of Aβ-CEL16&28 may be occurring through secondary nucleation where
many short fibrils (protofibrils) are observed independent of fibril elongation as seen in the TEM micrograph
(Figure 3.7F). Similarly, peptide aggregation of Aβ-CEL16 may be occurring through a secondary
nucleation mechanism based on the TEM micrograph (Figure 3.7D). However, this occurs to a lesser extent
relative to Aβ-CEL16&28. As previously mentioned, there were no observable differences when comparing
the TEM micrographs between Aβ1-42 and Aβ-CEL28 (Figure 3.7C & Figure 3.7E) and it is postulated
these peptides to be dominated by an elongation mechanism rather than secondary nucleation.
Although our results confirm the similarity of Aβ1-42 and Aβ-CEL28 in terms of peptide behaviour, it is also
noted that the rate of elongation and/or secondary nucleation is saturated at >1 µM for Aβ1-42, Aβ-CEL16
and Aβ-CEL28 whereas Aβ-CEL28 is saturated at >3 µM. This saturation is indicative of the maximum rate
at which the elongation and/or secondary nucleation is occurring.
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3.3.2.4 Single CEL modification at Lys16 causes a reduced β-sheet
content while double CEL modification at Lys16 and Lys28 does not
Amyloid fibrils rich in secondary structures like β-sheets (M. Ahmed et al., 2010; Cerf et al., 2009) and
differences in peptide secondary structure can affect tertiary and quaternary structure. Here, circular
dichroism was used to collect the far-UV peptide spectra (Figure 3.8C inset). Then, spectral deconvolution
was done using a software specific to analysing Aβ1-42 spectra, BeStSel (Micsonai et al., 2015), to
investigate whether secondary structure changes occur following CEL modifications on Aβ1-42. Upon
spectral deconvolution, our results indicate that the β-sheet secondary structure was the most abundant
specific secondary structure. The ‘other’ secondary structures include 310-helix, π-helix, β-bridge, bend,
loop/irregular and/or invisible regions of peptide (Micsonai et al., 2015). It was observed that Aβ-CEL16
has a significant decrease (p < 0.05) of β-sheet content (27.2%) relative to Aβ1-42 (33.5%) and a significant
increase (p < 0.05) of ‘other’ secondary structures (49.7%) relative to all peptides (Figure 3.8C). There
were no significant differences in α-helix and β-turn secondary structures between CEL modified peptides
and the unglycated Aβ1-42. Despite Aβ-CEL16&28 having altered aggregate species, free energy of
release and rate of fibril aggregation, the secondary structure of Aβ-CEL16&28 remains unchanged
compared to both Aβ1-42 and Aβ-CEL28.
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Figure 3.8 Double CEL modifications at Lys16 and Lys28 decrease peptide stability and rate of
fibril aggregation without affecting peptide secondary structure.
All peptides were synthesised in-house.
(A) Aβ-CEL16&28 has the least negative free energy for binding of a model monomer to a pentameric stack
relative to other CEL modified peptides and unglycated Aβ1-42. Free energies of binding were computed
using umbrella sampling with reported uncertainties determined through bootstrap analysis.
(B) Aβ-CEL16&28 has the slowest rate of fibril aggregation and Aβ-CEL28 has a higher threshold for
maximum rate of fibril aggregation (>3 µM) relative to the CEL modified peptides and unglycated Aβ1-42.
The rate of fibril aggregation was determined using the aggregation kinetics generated using the ThT assay.
The log half-time (t1/2) is plotted against log starting monomer concentration (µM). A plateau at high starting
monomer concentrations indicate a saturated (maximum) rate of fibril aggregation. Fitted lines are from 23 independent experiments and the gradient of each fitted line is displayed. The representative ThT traces
of CEL-modified and unmodified Aβ1-42 is displayed in Figure A.2.
(C) Aβ-CEL16&28 has an unchanged secondary structure profile relative to Aβ-CEL28 and Aβ1-42,
however, Aβ-CEL16 has a decrease in β-sheet content with an increase in ‘other’ secondary structures.
Peptide secondary structure was estimated using circular dichroism (inset; spectra has been smoothened)
and the spectra deconvoluted using BeStSel. The inset spectra has been smoothened and the
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unglycateResults are presented as mean ± SEM (N = 2-3 replicates). * p < 0.05 calculated using
Bonferroni’s post hoc test in a One-way ANOVA.

In vitro testing of unglycated and CEL-modified Aβ1-42
After the biophysical characterisation of the CEL-modified Aβ1-42, the peptides were tested in RAdifferentiated SH-SY5Y for neurotoxicity and their effects on mitochondrial function.

3.3.3.1 Single CEL modifications at either Lys16 or Lys28 decreased
MTT reduction independent of a change in basal levels of necrosis and
apoptosis
To investigate the overall status of cell health after 24 hours of 10 µM peptide treatment, MTT reduction,
extracellular LDH release (necrosis) and extracellular caspase 3/7 activity (apoptosis) was measured in
RA-differentiated human neuroblastoma SH-SY5Y cells. MTT reduction is commonly used to determine
both mitochondrial function and cellular redox activity where both parameters contribute to the reduction of
the MTT dye (Bernas & Dobrucki, 2002; Yuanbin Liu, Peterson, Kimura, & Schubert, 1997). The amount of
MTT dye reduced is proportional to the colorimetric product. Treatment with Aβ1-42, Aβ-CEL16 and AβCEL28 significantly decreases MTT reduction relative to the vehicle control (Figure 3.9A), although the
difference relative to unglycated to Aβ1-42 was not significant. This decrease in MTT reduction occurs
independent of a change in basal levels of necrosis and apoptosis (Figure 3.9B – Figure 3.9C). No
abnormal cell morphologies after 24 hours of peptide treatment were observed. Aβ-CEL16&28 did not affect
MTT reduction, LDH release or caspase 3/7 activity, which implies that under these conditions, the
secondary structure of CEL-modified peptides may not be important in eliciting a neurotoxic response.
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Figure 3.9 Single CEL modifications decreases MTT reduction independent of a change in basal
levels of necrosis and apoptosis.
All peptides were synthesised in-house. All experiments performed after 24 hours of 10 µM peptide
treatment in RA-differentiated SH-SY5Y human neuroblastoma cells.
(A) Aβ1-42, Aβ-CEL16, and Aβ-CEL28 inhibit MTT reduction, however, Aβ-CEL16&28 does not inhibit MTT
reduction. MTT reduction was measured after 24 hours of 10 µM peptide treatment. Results are presented
as mean ± SEM (N = 3-4 biological replicates).
(B-C) No significant difference in LDH release and caspase 3/7 activity was observed for all peptide
treatments relative to the vehicle. Results are presented as mean ± SEM (N = 4 biological replicates).
* p < 0.05 relative to the vehicle. P-value for all experiments calculated using Bonferroni’s post hoc test in
a One-way ANOVA from randomized complete block design.
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Double CEL modifications at Lys16 and Lys28 depolarised ΔΨm
independent of mitochondrial swelling and mitochondrial O2•production
After investigating the overall status of cell health, it was of interest to know whether the CEL modified
peptides had any specific effects on mitochondrial function. Mitochondrial dysfunction has been implicated
as an important molecular initiator which preceded AD pathogenesis (M. T. Lin & Beal, 2006; Reddy & Beal,
2008). Mitochondrial function was assessed with a mitochondrial membrane potential (ΔΨm) fluorophore,
JC-10, and there was a significant drop in the proportion of cells with polarised ΔΨm upon treatment with
Aβ-CEL16&28 relative to Aβ1-42, Aβ-CEL16 and Aβ-CEL28 (Figure 3.10A). This drop in ΔΨm was
independent of mitochondrial swelling and O2•- production. Mitochondrial swelling and O2•- production are
two other parameters implicated in mitochondrial dysfunction as measured by using MitoTracker Green
and MitoSOX respectively (Figure 3.10B & Figure 3.10C). MitoTracker Green accumulates proportionally
in the matrix of mitochondria and the CEL modified peptides do not cause a change in mitochondrial volume
(and hence swelling), unlike the unglycated Aβ1-42 (Figure 3.10B). Similarly, MitoSOX is specific to O2•produced in the mitochondria and significant change in mitochondrial O2•- production was observed when
treated with the CEL modified peptides. However, the unglycated Aβ1-42 caused a significant increase in
mitochondrial O2•- production (Figure 3.10C).
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Figure 3.10 Double CEL modifications at Lys16 and Lys28 depolarised ΔΨm independent of
mitochondrial swelling and mitochondrial O2•- production.
All peptides were synthesised in-house. All experiments performed by flow cytometry after 24 hours of 10
µM peptide treatment in RA-differentiated SH-SY5Y human neuroblastoma cells.
(A) Aβ-CEL16&28 had a decrease in cell population of polarised ΔΨm. ΔΨm was assessed by JC-10.
Results are presented as mean ± SEM (N = 3 biological replicates).
(B) Treatment with unglycated Aβ1-42 increased mitochondrial swelling relative to Aβ-CEL16 and the
vehicle. This AB1-42 induced mitochondrial swelling is marginally different to Aβ-CEL28 (p = 0.07) and AβCEL16&28 (p = 0.06). Mitochondrial volume was assessed by MitoTracker Green. Results are presented
as mean ± SEM (N = 4 biological replicates) with representative flow cytometry plots in the corresponding
histogram (right). A shift of the histogram towards the right indicates an increase in MitoTracker Green
within the cell.
(C) Treatment with unglycated Aβ1-42 has increased mitochondrial O2•- production relative to all peptides
and the vehicle. Mitochondrial O2•- production assessed by MitoSOX. Results presented as mean ± SEM
(N = 3-4 biological replicates).
* p < 0.05; ** p < 0.01. P-values were calculated in a One-way ANOVA using a completely randomized
block design blocked by different experiments.
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CEL modification at Lys16 increases mitochondrial respiration
at complex II and maximum respiration
Mitochondrial respiration is important in helping cells meet their bioenergetic demand and maintaining
overall cell health. Aβ1-42 is known to affect the mitochondrial respiration (Caspersen et al., 2005) and it
was questioned whether CEL modified peptides had an effect to the same extent. High-resolution
respirometry was used to measure mitochondrial respiration in permeabilised cells treated with 10 µM
peptide for 24 hours. Mitochondrial respiration substrates were titrated that support the electron transport
system (ETS). Oxygen consumption was also corrected for mitochondrial volume. See Figure 3.11 for
oxygen consumption relative to cell count.
Our results indicate that unglycated Aβ1-42 lowers mitochondrial respiration across all respiration states,
but is only statistically significant at CI OXPHOS and CI+CII under uncoupled respiration (Figure 3.12). AβCEL16 increases mitochondrial respiration at CII and CI+CII under OXPHOS and CI+CII under uncoupled
respiration. Aβ-CEL28 does not show any significant difference in mitochondrial respiration relative to the
vehicle but has similar respiration rates to unglycated Aβ1-42. Aβ-CEL16&28 showed no difference in
respiration relative to the vehicle control. Overall, CEL modifications at Lys16 of Aβ1-42 increases
respiration at CII, which is different to the decrease in respiration caused by unglycated Aβ1-42.
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Figure 3.11 Mitochondrial O2 consumption from RA-differentiated SH-SY5Y cells treated with 10
µM peptide for 24 hours.
All peptides were synthesised in-house. Mitochondrial O2 consumption from cells treated with 10 µM
peptide for 24 hours. Results presented as mean ± SEM (N = 5 biological replicates); CIV (N = 4 biological
replicates).
* p < 0.05; ** p < 0.01; relative to vehicle. P-value calculated using Bonferroni’s post hoc test in a One-way
ANOVA from randomized complete block design
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Figure 3.12 CEL modification at Lys16 increases mitochondrial respiration at complex II and
increases maximum respiration.
All peptides were synthesised in-house. All experiments performed by oximetry after 24 hours of 10 µM
peptide treatment in RA-differentiated SH-SY5Y human neuroblastoma cells.
Aβ-CEL16 increases mitochondrial respiration at CII and CI+CII under oxidative phosphorylation
(OXPHOS) and CI+CII under uncoupled (maximum) respiration. Aβ1-42 decreases mitochondrial
respiration at CI under OXPHOS and CI+CII under uncoupled respiration. Shown here is oxygen
consumption from intact cells (endogenous) and mitochondria of permeabilised cells at different states of
respiration. The two main states of respiration are coupled respiration (OXPHOS) and uncoupled
(maximum) respiration. Results are presented as mean ± SEM (N = 5 biological replicates); CIV (N = 4
biological replicates). * p < 0.05 relative to vehicle. P-value calculated using Bonferroni’s post hoc test in a
One-way ANOVA from randomized complete block design.
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Discussion
Post-translational modifications of Aβ1-42, particularly AGEs, remains under-studied despite evidence
suggesting a connection to and exacerbation of AD pathogenesis (Castellani et al., 2001; Valente et al.,
2010). In this chapter, two commercial sources and one in-house synthesis of Aβ1-42 was used to optimise
the ThT and CD assays for biophysical characterization. Then, the CEL-modified Aβ1-42 were biophysically
characterised for peptide behaviour and investigated for their effects on neuronal and mitochondrial
function.

Synthetic Aβ1-42 from different sources can have different
biophysical properties and in vitro toxicities
Two commercial sources of synthetic human Aβ1-42, from GenicBio and Bachem, were used to optimise
the biophysical characterisation assays and to serve as benchmarks for the in-house synthesised Aβ1-42.
It is evident from the RP-HPLC and LC-MS analysis that GenicBio Aβ1-42 had a low peptide purity and
composition. The proprietary method of the synthesis of these commercial peptides make it difficult to
examine the different buffers, peptide-linker tags and purification columns used when synthesising Aβ1-42,
which is known to affect peptide behaviour (Hossain et al., 2009; Kok et al., 2013; Vanhoenacker & Sandra,
2008). Therefore, further internal quality checks by RP-HPLC and LC-MS, and in vitro experiments to
validate these peptides were necessary.
Furthermore, the results from the TEM indicates abnormal peptide morphologies for GenicBio Aβ1-42
relative to Bachem Aβ1-42 and in-house synthesised Aβ1-42. Given the impurities in GenicBio Aβ1-42, the
enlarged spherical aggregates (>35 nm in diameter) in the oligomeric prep and the darkly stained patches
could be the said impurities. Such impurities can include the oxidation of the methionine residue (Met35) of
Aβ1-42 (Gu & Viles, 2016). Gu and colleagues (2016) demonstrate that oxidation of Met35 detrimentally
affects Aβ1-42 fibril morphology by TEM and also increases the lag-time in the ThT assay suggesting an
important role of reduced Met35 for peptide aggregation. Indeed, Met35 interacts with Ala42 on a single
Aβ1-42 monomer to form β-strand conformations that enable fibril stacking and formation (M. Ahmed et al.,
2010). Moreover, a lack of neurotoxicity was observed for GenicBio Aβ1-42 as compared to Bachem Aβ142, and this could be due to the oxidation of Met35, which has been shown to be important for neurotoxicity
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and oxidative stress (Butterfield & Kanski, 2002). Notwithstanding this Met35 oxidation, there could be
truncated versions of the Aβ1-42 in GenicBio Aβ1-42, which can contribute to the many non-Aβ1-42 derived
ionised fragments seen with the LC-MS trace.
Testing of the diluent (0.33 mM NaOH / 1 × DPBS) at multiple dilutions (1/29 up to 1/8) was necessary to
control for the effect of the diluent on RA-differentiated SH-SY5Y’s MTT reduction capacity. Each source
of the peptide required different dilutions to reach a final peptide concentration of 10 µM because of the
final soluble amount of peptide. Despite being in 0.05 mg aliquots and reconstituted in 155 µL 0.33 mM
NaOH / 1 × DPBS, GenicBio Aβ1-42 and Bachem Aβ1-42 had a higher peptide concentration, which
required a smaller dilution factor to reach a final peptide concentration of 10 µM. The in-house synthesised
Aβ1-42 had a low peptide concentration, which required a larger dilution factor to reach a final peptide
concentration of 10 µM. It could be possible that the in-house synthesised Aβ1-42 aggregates at a much
faster rate after reconstitution which results in a low amount of soluble Aβ1-42. Moreover, the results of the
ThT kinetic profiles show that in-house synthesised Aβ1-42 had a faster time of aggregation compared to
the Bachem Aβ1-42, which supports the idea that in-house Aβ1-42 has less soluble Aβ1-42 upon
reconstitution and this results in the higher dilution factor required. Despite this, 0.33 mM NaOH / 1 × DPBS
did not affect MTT reduction in RA-differentiated SH-SY5Y up to a 1/8 dilution.

CEL modifications on Lys16&28 affects peptide morphology
From our TEM micrographs it is evident that Aβ-CEL16&28 underwent the most profound change in peptide
morphology with the presence of many oligomers and protofibrils after 5 days in a fibril promoting solution.
Likewise, the 2.7 fold decrease in free energy required to dissociate Aβ-CEL16&28 supports the idea that
CEL modifications at Lys16 and Lys28 destabilise the fibril structure. A secondary nucleation mechanism
is proposed for Aβ-CEL16&28 aggregation based on the mathematical model for Aβ1-42 peptide assembly
by Meisl and colleagues (Meisl et al., 2017). Briefly, the secondary nucleation mechanism involves the
formation of new fibrils on the surface of previously formed fibrils in a positive feedback loop. This positive
feedback loop increases fibril numbers, and therefore, Aβ-CEL16&28 may generate new fibrils that may
not sustain fibril elongation. This likely explains the greater number of protofibrils observed in AβCEL16&28.
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Next, it was investigated how CEL modifications at Lys16 and Lys28 mediate changes in peptide behaviour.
CEL has a negative charge, which creates a net-neutral charge on the positively charged Lys residue.
Therefore, this net-neutral charge at Lys16 may affect the adjacent hydrophobic region of Aβ1-42 (Leu17
to Ala21), which is important for fibril folding (M. Ahmed et al., 2010; Fica-Contreras et al., 2017).
Notwithstanding this, it is postulated that having a CEL modification at Lys28 could have an effect on the
salt bridge with Asp23. This salt bridge forms a hairpin turn and is required for β-sheet stacking that
facilitates Aβ1-42 fibril formation (M. Ahmed et al., 2010). Therefore, having both CEL modifications at
Lys16 and Lys28 appears to have a synergistic effect that destabilises Aβ1-42 fibrils. However, taken
individually, neither Aβ-CEL16 nor Aβ-CEL28 had a significant impact on fibril formation, despite evidence
suggesting differences in Aβ1-42 fibril formation when Lys16 and Lys28 are replaced with alanine (Sinha
et al., 2012).

CEL modifications on Lys16&28 are not neurotoxic
Because the oligomeric species of Aβ1-42 are the most neurotoxic (Dahlgren et al., 2002), it is hypothesized
that the propensity for Aβ-CEL16&28 to remain oligomeric and protofibrillar would exert the same effect of
neurotoxicity on RA-differentiated SH-SY5Y human neuroblastoma cells. Neurotoxicity is, however, a broad
term for the outcome of different mechanisms of neuronal dysfunction, which include mitochondrial and
non-mitochondrial pathways. Treatment with Aβ-CEL16&28 resulted in a depolarisation of ΔΨm
independent of a change in neurotoxicity, mitochondrial respiration, O2•- production or mitochondrial
swelling. A depolarisation of ΔΨm is implicated in the initiation of the selective degradation of dysfunctional
mitochondria, also known as mitophagy (Twig, Hyde, & Shirihai, 2008). Therefore, it is suspected that the
depolarisation of ΔΨm by Aβ-CEL16&28 is a compensatory mechanism, rather than a mediator of
dysfunction, and this ‘tags’ aberrant mitochondria for degradation in order to maintain a healthy pool of
mitochondria and sustain neuronal function. It is understood that a depolarisation of ΔΨm is required for
the induction of mitophagy in neurons (Kerr et al., 2017).
In comparison, single CEL modified Aβ1-42 are as neurotoxic as unglycated Aβ1-42. However, there was
no evidence of cellular necrosis measured through a compromised plasma membrane (i.e. LDH assay and
caspase3/7 activity in the cell culture supernatant). Indeed, measures of caspase 3/7 activity in cell lysates
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would highlight the extent of cellular apoptosis, if any.The neurotoxic effect of unglycated Aβ1-42 is likely
attributed to mitochondrial dysfunction. Treatment with unglycated Aβ1-42 caused a 2.2 fold increase in
O2•- production and a 1.6 fold increase in mitochondrial volume (swelling). Conversely, an increase in
mitochondrial number may have also occurred upon treatment with unglycated Aβ1-42, which would affect
basal O2•- production. Indeed, the swelling of mitochondria was also observed when neuronal synaptic
vesicles were incubated with Aβ (Mungarro‐Menchaca, Ferrera, Morán, & Arias, 2002). Moreover, our
observation that Aβ1-42 causes mitochondrial dysfunction corroborates with findings from Caspersen and
colleagues (2005), who showed that Aβ accumulates in the mitochondria at complex III and complex IV,
and reduces oxygen consumption. Hence, the increase in mitochondrial volume may be a likely scenario,
rather than the increase in mitochondrial number, which contributes to the MTG signal. Unlike Aβ1-42, AβCEL16 and Aβ-CEL28 did not elicit a change in mitochondrial function despite being neurotoxic. Therefore,
it is postulated that Aβ-CEL16 and Aβ-CEL28 may mediate their neurotoxicity through non-mitochondrial
pathways such as the receptor for AGE (RAGE)/ glycogen synthase kinase-3 pathway (Li et al., 2013).

CEL modifications on Lys16 increase respiration at complex II
Surprisingly, there was an increase in respiration primarily at CII of the ETS (after accounting for
mitochondrial swelling) when RA-differentiated SH-SY5Y were treated with Aβ-CEL16. Bubber and
colleagues showed that increased CII activity in AD brains relative to age-matched controls was a potential
result of an alternate route of energy metabolism (Bubber et al., 2005). Therefore, it is possible that AβCEL16 elicits this energetic response by increasing the number of CII subunits, which favours non-glycolytic
energy production (Bubber et al., 2005). Moreover, it may be easier to mediate this switch in energy
metabolism by upregulating CII transcription and translation because CII is comprised of only 4 nuclear
encoded subunits. While mitochondrial O2•- production can affect mtDNA-encoded subunits of other
complexes, no increase in in O2•- production was observed with either CEL modifications. This excludes
any involvement of mtDNA damage by CEL modified Aβ1-42. Given this evidence, it is postulated AβCEL16 may have a specific effect on CII nuclear transcription, mRNA translation or mitochondrial import
as a compensatory mechanism. This may increase the number of CII subunits in the mitochondria and the
dependence on succinate as an energy source when treated with Aβ-CEL16.
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Summary and Conclusion
This chapter has provided insight into the effect of CEL modifications on Aβ1-42 in terms of peptide
behaviour and neuronal function. Moreover, synthetic Aβ1-42 from different commercial sources can have
varying peptide behaviour and in vitro effects. In fact, the double CEL glycation of Aβ1-42 had detrimental
effects on the peptide’s ability to form fibrils. Moreover, having the double CEL modification at Lys16&28 of
Aβ1-42 causes RA-differentiated SH-SY5Y to upregulate mitophagy through ΔΨm depolarisation to protect
neuronal function, and a single CEL modification at Lys16, which may affect some aspect of gene
transcription, translation and trafficking of CII. Both Aβ-CEL16 and Aβ-CEL28 are as neurotoxic as
unglycated Aβ1-42, however the single CEL modified peptides may also act through non-mitochondrial
pathways to assert neurotoxicity. A possible non-mitochondrial pathway could progress via the RAGE
pathway, however, further studies are needed to confirm this. Future research in this area needs to address
the role of glycation of Aβ1-42 on mitophagy, the localisation and uptake of CEL modified peptides, and
how these CEL modifications affect gene expression. These could highlight therapeutic targets against CEL
glycated Aβ1-42 in order to slow and potentially prevent the pathogenesis of AD. A summary of this chapter
is displayed in Figure 3.13.
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Figure 3.13 Biophysical characterization and mitochondrial function affected by unglycated
Aβ1-42 and CEL-glycated Aβ1-42.
Aβ-CEL16&28 remains in a protofibrillar and oligomeric state relative to Aβ-CEL16, Aβ-CEL28, and Aβ142 due to the synergistic destabilising effect of CEL on Lys16 and Lys28. Single CEL glycated Aβ1-42 had
neurotoxic effects independent of a change on mitochondrial function in RA-differentiated SH-SY5Y relative
to unglycated Aβ1-42. Aβ-CEL16&28 was not neurotoxic in RA-differentiated SH-SY5Y potentially through
a decrease in ΔΨm, which is indicative of the selective process of degrading compromised mitochondria
(mitophagy).
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4.1 Introduction

Introduction
This thesis has established RA-differentiated SH-SY5Y as an appropriate in vitro model for investigating
therapeutics to improve mitochondrial function in the diseased and ageing brain (Chapter 2). Moreover, the
characterisation of a glycated variant of Aβ1-42 on mitochondrial function revealed a distinct pathway of
neurotoxicity independent of mitochondrial dysfunction, as well as highlighting the potential role mitophagy
has on circumventing neurotoxicity (Chapter 3). Indeed, mitophagy is an important aspect of neuronal
health through the selective degradation of dysfunctional mitochondria (Martinez-Vicente, 2017). Impaired
mitophagy has been implicated in several neurodegenerative diseases like AD and PD, as well as being a
natural process of ageing (Fivenson et al., 2017). Given the importance of mitophagy, pharmacological
modulators of mitophagy as treatment options against mitochondrial dysfunction are being investigated
(Andreux, Houtkooper, & Auwerx, 2013; Kanabus, Heales, & Rahman, 2014). Recently, a human gutmetabolite of ellagic acid, urolithin A (UA), has been shown to stimulate mitophagy in a muscle C2C12
muscle cell line, extend the lifespan in Caenorhabditis elegans, and improve muscle function in mice (Ryu
et al., 2016). Moreover, oral consumption of UA did not have any adverse effects in healthy volunteers in
Phase I clinical trials (NCT02655393) (Singh et al., 2018). Notwithstanding the studies involving muscle
function (Ryu et al., 2016) and colorectal cancers (W. Zhao et al., 2017), the use of UA with the scope of
improving mitochondrial function in the diseased and ageing brain has not been extensively explored.
Therefore, this chapter investigates the use of UA, at physiological human plasma concentrations, on
mitochondrial function in the previously characterised RA-differentiated SH-SY5Y cell line. Following this,
the effects of UA on attenuating mitochondrial dysfunction induced by AD and PD stressors will
contextualise the therapeutic use of UA against neurodegenerative diseases.

Why plant-derived phytochemicals?
From a co-evolutionary perspective, the consumption of plants by animals lead to reciprocal adaptations
(Murugaiyah & Mattson, 2015). Such reciprocal adaptations produced an ‘armamentarium’ of bioactive
defence chemicals in the plant and detoxifying mechanisms in animal cells (Murugaiyah & Mattson, 2015).
The potential of plant phytochemicals to exert their pleiotropic effects may occur directly with the brain
through BBB delivery or indirect interaction through highly conserved signalling pathways like Nrf2, SIRT
and AMPK (M. P Mattson, 2000; Murugaiyah & Mattson, 2015). These conserved signalling pathways are
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implicated in mitochondrial function (Dinkova-Kostova & Abramov, 2015, p. 2; Herzig & Shaw, 2018), and
there is evidence that suggests the possibility of a direct interaction of certain plant phytochemicals with
components of the mitochondria (Gledhill, Montgomery, Leslie, & Walker, 2007). As an example,
resveratrol, a plant phytochemical, has been shown to directly bind and interact with the mitochondrial γsubunit of ATP synthase (Gledhill et al., 2007). Moreover, plant-derived phytochemicals can provide a
template for further chemical modifications that produce stable and bioavailable drugs (Fabricant &
Farnsworth, 2001). An example of such chemical improvements of a plant phytochemical’s structure is the
synthesis of metformin, the most widely used drug for the treatment of Type 2 diabetes, from the chemical
structure of gelgine, a compound isolated from the plant Galega officinalis L (Fabricant & Farnsworth, 2001).
Additionally, the gut-microbiome is important in the production of plant-derived metabolites that attenuate
the pathogenesis of several diseases (Jia, Li, Zhao, & Nicholson, 2008; Wakabayashi, Hasegawa, Murata,
& Saiki, 1997). The interactions between the gut-microbiome and the brain have also been implicated as
an important factor in the pharmacokinetics of several neurological drugs (Swanson, 2015).
Notwithstanding this, the connection between the gut-microbiome and the mitochondria is suggested as an
important source of targeted therapeutics (Franco-Obregón & Gilbert, 2017).Therefore, plant-derived
phytochemicals and the catabolism of such phytochemicals by the gut-microbiome may provide a wide
array of compounds for the treatment and improvement of mitochondrial function in the diseased and ageing
brain.

Urolithin A metabolism and bioavailability
As discussed above, Ryu and colleagues provide evidence for the therapeutic use of UA against muscle
weakness in several models through the upregulation of mitophagy (Ryu et al., 2016). This has led to
successful Phase I clinical trials in healthy individuals (Singh et al., 2018). Moreover, UA has been shown
to be effective against several types of cancers (Zhang et al., 2016; W. Zhao et al., 2017). Another gutmetabolite of ellagic acid, urolithin B (UB), improves protein synthesis in C2C12 myotubes (Rodriguez et
al., 2017). As such, the following sections highlight the metabolism and the expected bioavailable plasma
concentrations of UA. This guides the concentration range used for the in vitro experiments.
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Urolithin A metabolism: The three phases
The parental compound of UA, ellagic acid, is commonly found in fruits like pomegrenates (Seeram et al.,
2006). Ellagic acid undergoes gut-microbiota metabolism to produce several forms of urolithin including UA
and UB (Tomás-Barberán, García-Villalba, González-Sarrías, Selma, & Espín, 2014). Upon gut-microbiota
metabolism, UA and UB enter the systemic blood circulation and are either oxidised or reduced in the liver
through enzymes such as cytochrome P450 and monoamine oxidase, which is a process known as Phase
I metabolism (Guengerich, 2001). Following Phase I metabolism, Phase II metabolism occurs
predominantly in the liver whereby the hydroxyl groups of UA and UB are methylated, sulphated or
glucuronidated (Tomás-Barberán et al., 2014; Yuan et al., 2016). Phase II metabolism and conjugation also
serves to extend the half-life of compounds, which enables the compounds to persist in the systemic
circulation (Jeong, Liu, Jia, Chen, & Hu, 2005). Moreover, this Phase II conjugation ‘tags’ the compound to
be effectively removed by efflux transporters (C. Xu, Li, & Kong, 2005), or in some cases, allows the
conjugated compound to be imported into the cell via the ATP-binding cassette (ABC) transporter or solute
carriers (SLC) (Nigam, 2015). This last step of drug metabolism involving the import and export of
conjugated compounds is known as Phase III transport (C. Xu et al., 2005). In silico predictions have also
shown that the methylated version of UA is more likely to penetrate the BBB and cross plasma membranes
(Yuan et al., 2016). Deconjugation of compounds, as is the case for quercetin, may be a necessary step
for compounds to fully exert their effects (Perez-Vizcaino, Duarte, & Santos-Buelga, 2012). As such,
deconjugation primarily occurs extracellularly, while there is a limited amount of intracellular deconjugation
(Perez-Vizcaino et al., 2012). It is still unknown whether neurons have a capability for intracellular
deconjugation. Therefore, the drug metabolism process is beneficial for the effective transport of
compounds such as UA and UB to the brain, along with the methylated conjugates, which are able to cross
the BBB to exert their effects on neuronal mitochondrial function.

Urolithin A bioavailability in human plasma
After an ellagic acid-rich supplementation, UA and Phase II conjugates of UA, such as glucoronic-UA, IsoUA, sulphated-UA, glucoronic sulphated-UA and Iso glucuronic-UA, have plasma concentrations ranging
from 3 nM to 35 µM (median = 0.1 µM; 25% percentile = 0.015 µM; 75% percentile = 0.39 µM), which
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persists in the plasma for up to 24 h (González-Sarrías et al., 2015; Tomás-Barberán et al., 2014, 2017). It
is important to note that plasma concentrations of unconjugated UA are lower than conjugated forms of UA
as a result of Phase II metabolism. Hence, it is likely that the final UA concentrations in the extracellular
space may be considerably higher upon deconjugation of UA when delivered to organs such as the brain.
Notwithstanding UA, UB has a similar pharmacokinetic profile with plasma concentrations ranging from 3
nM to 7.3 µM (median = 0.05 µM; 25% percentile = 0.0145 µM; 75% percentile = 0.2 µM), which also persist
in the plasma for up to 24 h (González-Sarrías et al., 2015; Tomás-Barberán et al., 2014, 2017).
The wide range of observed UA plasma concentrations can be attributed to the differences in the gutmicrobiomes among human populations (Tomás-Barberán et al., 2014). Such differences in the metabolism
of ellagic acid to UA can be stratified into three categories: high metabolisers (Phenotype A), medium
metabolisers (Phenotype B), and low metabolisers (Phenotype 0) (Tomás-Barberán et al., 2014). The ability
to metabolise UA does not appear to be affected by age, gender, BMI and geographic location (TomásBarberán et al., 2014). Instead, the role of genetic variants in Phase I and Phase II metabolic enzymes and
Phase III transporters may be involved in the interindividual variability (Kozyra, Ingelman-Sundberg, &
Lauschke, 2017). Therefore, future investigations into the administration and delivery of UA as a therapeutic
need to account for differences in gut-microbial communities as well as genetic variants of enzymes
involved during drug metabolism.

Urolithin A bioavailability in mice and rats
Human plasma concentrations of UA are not indicative of the concentrations of UA exposed to the brain
due to the BBB selectivity. As such, rats and mice provide some insight into the expected concentrations
of UA in the brain. Following feeding of a standard chow diet containing 0.3 mg of UA to mice, the highest
plasma concentration of unconjugated UA occurred at 0.35 µM and the concentrations of glucoronic-UA
was ~10 fold lower at 0.025 µM (Seeram et al., 2007, p. 2017; Tomás-Barberán et al., 2017). Interestingly,
only the methylated conjugate of UA was found in the brain of mice at 8 ng/g (~0.77 µM UA assuming the
brain is 75% water) (Seeram et al., 2007). Indeed, methylated forms of UA have been predicted to cross
the BBB and plasma membrane more readily compared to unconjugated forms of UA (Yuan et al., 2016).
Intravenous administration of UA to rats revealed a higher concentration of unconjugated UA in the brain
(~2.22 µM UA assuming the brain is 75% water) compared to unconjugated UA in the plasma (Gasperotti
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et al., 2015). While the plasma concentrations of UA in mice are similar to that found in humans, there is a
considerable amount of UA in the brain regardless of method of administration (i.e. enriched chow or
intravenous injection), which suggests that there is a selective accumulation of UA in the rodent brain
(Gasperotti et al., 2015; Seeram et al., 2007). Therefore, given the evidence for rodents, the UA
concentrations may also be in the low µM range in the brains of humans.

Urolithin A on cellular and mitochondrial function
While the effect of UA on neuronal mitochondrial function has received little attention to date, clues of UA’s
effects can be derived from other models. Pre-treatment of 10 µM UA for 24 h, administered through
intraperitoneal injection, attenuated signs of apoptosis through the Bcl-2/Bax ratio and lowered caspase 3
release induced through hypoxia/reoxygenation injury in C57BL/6 mice muscle (Tang et al., 2017).
Moreover, this attenuation of caspase 3 release upon H2O2-induced oxidative stress was also observed
when SH-SY5Y were pre-treated with 10 µM of UA (González-Sarrías, Núñez-Sánchez, Tomás-Barberán,
& Espín, 2017). These results demonstrate the indirect effect of UA on mitochondrial function by inhibiting
caspase 3 release, which is an initiator of cellular apoptosis. UA and UB (up to 30 µM) attenuated nitric
oxide levels and decreased mRNA expression levels of pro-inflammatory genes in LPS-treated microglia
through the inhibition of the NF-κB, MAPKs (p38 and Erk1/2), and the Akt signaling pathway (J. Xu et al.,
2018). Pre-treatment of microglia with UA up to 10 µM attenuated LPS-induced inflammatory responses
and SH-SY5Y viability when the conditioned medium from the microglia was transferred to SH-SY5Y
(DaSilva et al., 2017).
Although beyond the UA concentrations found in human plasma, treatment with 40 µM methylated UA
upregulates the micro RNA miR-21, which causes caspase-dependent and mitochondria-mediated cellular
apoptosis in DU145 human prostate cancer cells (Zhou, Wang, Zheng, & Qiu, 2016). Furthermore, 40 µM
of UA and UB inhibit cell proliferation in MCF-7 human breast cancer (Larrosa, González-Sarrías, GarcíaConesa, Tomás-Barberán, & Espín, 2006). Thus, it is evident that the effect of UA is concentration
dependent. Low UA concentrations (10 µM) attenuated mitochondrial-associated pathways of cellular
apoptosis and high concentrations (40 µM) acted as an anti-proliferative agent against cancer. However,
the effect of UA on neuronal mitochondrial function remains to be fully investigated and will be addressed
in this chapter.
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Hypothesis and aims
Despite the plethora of literature detailing the therapeutic use of UA on muscle function and
gastroenterologic pathology, there is relatively little scholarship of the use of UA on mitochondrial function
in neurological settings. This is important to assess because of the relationship between the gut-microbiome
and the brain, with UA being a gut-metabolite and is able to cross the BBB.
Herein, the hypothesis is that UA treatment may affect mitochondrial function in RA-differentiated SH-SY5Y,
which may attenuate of AD- and PD-mediated pathways of mitochondrial dysfunction using mimetics such
as Aβ1-42 and rotenone respectively. In addition, it is hypothesised that UA will induce mitophagy in RAdifferentiated SH-SY5Y based on the evidence of an upregulation of mitophagy in myoblasts. The research
in this chapter aims to test physiological UA concentrations, based on human plasma levels, and
characterise changes, if any, at the mitochondrial level.
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Materials and Methods
Materials
Rotenone

Cat# R8875 (Sigma-Aldrich, USA) reconstituted in DMSO.

Trolox

Cat# 238813 (Sigma-Aldrich, USA) reconstituted in
DMSO.

Resveratrol

Cat# R5010 (Sigma-Aldrich, USA) reconstituted in DMSO.

Urolithin A
Urolithin B

Cat# U847000 (Toronto Research Chemicals, Canada)
reconstituted in DMSO
Cat# U847005 (Toronto Research Chemicals, Canada)
reconstituted in DMSO

SH-SY5Y Cell Culture and Mitochondrial Assays
The methods and materials for SH-SY5Y cell culture and the mitochondrial assays are outlined in Chapter
2.

Treatment conditions and stressor
All treatments were done on day 4 of RA-differentiation and the DMSO concentration did not exceed 0.5%
(v/v). Fresh differentiation medium supplemented with 10 µM RA along with the diluted compounds were
added on day 4 for the indicated amount of time. All pre-treatments were done prior to the treatment with
stressor (either rotenone or Aβ1-42). When treating with the stressor, fresh differentiation medium
supplemented with 10 µM RA was used after aspiration of the treatment compounds.
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Citrate synthase activity
1.23 mM Acetyl CoA (trilithium salt)
2.52 mM DTNB (5,5'-Disthiobis(2bitrobenzoic acid)
Master Mix

Cat# A2181 (Sigma-Aldrich, USA) reconstituted in 50 mM
Tris-HCl, pH 8.0.
Cat# D8130 (Sigma-Aldrich, USA) reconstituted in 50 mM
Tris-HCl, pH 8.0.
0.1 mM Acetyl CoA, 0.2 mM DTNB. Diluted in 50 mM
Tris-HCl, pH 8.0

5 mM oxaloacetate

Cat# O4126 (Sigma-Aldrich, USA) reconstituted in H2O.

31.4 units/100 µL Citrate synthase

Cat# C3260 (Sigma-Aldrich, USA) reconstituted in H2O.

Citrate synthase activity was used as another marker for mitochondrial abundance. Briefly, cell lysates were
harvested in RIPA buffer and the protein concentration determined using the BioRad DC™ Protein Assay
(Section 2.2.2). The master mix (180 µL) was added to each well of a clear bottom 96-well plate. Then,
cell lysates (3 µl) were loaded into triplicate wells followed immediately by oxaloacetate (20 µL; freshly
made). The plate was immediately read at 412 nm with a chamber temperature of 37°C for 30 min. The
blank consisted of RIPA buffer only. After 30 min, a measurement for pathlength (cm) was taken. The
change in absorbance in the linear slope was used for calculating citrate synthase activity (nmol/min/mg
protein) as per equation (7) using the extinction coefficient for DTNB at pH 8.0 as 14.14 mM-1 cm-1. Citrate
synthase was used as a positive control (Figure 4.1).
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎 (𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛/𝑚𝑚𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) =

∆Absorbance at 412 nm / min

14.14 ×path length (cm)×𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑢𝑢𝑢𝑢)

× 1000

(7)

Figure 4.1 Citrate synthase activity using citrate synthase as a positive control.
Citrate synthase was used as a positive control to assess the sensitivity of the citrate synthase activity
assay. Higher concentrations of citrate synthase showed a faster time to reach the plateau. Data presented
as mean ± SD (N = 1 replicate; triplicate wells).
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Results
Auto-reduction of MTT by natural compounds
The MTT assay is commonly used to assess cell health and metabolic activity. However, studies have
shown that several natural compounds are able to auto-reduce MTT in a cell-free environment (Bruggisser,
von Daeniken, Jundt, Schaffner, & Tullberg-Reinert, 2002; Peng, Wang, & Ren, 2005; Shoemaker, Cohen,
& Campbell, 2004). As a proof of principal regarding these studies, several natural compounds, such as
trolox and resveratrol, were investigated as a positive control for mitochondrial function (Distelmaier et al.,
2009; T.-K. Lin et al., 2014), as well as rotenone, a compound known to induce mitohormesis (Yuyun et al.,
2012). Moreover, two gut-derived metabolites from ellagic acid, UA and UB, were recently found to improve
mitochondrial function and muscle function in vitro and in vivo (Rodriguez et al., 2017; Ryu et al., 2016).
The results showed that trolox, resveratrol and rotenone reduced the MTT dye in a cell-free environment
(Figure 4.2). Trolox caused a noticable increase in MTT signal in a cell-free environment from 75 µM (~0.1
a.u. at 570 nm) and a considerable amount of MTT was reduced at 300 µM (~0.4 a.u. at 570 nm) as seen
in Figure 4.2A. Similarly, resveratrol caused a noticable increase in MTT reduction in a cell-free
environment from 2.5 µM, although 80 µM resveratrol had the highest contribution to the MTT signal (~0.1
a.u. at 570 nm) (Figure 4.2B). Rotenone increased MTT reduction in a cell-free environment from 6.25 µM,
although 100 µM rotenone had the highest contribution to the MTT signal (~0.03 at 570 nm) (Figure 4.2C).
Neither trolox, resveratrol or rotenone alone, nor the matched concentration of DMSO+MTT, had any effect
on MTT signal at 570 nm (Figure 4.2A-C). Conversely, up to 80 µM of UA and UB showed no change in
MTT signal relative to the blank and DMSO+MTT control (Figure 4.2D & E).
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Figure 4.2 Natural compounds cause MTT reduction independent of viable cells.
Testing of the intereference between natural compounds auto-reducing MTT was included as a control
because of published reports (Peng et al., 2005; Shoemaker et al., 2004). The compounds were incubated
with or without MTT, as well as a DMSO+MTT control. Then, 15 µL of MTT solution (5 mg/mL) was added
to each well containing the natural compounds (150 µL) diluted in 1% FBS DMEM/F12, and incubated for
4 hours at 37°C. MTT absorbance was quantified at 540 nm with background correction at 720 nm (see
Section 2.2.4)
(A-C) Trolox, resveratrol and rotenone autoreduces MTT above 75 µM, 2.5 µM and 6.25 µM
respectively. Results are presented as mean ± SD (N = 1; triplicate wells)
(D & B) UA and UB does not autoreduce MTT. Results are presented as mean ± SD (N = 1; triplicate
wells)
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Urolithin A dose- and time-depedently enhances MTT reduction
The LDH release assay is commonly used as a necrosis marker when the cell plasma membrane is
compromised. Thus, UA was tested on Day 4 RA-differentiated SH-SY5Y at concentrations between 0.2
µM and 25 µM, which were based on bioavailability studies in human plasma samples (Tomás-Barberán
et al., 2017). The time points used were between 6 h to 48 h of UA-treatment.
There was no effect on MTT reduction nor LDH release at 0.2 µM of UA treatment between 6 h and 48 h
hours (Figure 4.3A). However, a significant enhancement of MTT reduction of 0.5 µM UA treatment relative
to the vehicle was observed at 6 h (p < 0.05) and 12 h (p < 0.05) while LDH release remained unchanged
(Figure 4.3B).
Similarly, 1 µM of UA enhanced MTT reduction at 6 h and 12 h with no change in LDH release. While the
enhancement of MTT reduction by 1 µM of UA at 24 h was nearly significant (p = 0.057), there was a
significant decrease (p < 0.05) in LDH release at this UA concentration (Figure 4.3C). This effect of
enhancement of MTT reduction was lost at 48 h for 0.5 µM and 1 µM UA treatment.
Higher doses of UA (≥ 10 µM) also significantly enhanced MTT reduction at 6 h (10 µM and 25 µM; p <
0.05)and 12 h (25 µM; p < 0.05) with a significant decrease in LDH release at 6 h (10 µM and 25 µM; p <
0.05) (Figure 4.3D & E). Conversely, 10 µM and 25 µM of UA treatment significantly decreases MTT
reduction at 48 h ((p < 0.0001) with a significant increase in LDH release (10 µM = p < 0.05; 25 µM = p <
0.01).
These results indicate a dose- and time-dependent response to MTT reduction. To summarise, at low doses
of UA, enhancement of MTT reduction occurs between 6 h to 24 h with this effect being lost at 48 h.
Meanwhile, LDH release was lowered only at 1 µM of UA for 24 h (Figure 4.3F). In contrast, at high doses
of UA, enhancement of MTT reduction occurs between 6 h to 12 h followed by a decrease in MTT reduction
between 24 h and 48 h (Figure 4.3F).
LDH release was lowered only at 6 h for 10 µM and 25 µM of UA treatment. Moreover, 1 µM of UA treatment
also resulted in a significant decrease in LDH release at 24 h (Figure 4.3G). High doses of UA treatment
resulted in LDH release at 48 h, while low doses had a trend of going above the vehicle despite being not
statistically significant (Figure 4.3G). Thus, 1 µM at 24 h was chosen as an in vitro treatment window
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because it enhances MTT reduction (p = 0.057) and lowers LDH release. This decrease in LDH release
was not observed at low UA concentrations. Higher doses of of UA at 25 µM at 6 h was also investigated
and is highlighted in Section 4.3.7.

Figure 4.3 UA dose- and time-dependently enhances MTT reduction and LDH release.
RA-differentiated SH-SY5Y were incubated with UA from 0.2 uM to 25 uM for 6 h to 48 h. After UA
incubation, the MTT assay and LDH assay was conducted.
(A) 0.2 uM of UA did not enhance MTT reduction with no change in LDH release over time
(B) 0.5 uM of UA significantly enhanced MTT reduction from 12 h to 24 h with no change in LDH release.
(C) 1 uM of UA significantly enhanced MTT reduction from 6 h to 12 h with a significant decrease in LDH
release at 24 h.
(D) 10 uM of UA significantly enhanced MTT reduction with a significant decrease in LDH release at 6 h
followed by a significant decrease in MTT reduction and a significant increase in LDH release at 48 h.
(E) 25 uM of UA significantly enhanced MTT reduction from 6 h to 12 h with a significant decrease in LDH
release at 6 h followed by a significant decrease in MTT reduction at 24 h and 48 h, and a significant
increase in LDH release at 48 h.
(F) Summary of dose- and time-dependent enhancement of MTT reduction with UA-treatment.
(G) Summary of dose- and time-dependent LDH release with UA-treatment.
Data normalised to vehicle within each treatment time. Results are presented as mean ± SEM (N = 4
biological replicates). *p < 0.05; **p < 0.01; ****p < 0.0001; P-values calculated using Dunnett’s post hoc
test in a One-way ANOVA. P-value comparisons were done to the vehicle within each treatment time.
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Urolithin B does not affect MTT reduction
After observing the enhancement of MTT reduction with UA treatment on RA-differentiated SH-SY5Y,
another metabolite of ellagic acid, UB, was tested on RA-differentiated SH-SY5Y at physiological human
plasma levels (Tomás-Barberán et al., 2017). There was no effect of UB on MTT reduction and LDH release
up to 25 µM between 24 h and 48 h (Figure 4.4). Therefore, the enhancement of MTT reduction observed
with UA treatment appears to indicate an important role of the additional hydroxyl functional group. This is
discussed further in Section 4.4.2.

Figure 4.4 UB does not affect MTT reduction and LDH release.
RA-differentiated SH-SY5Y were incubated with UB from 0.2 uM to 25 uM for 24 h and 48 h. After UB
treatment, the MTT assay and LDH assay was conducted.
(A-E) 0.2 uM to 25 uM of UB does affect MTT reduction and LDH release at 24 h and 48 h.
(F) Summary of MTT reduction with UB treatment.
(G) Summary of LDH release with UB treatment.
Data normalised to vehicle within each treatment time. Results are presented as mean ± SEM (N = 3
biological replicates). P-values calculated using Dunnett’s post hoc test in a One-way ANOVA. P-value
comparisons were done to the vehicle within each treatment time.
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Urolithin A increases mitochondrial branch length and
decreases the number of individual mitochondria
Following observations of enhanced MTT reduction and a decrease in LDH release upon 1 µM of UA for
24 hours, the mitochondrial network was then assessed prior to investigating the mitochondrial respiration.
This was undertaken because mitochondrial networks can influence the efficiency of respiration (Letts et
al., 2016; Schneider et al., 2011).
The skeletonized image derived of the fluorescent images show an observable difference in the network
branching and connectivity (Figure 4.5A). Upon analysis of the different mitochondrial morphological
parameters, 1 µM UA treatment for 24 h siginificantly decreased the number of individual mitochondrion (p
< 0.05) and increased the median branch length of networked mitochondria (p < 0.01) relative to the vehicle
(Figure 4.5B). Interestingly, neither mitochondrial fusion (MFN1, MFN2, & OPA1) nor fission genes (DRP1
& FIS1) had any difference in mRNA levels upon 1 µM UA treatment for 24 h relative to the vehicle (Figure
4.5C). Next, the total mitochondrial volume and abundance was assessed using MTG fluorescence and
citrate synthase activity respectively. Indeed, there were no significant changes in mitochondrial volume
and abundance upon 1 µM UA treatment for 24 h (Figure 4.5D & E). Therefore, these results indicate
subtle changes in mitochondrial network connectivity, potentially caused by mechanisms independent of
the well-known mitochondrial fusion and fission genes.
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Figure 4.5 1 µM UA treatment increases mitochondrial branch length independent of a change
in mitochondrial volume.
RA-differentiated SH-SY5Y at day 4 were treated with 1 µM for 24 h and assessed for mitochondrial network
diversification.
(A) 1 µM UA diversifies mitochondrial networks relative to Vehicle (DMSO) treatment. Representative
images (N = 3 biological replicates; 17 images Vehicle; 18 images 1 µM UA) of mitochondria from UA and
DMSO treated RA-differentiated SH-SY5Y stained with MitoTracker Green (green). The skeletonized
image, which tracks mitochondrial network, was produced in MiNa (See Materials).
(B) Quantitative analysis of different mitochondrial morphologies by MiNa. UA treatment decreases
the number of apparent individual mitochondria while increasing the median branch length. Results are
presented as mean ± SEM (N = 3 biological replicates; 17 images Vehicle; 18 images 1 µM UA). *p < 0.05;
**p < 0.01; P-values calculated using a two-tailed unpaired t-test.
(C) 1 µM UA treatment does not affect mitochondrial fusion (MFN1, MFN2 & OPA1) and
mitochondrial fission (DRP1 & FIS1) mRNA expression relative to the vehicle assessed via qPCR.
Results presented as fold change to vehicle and are presented as mean ± SEM (N = 4 biological replicates).
ACTB (β-actin) and PGK1 were used as housekeeping genes. P-values calculated using a two-tailed
unpaired t-test.
(D) 1 µM UA treatment does not affect total mitochondrial volume per cell relative to vehicle.
Mitochondrial volume was assessed by MitoTracker Green. Results are presented as mean ± SEM (N = 3
biological replicates) with representative flow cytometry plots in the corresponding histogram (right). A shift
of the histogram towards the right indicates an increase in MitoTracker Green fluorescence within the cell.
P-values calculated using a two-tailed paired t-test.
(E) 1 µM UA treatment does not affect total mitochondrial abundance relative to vehicle.
Mitochondrial abundance was assessed by citrate synthase activity assay. Results are presented as mean
± SEM (N = 3 biological replicates). P-values calculated using a two-tailed paired t-test.
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Urolithin A increases mitochondrial respiration at complex I and
complex II
Given that the efficiency of mitochondrial respiration depends on the mitochondrial networks (Letts et al.,
2016; Schneider et al., 2011), mitochondrial respiration was evaluated after observing differences in
mitochondrial networks upon 1 µM UA treatment for 24 h.
There was a significant increase (p < 0.05) in endogenous respiration of RA-differentiated SH-SY5Y treated
with 1 µM UA for 24 h relative to the vehicle (Figure 4.6A). Following the permeabilisation of the plasma
membrane, and the addition of substrates and inhibitors (see Section 2.2.6), there was a significant
increase in respiration supported by complex I (p < 0.01), complex II (p < 0.05) and complex I+II (p < 0.05)
under OXPHOS after 1 µM UA treatment for 24 h relative to the vehicle (Figure 4.6A). Similarly, in the
uncoupled respiration state, there was an increase only at complex II (p < 0.05) and complex I+II (p < 0.05)
after 1 µM UA treatment for 24 h relative to the vehicle (Figure 4.6A). There was no significant difference
in the reserve capacity after 1 µM UA treatment relative to the vehicle (Figure 4.6B).
Next, the mRNA expression levels were quantified for each complex within the ETS. The results indicated
no significant difference in mRNA expression levels for any of the five complexes within the ETS (Figure
4.6C). Despite no detectable changes in relative mRNA expression levels, changes at the protein level may
be possible because different mRNA transcripts may be rapidly degraded (depending on the length of the
poly(A) tail) once translated (Gilbert, 2000). western blot analyses of subunits from different complexes in
the ETS indicate a significant increases in complex I protein levels only (p < 0.05) with 1 µM UA treatment
for 24 h relative to the vehicle (Figure 4.6E). Thus, these results show significant changes in mitochondrial
respiration at complex I potentially due to increases in complex I subunits. However, the increase in
mitochondrial respiration at complex II may be due to the arrangement of ‘supercomplexes’ within the
cristae of mitochondria and/or changes in the coenzyme Q-pool allocation, which is discussed in Section
2.4.3.
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Figure 4.6 1 µM UA treatment increases mitochondrial respiration during oxidative
phosphorylation and uncoupled respiration.
RA-differentiated SH-SY5Y at day 4 were treated with 1 µM for 24 h and assessed for mitochondrial
respiration.
(A) 1 µM UA increased mitochondrial respiration during oxidative phosphorylation and uncoupled
respiration in a modified SUIT protocol (See Materials). The increase in respiration was observed at
complex I,II and I+II under oxidative phosphorylation (OXPHOS) and complex II and I+II under chemically
uncoupled respiration. Results are presented as mean ± SEM (N = 6 biological replicates). * p < 0.05; ** p
< 0.01; P-values calculated using a two-tailed paired t-test.
(B) 1 µM UA does not affect mitochondrial reserve capacity. The reserve capacity is the difference
between complex I+II respiration in OXPHOS and chemically uncoupled respiration states. Results are
presented as mean ± SEM (N = 6 biological replicates). P-values calculated using a two-tailed paired t-test.
(C) 1 µM UA does change the mRNA expression of mitochondrial respiratory complexes relative to
the vehicle. Results presented as fold change to the vehicle and are presented as mean ± SEM (N = 4
biological replicates). 18s (18s ribosomal RNA) and PGK1 were used as housekeeping genes for complex
I to complex IV; ACTB (β-actin) and PGK1 were used as housekeeping genes for complex V. P-values
calculated using a two-tailed paired t-test.
(D) Representative western blot (N = 4 biological replicates) showing protein abundance of each
mitochondrial respiratory complex in total cell lysate with β-actin as a loading control. All bands are from
same lanes of the same sample.
(E) 1 µM UA does not change the protein levels of mitochondrial respiratory complexes relative to
the vehicle. Densitometric analysis of western blot bands of the mitochondrial complexes normalized to
β-actin. Results presented as fold change to the vehicle and are presented as mean ± SEM (N = 4
biological replicates). P-values calculated using a two-tailed paired t-test.
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Urolithin A increased the expression of PINK1, an autophagy
associated gene, independent of ΔΨm depolarisation
UA is known to affect mitophagy in cultured myocytes and is beneficial for cell health through the
upregulated clearance of defective mitochondria (Ryu et al., 2016). Therefore, the effect of UA on
autophagy and/or mitophagy was investigated in RA-differentiated SH-SY5Y. After 1 µM of UA treatment
for 24 h, there was a trend for a decrease in CYTO-ID median fluorescence (p = 0.08). CYTO-ID is a dye
that binds to autophagy associated vesicles (Figure 4.7A & B). Next, two autophagy associated genes
were quantified for mRNA expression levels upon 1 µM UA treatment for 24 h relative to the vehicle. The
results indicated no significant change in SQSTM1 / p62 mRNA and protein abundance levels (Figure 4.7C
& D). However, there was a significant increase (p < 0.01) in PINK1 mRNA expression levels upon 1 µM
UA treatment for 24 h relative to the vehicle, despite only a ~1.2 fold change. Immunoblots against PINK1
protein did not produce any specific bands in RA-differentiated SH-SY5Y cell lysates using a monoclonal
antibody against PINK1 (Cat# 6946, Cell Signalling Technology, USA).
Under mitochondrial stress, PINK1 initiates the selective degaedation of mitochondria by translocating from
the mitochondrial matrix to the outer mitochondrial membrane upon ΔΨm depolarisation (Georgakopoulos
et al., 2017). When ΔΨm was investigated, there was no significant change in ΔΨm upon 1 µM UA
treatment for 24 h relative to the vehicle (Figure 4.7F & G), which indicates an absence of mitochondrial
stress. Hence, these results highlight the increased mRNA expression of PINK1, which may increase
cytosolic levels of PINK1 for the recruitment to the mitochondria in a ΔΨm-independent manner. This is
discussed further in Section 4.4.6.
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Figure 4.7 1 µM UA treatment increases PINK1 mRNA levels independent of a change in ΔΨm.
RA-differentiated SH-SY5Y at day 4 were treated with 1 µM for 24 h and assessed for autophagy and/or
mitophagy markers.
(A) 1 µM UA decreases the basal level of autophagy. Autophagy was assessed by CYTO-ID. Results
are presented as mean ± SEM (N = 5 biological replicates). P-values calculated using a two-tailed unpaired
t-test.
(B) Representative flow cytometry (N = 5 biological replicates) plots of 1 µM UA treated RAdifferentiated SH-SY5Y loaded with CYTO-ID dye. Cells that were treated with 2 µM ChQ are
represented with the green histogram. A shift of the histogram towards the right indicates an increase in
CYTO-ID fluorescence within the cell.
(C) 1 µM UA treatment does not affect SQSTM1 / p62 mRNA expression. ACTB (β-actin) and PGK1
were used as housekeeping genes. Results are presented as mean ± SEM (N = 4 biological replicates). Pvalues calculated using a two-tailed paired t-test.
(D) 1 µM UA treatment does not affect SQSTM1 / p62 protein abundance. Densitometric analysis of
western blot bands of SQSTM1 / p62 were normalized to β-actin. Results presented as fold change to the
vehicle and are presented as mean ± SEM (N = 4 biological replicates). P-values calculated using a twotailed paired t-test.
(E) 1 µM UA treatment increases PINK1 mRNA expression. ACTB (β-actin) and PGK1 were used as
housekeeping genes. Results are presented as mean ± SEM (N = 4 biological replicates). P-values
calculated using a two-tailed paired t-test.
(F) 1 µM UA does not affect ΔΨm. ΔΨm was assessed by JC-10. Results are presented as mean ±
SEM (N = 2 biological replicates). Results are presented as mean ± SEM (N = 4 biological replicates). Pvalues calculated using a two-tailed paired t-test.
(G) Representative flow cytometry plots (N = 2 biological replicates) of 1 µM UA and vehicle treated RAdifferentiated SH-SY5Y cells.
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High concentrations of urolithin A decreases mitochondrial
fusion associated gene expression
As shown in Section 4.3.2, high concentrations of UA (≥ 10 µM) enhanced MTT reduction at 6 h. This
enhanced MTT reduction was investigated further using mitochondrial respiration and mRNA expression
levels. Unlike the lower dose treatment of 1 µM for 24 h, the higher dose treatment of 25 µM for 6 h did not
cause any significant changes in mitochondrial respiration and reserve capacity (Figure 4.8A & B). Indeed,
there was no significant difference in mRNA expression levels for the subunits of different complexes in the
ETS upon 25 µM UA treatment for 6 h relative to the vehicle (Figure 4.8C). However, there was a decrease
in the mRNA expression levels of two mitochondrial fusion genes, MFN1 (p < 0.05) and OPA1 (p = 0.07),
while the mitochondrial fission genes remained unchanged upon 25 µM of UA for 6 h treatment relative to
the vehicle (Figure 4.8D). Moreover, there was no change in mRNA expression levels for the two
autophagy related genes SQSTM1 / p62 and PINK1 upon 25 µM of UA for 6 h treatment relative to the
vehicle (Figure 4.8E). These results indicate a dose- and time-dependent response to UA treatment of RAdifferentiated SH-SY5Y to elicit a change in mitochondrial function, namely, at a low dose of 1 µM of UA for
24 h rather than 25 µM for 6 h. As such, no further functional investigations were conducted at 25 µM of
UA for 6 h.
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Figure 4.8 25 µM UA treatment does not affect miochondrial respiration.
RA-differentiated SH-SY5Y at day 4 were treated with 25 µM for 6 h and assessed for mitochondrial
respiration and mRNA expression levels of several genes involved with mitochondrial function.
(A) 25 µM UA treatment does not affect mitochondrial respiration (See Materials). Results are
presented as mean ± SEM (N = 3 biological replicates). P-values calculated using a two-tailed paired t-test.
(B) 25 µM UA treatment does not affect mitochondrial reserve capacity. The reserve capacity is the
difference between complex I+II respiration in OXPHOS and uncoupled respiration states. Results are
presented as mean ± SEM (N = 3 biological replicates). P-values calculated using a two-tailed paired t-test.
(C) 25 µM UA treatment does change the mRNA expression of mitochondrial respiratory complexes
relative to the vehicle. Results presented as fold change to the vehicle and are presented as mean ± SEM
(N = 4 biological replicates). 18s (18s ribosomal RNA) and PGK1 were used as housekeeping genes for
complex I to complex IV; ACTB (β-actin) and PGK1 were used as housekeeping genes for complex V. Pvalues calculated using a two-tailed paired t-test.
(D) 25 µM UA treatment does decreases mRNA expression of a mitochondrial fusion gene (MFN1)
relative to the vehicle. Results presented as fold change to vehicle and are presented as mean ± SEM (N
= 4 biological replicates). ACTB (β-actin) and PGK1 were used as housekeeping genes. P-values
calculated using a two-tailed unpaired t-test.
(E) 25 µM UA treatment does not affect mRNA expression of autophagy related genes. ACTB (βactin) and PGK1 were used as housekeeping genes. Results are presented as mean ± SEM (N = 4
biological replicates). P-values calculated using a two-tailed unpaired t-test.
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Rotenone dose- and time-dependently decreases MTT reduction
The results thus far describe changes in mitochondrial networks, respiration and the potential upregulation
of autophagy and/or mitophagy that may contribute to better cell fitness. This improved cell fitness may be
beneficial in the event of mitochondrial stress. Mitochondrial stress is an important aspect of the diseased
and ageing brain, therefore, a mitochondrial stressor, rotenone, was used to induce mitochondrial
dysfunction after UA pre-treatment. Rotenone inhibits complex I in the ETS and a dysfunction at complex I
is commonly found in PD patients. As such, a suitable concentration and treatment time was investigated
to induce mitochondrial dysfunction that did not cause cellular necrosis (also known as the ‘point of no
return’).
Doses of rotenone from 0.2 µM up to 5 µM showed a slight decrease in MTT reduction with no observable
increase in LDH release at 3.5 h relative to the vehicle (Figure 4.9A – D). Moreover, at 24 h of 0.2 µM to 5
µM of rotenone treatment, there was a further decrease in MTT reduction with a further slight increase in
LDH release relative to the vehicle (Figure 4.9A – D). However, at 48 h of 0.2 µM to 5 µM of rotenone
treatment, the LDH release increased dose-dependently with 5 µM producing at least a ~2 fold increase in
LDH release relative to the vehicle (Figure 4.9A – D). At 10 µM of rotenone, there was a similar trend of a
decrease in MTT reduction from 3.5 to 48 h, however, there was a large increase in LDH release at 24 h
relative to the vehicle (Figure 4.9E). For this reason, 5 µM of rotenone treatment for 24 h was chosen as a
treatment condition for mitochondrial dysfunction that does not cause an observable increase in LDH
release and cell death. Thus, 0.2 µM to 10 µM of rotenone dose- and time-dependently decreases MTT
reduction (Figure 4.9F) and increases LDH release (Figure 4.9G) relative to the vehicle control.
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Figure 4.9 Rotenone dose- and time-dependently decreases MTT reduction and increases LDH
release.
Rotenone was used to induce mitochondrial stress at complex I as an in vitro PD model for neuronal
dysfunction. RA-differentiated SH-SY5Y at day 4 were incubated with rotenone from 0.2 uM to 10 uM for
3.5 h to 48 h. After rotenone incubation, the MTT assay and LDH assays were conducted.
(A-D) 0.2 µM up to 5 µM of rotenone decreases MTT reduction with an increase in LDH release dose- and
time-dependently.
(E) 10 µM of rotenone decreases MTT reduction to ~40% of the vehicle and followed by 2 fold increase in
LDH release at 24 h. There was close to no MTT reduction and a further increase in LDH release at 48 h
of 10 µM rotenone treatment.
(F) Summary of dose- and time-dependent decrease in MTT reduction with rotenone treatment.
(G) Summary of dose- and time-dependent increase in LDH release with rotenone treatment.
Data was normalised relative to vehicle responses within each treatment time. Results are presented as
mean ± SEM (3.5 h N = 1 biological replicate, triplicate wells; 24 h N = 3 biological replicates; 48 h N = 2
biological replicates). Statistical analyses were not undertaken because of the low biological replicates.
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Urolithin A pre-treatment does not improve cell health and
mitochondrial dysfunction upon rotenone treatment
After establishing a treatment condition for inducing mitochondrial dysfunction with rotenone, RAdifferentiated SH-SY5Y were treated with 0.2 µM up to 1 µM of UA for 24 h prior to 5 µM of rotenone
treatment for another 24 h. There was no observable change in MTT reduction with UA concentrations
between 0.2 µM up to 1 µM and rotenone treatment relative to the rotenone treatment alone (Figure 4.10A).
Notwithstanding this, RA-differentiated SH-SY5Y were also pre-treated with UB from 0.2 µM up to 25 µM
(which did not affect MTT reduction by itself) for 24 h followed by 5 µM of rotenone treatment for 24 h.
Similarly, 0.2 µM up to 25 µM of UB pre-treatment and rotenone did not elicit a change in MTT reduction
relative to the rotenone treatment alone (Figure 4.10B). While these results indicate that pre-treatment of
UA or UB did not attenuate rotenone induced mitochondrial dysfunction, more biological replicates are
needed.
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Figure 4.10 Pre-treatment of UA or UB for 24 h does not have a rescue effect on rotenoneinduced mitochondrial dysfunction.
RA-differentiated SH-SY5Y at day 4 were incubated with UA or UB for 24 h. After 24 h, the medium was
aspirated and replaced with 5 µM rotenone for another 24 h. After rotenone incubation, the MTT and LDH
assays was conducted. The DMSO concentration was kept at 0.5% (v/v) throughout the entire experiment
with 10 µM RA-supplementation. UA and UB concentrations up to 1 µM and 25 µM respectively for 24 h
did not affect MTT reduction (see Section 4.3.2).
(A) Pre-treatment of UA up to 1 µM for 24 h followed by 5 µM of rotenone for 24 h did not affect MTT
reduction relative to no UB pre-treatment and 5 µM rotenone only.
(B) Pre-treatment of UB up to 25 µM for 24 h followed by 5 µM of rotenone for 24 h did not affect MTT
reduction relative to no UB pre-treatment and 5 µM rotenone only.
Data was normalised to vehicle. Results are presented as mean ± SD (N = 1 biological replicate, triplicate
wells). Statistical analyses were not undertaken because of the low biological replicates.
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Urolithin A pre-treatment does not improve cell health and
mitochondrial dysfunction upon Aβ1-42 treatment
Instead of a complex I inhibitor, Aβ1-42 was used as a mitochondrial dysfunction inducer, which parallels
the pathophysiology of AD-associated mitochondrial dysfunction (see Chapter 3). The appropriate
condition of treatment with Aβ1-42 that induces mitochondrial dysfunction, which is reflected in the
decrease in MTT reduction, was previously established in Chapter 3, but only at 24 h. Therefore, this
treatment time at 10 µM of Aβ1-42, which is a concentration commonly used for in vitro testing of synthetic
Aβ1-42 (Domert et al., 2014; Hung, Huang, Liou, & Fu, 2009), was extended up to 48. Indeed, there was a
significant decrease in MTT reduction (p < 0.05) without an increase in LDH release upon 10 µM Aβ1-42
treatment at 24 h relative to the vehicle (Figure 4.11A). This decrease in MTT reduction at 24 h was similar
to that at 48 h (p < 0.05), and there was also no significant increase in LDH release at 48 h relative to the
vehicle (Figure 4.11A). Given the lack of difference in MTT reduction and LDH release levels at both 24 h
and 48 h of 10 µM Aβ1-42 treatment, the 24 h treatment window was used for further testing.
From this, RA-differentiated SH-SY5Y were pre-treated with 0.2 µM up to 1 µM of UA for 24 h followed by
10 µM of Aβ1-42 for 24 h. There was no observable difference in MTT reduction upon UA pre-treatment of
0.2 µM up to 1 µM and Aβ1-42 treatment relative to Aβ1-42 treatment alone (Figure 4.11B), which was
similar to what was observed with the rotenone treatment (Figure 4.11A).
Therefore, these results indicate that the mitochondrial changes caused by UA may not be sufficient to
protect the cell against several mitochondrial stressors like rotenone and Aβ1-42, which mimic pathways of
mitochondrial dysfunction as seen in PD and AD patients respectively.
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Figure 4.11 Pre-treatment of UA for 24 h does not have a rescue effect on Aβ1-42-induced
mitochondrial dysfunction.
(A) 10 µM of Aβ1-42 decreases MTT reduction independent of a change in LDH release from 24 h to
48 h. Aβ1-42 from Bachem was used to induce mitochondrial stress at complex I as an in vitro AD model
for neuronal dysfunction. RA-differentiated SH-SY5Y at day 4 were incubated with Aβ1-42 from at 10 µM
for 24 h and 48 h. After Aβ1-42 incubation, the MTT assay and LDH assay was conducted. Results are
presented as mean ± SEM (MTT N = 3 biological replicates; LDH N = 2 biological replicates). *p < 0.01; Pvalues calculated using a two-tailed paired t-test.
(B) Pre-treatment of UA up to 1 µM for 24 h followed by 10 µM of Aβ1-42 for 24 h did not affect MTT
reduction relative to no UA pre-treatment and 10 µM Aβ1-42 only. RA-differentiated SH-SY5Y at day 4
were incubated with UA for 24 h. After 24 h, the medium was aspirated and replaced with 10 µM Aβ1-42
for another 24 h. After rotenone incubation, the MTT assay and LDH assay was conducted. The DMSO
concentration was kept at 0.5% (v/v) throughout the entire experiment with 10 µM RA-supplementation. UA
concentrations up to 1 µM for 24 h did not affect MTT reduction (see Section 4.3.2). Data was normalised
to vehicle. Results are presented as mean ± SD (N = 1 biological replicate, triplicate wells). Statistical
analyses were not undertaken because of the low biological replicates.
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Discussion
A caution when screening natural compounds with MTT
As mentioned earlier, the MTT assay measures cell health and metabolic activity. While the reduction of
the MTT dye was not solely reliant on mitochondrial activity (Berridge & Tan, 1993), 25-45% of MTT
reduction can be attributed to mitochondrial function (Bernas & Dobrucki, 2002). Moreover, the MTT dye
may not be suitable for natural compounds or drugs that inhibit endo-lysosomal and exocytosis pathways
because the MTT dye is reliant on this pathway (Yuanbin Liu et al., 1997). Notwithstanding this, the MTT
assay is a cost effective and useful tool for measuring cell health and metabolic activity in a mediumthroughput format.
The use of resveratrol up to 100 µM in in vitro models has been reported, but it is also uncertain whether
appropriate measures have been taken to control for the background autoreduction of MTT by resveratrol
(Bernhard et al., 2003). Rotenone is widely used compound for inducing mitochondrial stress at complex I.
At sub-nanomolar concentrations, rotenone is known to induce mitohormesis at sub-toxic levels, which
induces beneficial adaptational changes at the mitochondrial level (Yuyun et al., 2012). However, rotenone
has been used up to 20 µM on SH-SY5Y without disclosing whether the medium was replaced (Kim et al.,
2009). Indeed, MTT assays reporting a ‘rescue effect’ with trolox as high as 100 µM have been reported
and it is uncertain whether the cells were washed to remove trolox prior to the MTT assay (Suresh Kumar
et al., 2013). Therefore, the results presented in Section 4.3.1 underscore the autoreduction of MTT in the
order of trolox > resveratrol > rotenone (at 80 µM), which highlights the importance of having appropriate
controls when incubating the MTT reagent without a wash step to remove the natural compounds in the
medium. Neither UA nor UB reduced MTT with concentrations up to 80 µM. Upon inspection of the chemical
structures of the five compounds presented in Figure 4.2, the number of hydroxyl groups is not likely to
affect MTT reduction as UA and Trolox have two hydroxyl groups, however, only Trolox is capable of
reducing the MTT reagent. Moreover, the presence of a pyran group (non-aromatic ring with five carbons
and one oxygen containing two double bonds) and phenolic ring in UA and UB did not affect MTT reduction.
Thus, the autoreduction of MTT by such natural compounds may occur as a result of the hydroxyl group at
the C-3 position (Peng et al., 2005) or the free thiols (Shoemaker et al., 2004) present.
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Different effects of uroltihin A and urolithin B on MTT reduction
may be structure-dependent
After assessing the autoreduction capacity of UA and UB in the MTT assay, UA and UB were tested on
RA-differentiated SH-SY5Y at physiological concentrations found in human plasma (Tomás-Barberán et
al., 2017). The enhancement of MTT reduction was only observed with UA treatment, whereas UB
treatment did not elicit a change in MTT reduction (i.e. neither stimulatory nor inhibitory). A closer look at
the chemical structure of UA and UB reveals structural similarities. However, UA has an additional hydroxyl
group that may improve the interactions with lipid membranes such as the cell membrane (Phan et al.,
2014). With this in mind, the potential interaction of UA with lipid membranes may also be conducive to the
interaction with several plasma membrane binding sites for polyphenols, as is the case for resveratrol in
the rat brain (Y.-S. Han, Bastianetto, Dumont, & Quirion, 2006). It is still unknown whether UA binds to
specific plasma membrane receptors of neuronal cells to elicit a response (i.e. signal transduction) or
whether a transporter is required to facilitate the import of UA into the cytosol of the cell to mediate a
response. However, a recent study has demonstrated that UA is an antagonist for the human arylhydrocarbon receptor (AHR), which is a cytoplasmic receptor important for signal transduction and gene
expression involving energy homeostasis (Muku, Murray, Espín, & Perdew, 2018). Moreover, UA has also
been shown to inhibit Wnt signalling, which is a signal produced by the binding of ligands to Wnt cell surface
receptors (Sharma et al., 2010). Therefore, it seems plausible that UA may act as an antagonist or ligand
for cell surface receptors. It is likely that UA is able to cross the cell plasma membrane through passive
diffusion independent of a need for a transporter due to a high in silico log P value (2.87) (Yuan et al.,
2016). The log P value is a partition coefficient to measure the solubility of a compound in two immiscible
solvents (Bhal, 2018a). Interestingly, UB has an in silico log P value (2.98) similar to that of UA (Yuan et
al., 2016). Hence, the enhancement of MTT reduction upon UA treatment under non-stressed ‘basal’
conditions may be associated with the chemical structure itself, rather than the ability to cross the plasma
membrane.
Indeed, this enhancement of MTT reduction under non-stressed ‘basal’ conditions when treating with a
compound was also observed when CEM-C7H2 human leukemia cells, Jurkat T-cells, and MOLT4 human
leukemia cells were treated with varying concentrations of resveratrol for 24 h and 48 h (Bernhard et al.,

211

Chapter 4
2003). Bernhard and colleagues also observed a dose- and time-dependent enhancement of MTT
reduction, particularly at ≤ 40 µM of resveratrol for 24 h. At 48 h, the enhancement of MTT reduction was
lost and a decrease in MTT reduction and cell viability (assessed with propidium iodide) occurred (Bernhard
et al., 2003). Therefore, Bernard and colleagues speculate that the increase in MTT reduction at ≤ 40 µM
of resveratrol for 24 h was due to the activation of a differentiation process in the cell line, which inhibited
proliferation while maintaining cell viability (Bernhard et al., 2003). An important aspect that was not
investigated was mitochondrial function and as volume upon resveratrol treatment by Bernard and
colleagues. Interestingly, the enhancement of MTT reduction under inhibited proliferation in a human lung
cancer cell line when treated with interferons was attributed to an increase in mitochondrial activity and cell
volume (Jabbar, Twentyman, & Watson, 1989).
The results presented in Section 4.3.2, with the dose- and time-dependent enhancement of MTT reduction
upon UA treatment in RA-differentiated SH-SY5Y, parallel what was observed by Bernhard and colleagues
(Bernhard et al., 2003). Proliferation of RA-differentiated SH-SY5Y is not a probable cause of enhancement
of MTT reduction as RA-differentiated SH-SY5Y (up to 5 days) are non-proliferative (Kovalevich & Langford,
2013). Therefore, it is likely that UA is acting by: 1) interacting with plasma membrane proteins or receptors
that trigger downstream effects in the cell that enhance MTT reduction or 2) crossing the plasma membrane
(through diffusion or in a transporter-mediated way), which triggers downstream effects in the cell that
enhance MTT reduction. These downstream effects include effects on the mitochondria, which is discussed
in Section 4.4.6. Further investigations into these pathways are needed. Notwithstanding this, the cell
volume was not quantified, which may increase the pool of cytosolic NADH and NADPH, which are
cofactors known to also enhance MTT reduction (Berridge & Tan, 1993).

Urolithin A may stimulate a change in LDH that affects OXPHOS
As previously noted, the enhancement of MTT reduction resulted in the decrease in LDH in the supernatant
upon 1 µM UA treatment for 24 h. The LDH release assay is used in conjunction with the MTT assay to
investigate cellular necrosis, which occurs due to a compromised plasma membrane. However, if plasma
membrane integrity is maintained without an increase in LDH release (i.e. non-necrotic), the phenomena
of a decrease in extracellular LDH in the supernatant is surprising.
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LDH is a cytosolic equilibrium enzyme that converts pyruvate to lactate, or lactate to pyruvate, depending
on the energy state of the cell (Miao, Sheng, Sun, Liu, & Huang, 2013). There are five isoforms of LDH, but
only two are discussed here due to their importance associated with the utilisation of energy (Miao et al.,
2013). Namely, LDH-5 (LDH-A) is involved in the conversion of pyruvate to lactate during anaerobic
glycolysis, and LDH-1 (LDH-B) is involved in the conversion of lactate to pyruvate, which is used as a
substrate for oxidative phosphorylation (Miao et al., 2013). It is clear that lactate is not just a by-product of
anaerobic glycolysis, but also a preferential energy source at the synaptic terminal of neurons (O’Brien et
al., 2007). Another isoform of LDH, LDH-4, is preferentially localized to the synaptic terminal to convert
lactate to pyruvate under aerobic conditions (O’Brien et al., 2007). Moreover, lactate produced by
neighbouring astrocytes is imported at the pre-synaptic terminal of glutamatergic neurons, which is then
converted to pyruvate as an energy substrate for OXPHOS (Pellerin & Magistretti, 1994). This is now
commonly referred to as the astrocyte-neuron lactate shuttle theory, which highlights the importance of the
production and catabolism of lactate, through LDH, as an energy source in neurons (Bélanger et al., 2011).
Furthermore, the co-localisation of LDH to the outer mitochondrial membrane in skeletal muscle exemplifies
the important interaction of the substrates of LDH and mitochondrial respiration (Elustondo et al., 2013),
which may translate to neuronal cells.
Therefore, the decrease in extracellular LDH release upon 1 µM UA treatment for 24 h may infer two
scenarios: 1) A slower rate of basal cellular death that limits LDH release into the supernatant or 2) an
unchanged rate of basal cellular death, but with less cytosolic LDH overall. Despite the decrease in cytosolic
LDH overall, the ratio of LDH may be such that LDH-B (lactate to pyruvate) > LDH-A (pyruvate to lactate),
which promotes OXPHOS. Indeed, an increase in OXPHOS upon 1 µM UA treatment for 24 h was observed
in Section 4.3.5. Thus, it is likely that the proposed second scenario may be occurring, however, further
investigations into the exact isoform of LDH present in the supernatant are needed. To date, there have
been no known transporters for LDH, given that it is a 140 kDa protein, however, it is also possible that
lower rates of cellular exocytosis may contribute to the lower LDH observed in the supernatant upon 1 µM
UA treatment for 24 h. Furthermore, treatment of lactate in undifferentiated SH-SY5Y reduced glycolysis
and increased oxygen consumption of the mitochondria (Lezi & Swerdlow, 2016), which may indicate a
greater dependence on lactate catabolism through LDH-B for stimulating OXPHOS.
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Urolithin A stimulates fusion of individual mitochondrion to preexisting networks
Previous investigations revealed that 50 µM UA for 24 h stimulated mitochondrial fragmentation (i.e. more
individual mitochondrion) in C2C12 mouse myoblasts (Ryu et al., 2016). The results presented in Section
4.3.4 reveal quite the opposite effect, where 1 µM UA for 24 h in RA-differentiated SH-SY5Y reduced the
number of individual mitochondria (i.e. less mitochondrial fragmentation) while increasing branch length.
As previously mentioned, the mitochondrial network is highly dynamic and changes according to the
bioenergetic need of the cell (Sebastián et al., 2017). Therefore, the reduction in mitochondria may be due
to mitochondrial fusion events to pre-existing mitochondrial networks, which is reflected in the increase in
median branch length. The increased branch length of the mitochondria allows for more efficient ATP
dispersal throughout the cell (Westermann, 2012). However, this mitochondrial fusion event occurs
independent of a change in mitochondrial fusion (MFN1, MFN2, & OPA1) mRNA expression levels Figure
4.5. This suggests several scenarios: 1) that the mRNA transcripts of the mitochondrial fusion and fission
genes are rapidly degraded after translation, which results in the unchanged mRNA levels, or 2) assessing
mRNA at an earlier timepoint (i.e. fission and fusion signalling may have occurred before observing change
in morphology), or 3) that there are other genes and proteins that promote mitochondrial fusion. Moreover,
quantifying whether there was an increase of the mitochondrial fusion genes at the protein level would
address the first two scenarios listed.
Indeed, there are other genes that promote mitochondrial fusion, such as the mitochondrial elongation
factor 1 (MIEF1) and mitochondrial elongation factor 2 (MIEF2), which when overexpressed in HeLa cells,
contributed to extensive mitochondrial fusion (Palmer et al., 2013; J. Zhao et al., 2011). It is important to
note that MIEF1 and MIEF2 are at a different cytogenetic location to any of three aforementioned
mitochondrial fusion genes and MIEF2 requires functional MFN1 and MFN2 proteins (Palmer et al., 2013).
Thus, further investigations into whether MIEF1 and MIEF2 contribute to mitochondrial elongation are
needed.
Additionally, there were no changes in mitochondrial volume or abundance upon 1 µM UA treatment for 24
h, which suggests that the existing pool of mitochondria are undergoing fusion events, rather than being
degraded. Despite this, the results in Section 4.3.6 indicate a PINK1-mediated degradation of
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mitochondria, and this may be balanced with an equal rate of mitochondrial biogenesis, which of itself,
warrants further investigation. Conversely, treatment with 50 µM of UA for 24 h in C2C12 mouse myoblasts
resulted in a decrease in mitochondrial abundance as measured with the citrate synthase activity (Ryu et
al., 2016). This decrease in mitochondrial abundance was linked to the increase in mitophagy as a result
of an increase in fragmentation (Ryu et al., 2016). Therefore, UA may not only have different effects
depending on the type of cell (i.e. human neuroblastoma vs. mouse myoblast), but also depending on the
UA concentration used.

Urolithin A increases mitochondrial respiration: a case for the
role of complex I and complex II
The changes seen in the mitochondrial network upon 1 µM UA treatment for 24 h suggests a response to
increase the efficiency of mitochondrial respiration. Indeed, the results in Section 4.3.6 indicate an increase
in mitochondrial OXPHOS and uncoupled respiration, particularly at complex I and complex II under
OXPHOS and complex II under uncoupled respiration. This increase in respiration, particularly at complex
II, was also observed when C2C12 myoblasts were treated with 50 µM of UA for 24 h (Ryu et al., 2016).
Treatment of C2C12 myoblasts with 50 µM of UA for 24 h also resulted in an increase in reserve capacity
(Ryu et al., 2016), which was not observed with 1 µM of UA treatment for 24 h on RA-differentiated SHSY5Y. The results presented in Section 4.3.5 indicate that under OXPHOS, the increase in complex I
respiration may be responsible for the increase in complex I mediated respiration.
However, the increase in complex II respiration independent of a change in mRNA expression and protein
levels still remains unclear. In fact, complex II is comprised of only 4 subunits all of which are encoded by
the nuclear genome (Bezawork-Geleta, Rohlena, Dong, Pacak, & Neuzil, 2017). Therefore, small
perturbations in mRNA expression and translation through UA treatment would most likely be reflected
here, however, it is possible that the mRNA transcript may be rapidly degraded post-translation, as
determined by the length of the poly(A) tail (Gilbert, 2000). Complex II is unique in that it participates in two
key pathways through the oxidation of succinate to fumarate within the tricarboxylic acid cycle, and
OXPHOS through the transfer of electrons from succinate down the ETS gradient (Bezawork-Geleta et al.,
2017). Moreover, as discussed in Chapter 2, remodelling of the mitochondrial cristae may be conducive to
the assemblage of mitochondrial supercomplexes, which includes complex I–IV (Cogliati et al., 2016, 2013).
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Given the evidence presented in the previous sections, the increase in complex II respiration may stem
from upstream changes in the availability of succinate as an energy source, which causes a switch in the
dependence from complex I- to complex II-mediated respiration. Furthermore, the arrangement of complex
I–IV as a supercomplex due to an increased cristae folding is possible (Cogliati et al., 2013). Several small
molecules with an alternating aromatic-cationic motif have been shown to improve cristae folding through
the stabilisation of cardiolipin in the inner mitochondrial membrane (Szeto, 2014). Therein, this stabilisation
of cardiolipin molecules with UA treatment may be possible, as UA is also cell permeant (Yuan et al., 2016).

Urolithin A stimulates PINK1-mediated autophagy / mitophagy
independent of ΔΨm depolarisation
A seminal paper by Ryu and colleagues demonstrated the activation of mitophagy upon 50 µM of UA
treatment for 24 h on C2C12 myoblasts, and this was beneficial for overall cell fitness (Ryu et al., 2016).
The activation of mitophagy was triggered as a result of an initial depolarisation of ΔΨm with 50 µM UA for
4 h followed by an increase in the autophagy-associated proteins PINK1, SQSTM1 / p62 and LC3 (Ryu et
al., 2016). This activation of autophagy, observed as an increase in LC3 protein levels, was also
demonstrated by Zhao and colleagues when human sw620 colorectal cells were treated with physiological
concentrations of UA (1.5 µM) (W. Zhao et al., 2017). Despite an unchanged mRNA expression and protein
level of SQSTM1 / p62, there was an increase in PINK1 mRNA expression upon 1 µM UA treatment for 24
h, which supports the hypothesis of an increased rate of autophagy with UA treatment. However, the
involvement of SQSTM1 / p62 in the PINK1-mediated pathway of autophagy cannot be ruled out because
a chemical inhibitor for the degradation of autophagic vesicles, such as chloroquine or bafilomycin A, was
not used in this investigation. As such, the increase in SQSTM1 / p62 levels after 50 µM of UA treatment
for 24 h, as seen by Ryu and colleagues, only occurred following a treatment with bafilomycin A (Ryu et al.,
2016).
It is known that PINK1 translocation from the mitochondrial matrix to the outer mitochondrial membrane
induces the ubiquitination of outer mitochondrial membrane proteins (Georgakopoulos et al., 2017). This
ubiquitination of outer mitochondrial membrane proteins causes the recruitment of SQSTM1 / p62 along
with the adaptor protein, LC3, which is anchored to the maturing autophagosome membrane
(Georgakopoulos et al., 2017). However, cytosolic PINK1 is also able to be recruited to the outer
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mitochondrial membrane through a heterodimerization system, which occurs independent of ΔΨm
depolarisation (Narendra, Walker, & Youle, 2012). Moreover, cytosolic PINK1 may also play an important
role in neuronal differentiation through enhanced dendritic outgrowth and intracellular protein kinase A
(PKA) signalling (Steer, Dail, & Chu, 2015). Indeed, PKA signalling is important for mitochondrial network
dynamics and OXPHOS (Dagda & Banerjee, 2015), which may partially explain the previous observations
of an increased OXPHOS and longer branch length upon 1 µM UA for 24 h treatment, however, this remains
a hypothesis until further investigation is carried out. Thus, 1 µM UA treatment for 24 h may stimulate
autophagy through the recruitment of cytosolic PINK1 to the mitochondria and stimulate downstream effects
on the mitochondria through PKA signalling.

High-doses of urolithin A may enhance NADH and NADPH levels
and decrease mitochondrial connectivity
Following testing of UA 1 µM for 24 h, the effect of a high-dose (25 µM) but short exposure (6 h) was tested.
The enhancement of MTT reduction and the decrease in LDH release was also observed with 25 µM UA
for 6 h, similar to what was observed with 1 µM UA for 24 h (Figure 4.3). The mitochondrial respiration was
assessed initially because it was hypothesized that this contributed to the enhancement of MTT reduction.
Although there was no difference in mitochondrial respiration upon 25 µM UA treatment for 6 h. This
suggests other pathways that are involved with the enhancement of MTT reduction. To reiterate, it is known
that the reduction of MTT is not exclusively mitochondrial (Berridge & Tan, 1993) and only 25-40% of MTT
reduction can be attributed to the mitochondria (Bernas & Dobrucki, 2002). Other cytosolic components
such as NADH and NADPH may contribute to the reduction of MTT (Berridge & Tan, 1993). NADH is
produced through glycolysis and OXPHOS while NADPH is produced primarily through the pentose
phosphate pathway (Ying, 2007). Thus, an increase in NADH and NADPH upon UA treatment through the
upregulation of glycolysis and the pentose phosphate pathway respectively warrants further investigations.
A question remains as to whether DNA transcription into mRNA, and translation of mRNA into protein, can
occur within 6 hours of treatment of 25 µM UA. The transcription of DNA into mRNA and the translation of
mRNA into protein in Homo sapiens is estimated to take 30 nucleotides/second (or 10 amino acids/second
for translation) (Alberts et al., 2002a). As a hypothetical example, DNA transcription of the NDUFB8 subunit
of complex I would take 206 seconds and then another 18.6 seconds for the mRNA to be translated into
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the protein. However, other temporal factors need to be taken into account such as the demethylation of
DNA, the export of mRNA into the cytosol, and the import of mitochondrial proteins into the mitochondria.
Furthermore, it has been shown that human embryonic kidney (HEK) 293T cells are able to translate
electroporated mRNA within 1 hour (Jiao et al., 2009). Thus, if this phenomenon is true for RA-differentiated
SH-SY5Y, changes in mRNA expression and subsequent protein translation within 6 h upon UA treatment
is possible.
Interestingly, the mRNA expression levels for mitochondrial fusion genes MFN1 and OPA1 were
downregulated with 25 µM of UA treatment 6 hours. This may have implications for the mitochondrial
network being punctate and fragmented, as seen with MFN1 knock-out mice (Chen et al., 2003) and OPA1
(–/–) patients (Liao et al., 2017). This downregulation of MFN1 and OPA1 may explain the lack of an effect
at the level of mitochondrial respiration potentially due to disruption of the mitochondrial network; however,
visualisation of the mitochondrial network is required to understand this phenomenon.

Pre-treatment of urolithin A does not rescue mitochondrial
dysfunction
There is evidence that therapeutic interventions with compounds that improve mitochondrial function are
able to attenuate mitochondrial dysfunction in diseased states, as is the case with rosiglitazone (WilsonFritch et al., 2004) and resveratrol (Lagouge et al., 2006). UA has been shown to improve mitochondrial
turnover through an increase in mitophagy, which resulted in a small, but well-functioning pool of
mitochondria (Ryu et al., 2016). To recapitulate, UA increases mitochondrial fusion with an increased
median branch length, and this may result in an increase efficiency in OXPHOS. Moreover, UA may
potentially increase PINK1-mediated mitophagy. Given the evidence, it was hypothesised that these
changes at the mitochondrial level would confer an improved ‘fitness’ against several stressors, such as
Aβ1-42 and rotenone, which mimic mitochondrial dysfunction pathways associated with AD and PD
pathophysiology respectively.
The concentrations and treatment time for Aβ1-42 and rotenone used, at 10 µM and 5 µM respectively,
were selected based on the decrease of MTT reduction independent of an increase in LDH release. This
was because acute treatments with these stressors would result in cellular necrosis, rather than cellular
apoptosis, which does not reflect the pathway of programmed cell death associated with neurodegenerative
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diseases like AD and PD (Okouchi, Ekshyyan, Maracine, & Aw, 2007). Indeed, there are a range of
concentrations for the use of stressors for Aβ1-42, from 10 µM to 30 µM (Domert et al., 2014; Hung et al.,
2009), and rotenone from 10 nM to 20 µM (T.-K. Lin et al., 2014; Nakaso, Ito, & Nakashima, 2008), in SHSY5Y. However, it is important to note that RA-differentiated SH-SY5Y may have different sensitivities to
such stressors and that subtle changes in the differentiation protocol can produce very different biochemical
and phenotypic characteristics for SH-SY5Y (Xicoy et al., 2017).
The results in Section 4.3.9 and Section 4.3.10 indicate a lack of MTT reduction attenuation by pretreatment of UA or UB (at concentrations and time-points that did not affect cell health or mitochondrial
activity) for either Aβ1-42 or rotenone. While these results are preliminary and further repetitions are
needed, other assays that look at different mitochondrial parameters like mitochondrial network and
respiration afford a better understanding of the effects of pre-treating with UA and UB prior to inducing
mitochondrial dysfunction. Previous reports have shown an improvement of oxidative stress induced by
LPS on undifferentiated SH-SY5Y pre-treated with UA and UB, as well as the methylated forms of UA and
UB, from 1 µM to 20 µM for 24 hours (DaSilva et al., 2017). Furthermore, 10 µM of UA pre-treatment for 2
hours was protective against H2O2 induced oxidative stress in undifferentiated SH-SY5Y (González-Sarrías
et al., 2017). These studies highlight the attenuation of oxidative stress upon UA treatment, however, UA
has been shown to be a pro-oxidant in cell-based assays, but an antioxidant in cell-free assays (Kallio et
al., 2013). González-Sarrías and colleagues have attributed the attenuation of H2O2 induced oxidative
stress to the antioxidative capacity of UA (González-Sarrías et al., 2017). While this may be partially true,
the possibility of an enhanced activity of the intracellular antioxidant, gluthathione, as a result of the prooxidative nature of UA in cell culture medium, was not explored. Therefore, although neither UA nor UB
conferred any ‘protection’ based on the MTT assay upon Aβ1-42 and rotenone treatment, the potential for
UA or UB to attenuate other pathways of mitochondrial dysfunction have yet to be explored.

219

Chapter 4

Summary and Conclusion
Urolithin A (UA) is a gut-metabolite of a ellagic acid, a common compound found in several fruits like
pomegranate, which has been recently shown to improve myoblast fitness through mitophagy (Ryu et al.,
2016). Indeed, other studies have also focussed on the antioxidative capacity of UA (DaSilva et al., 2017),
but has also been shown to be a pro-oxidant (Kallio et al., 2013). UA has passed Phase I clinical trials
(Singh et al., 2018) and the results for the use of oral UA to improve muscle weakness in patients is currently
being trialled. However, the effect of UA with a neuro-mitochondrial perspective has not been investigated
to date. This chapter investigated the treatment of RA-differentiated SH-SY5Y with UA at physiological
concentrations based on human plasma, and the effect this UA treatment had on mitochondrial function.
An enhancement of MTT reduction was observed with a low-dose long-treatment condition (1 µM 24 h) and
a high-dose short-treatment condition (25 µM 6 h) with a decrease in LDH release. Increases in complex I
protein levels and the elongation of mitochondrial branch length may contribute to the efficiency of
OXPHOS. The increase in complex I protein levels may be a reflection of the increase ratio of LDH-B, a
catabolic enzyme that converts lactate to pyruvate as an energy source, with a decrease in total LDH.
Modulators of isomeric LDH ratios and the reason for a decrease of total LDH warrants further investigation.
This increase in OXPHOS efficiency, which also increased the production of NADH, may contribute to the
enhanced MTT reduction coupled with the increase in NADH. Moreover, increased PINK1 mRNA levels
without an increase in SQSTM1 / p62 suggest as PINK1-mediated pathway of mitophagy that occurs
independent of a change in ΔΨm. This could contribute to overall mitochondrial fitness. However, pretreatment with UA followed by treatment with two stressors that mimic mitochondrial dysfunction pathways
in AD (Aβ1-42) and PD (rotenone), did not attenuate the mitochondrial dysfunction cause. Therefore, UA
may be useful in improving neuronal mitochondrial function under a physiological state, however, the use
of UA to protect against rotenone and Aβ1-42 induced mitochondrial dysfunction need further
investigations. A graphical summary of this is illustrated in Figure 4.12.
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Figure 4.12 Urolithin A may enhance mitochondrial function through numerous pathways.
Dashed lines indicate hypothesised interactions and relationships. UA is blood-brain barrier permeable and
is able to cross the plasma membrane into the cytosol (Yuan et al., 2016) through diffusion or interaction
with a plasma membrane protein. Through yet uncharacterised processes involving either signal
transduction or direct interaction with genes in the nucleus, UA increases mRNA expression levels of PINK1
and a complex I subunit, NDUFB8. The increase in cytosolic PINK1 may induce heterodimerisation at the
outer mitochondrial membrane (OMM) (Narendra et al., 2012), which promotes autophagy independent of
a change in ΔΨm. The increase in complex I protein may be an adaptative response to an increase in
pyruvate production from lactate, potentially through LDH-B, rather than LDH-A. While there may be a
higher ratio of LDH-B to LDH-A, the total LDH content is decreased. An increase in complex I protein was
also associated with an increase in mitochondrial respiration. Moreover, mitochondrial fusion and
elongation of mitochondrial branches through MIEF1 and MIEF2, may improve OXPHOS efficiency.
Therefore, an increase in OXPHOS may contribute to MTT reduction, and also an increase in cytosolic
NADH, known to also reduce MTT.
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Overview
This chapter is prefaced with an overview of the three main results chapters: Chapter 2, Chapter 3, and
Chapter 4. The thesis has thus far highlighted the use of RA-differentiated SH-SY5Y as a suitable in vitro
model (Chapter 2) for investigating ways to improve mitochondrial function in the diseased and ageing
brain. Mitochondrial dysfunction associated with the diseased and ageing brain was modelled with Aβ1-42,
a peptide involved in AD pathogenesis and pathological ageing. In particular, the behaviour of Aβ1-42 can
depend on commercial sources, which is an important consideration when trying to model AD in an in vitro
system (Chapter 3). Notwithstanding this, the effect of a post-translational variant of Aβ1-42, CEL-glycated
Aβ1-42, on mitochondrial function was investigated (Chapter 3). Glycated Aβ1-42 is known to be more
neurotoxic compared to unglycated Aβ1-42. Aβ1-42 was synthesised with either a single CEL modification
at Lys16 or Lys28, or at both Lys16&28. Double CEL-glycation of Aβ1-42 at Lys16&28 was not neurotoxic
as a potential result of mitophagy. This implicates the process of mitophagy as therapeutic target for
improving mitochondrial function in the diseased and ageing brain.
Having established the model in Chapter 2 and Chapter 3, therapeutic interventions to improve
mitochondrial function was investigated. A bioavailable gut-metabolite known to stimulate mitophagy in
muscle cells, urolithin A (UA), was found to improve neuronal mitochondrial connectivity and respiration,
as well as potentially stimulating mitophagy in RA-differentiated SH-SY5Y cells (Chapter 4). The effect of
UA on Aβ1-42 induced mitochondrial dysfunction, as well as the effect of UA on rotenone, a mimetic of PDassociated mitochondrial dysfunction, remains preliminary (Chapter 4). Notiwthstanding this, the use of UA
as a therapeutic compound to improve mitochondrial function in the diseased and ageing brain should be
considered in the clinic. A summary recapitulating each chapter and the overall outcomes is outlined in
Figure 5.1.
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Figure 5.1 Summary of chapters for investigating ways to improve mitochondrial function in
the diseased and ageing brain.
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Significance of research
Advancements in healthcare, education and government policy has improved the median age of humans
in many countries (Lutz, Sanderson, & Scherbov, 2008; Tamiya et al., 2011). As a result, a considerable
proportion of the population are reaching an age where the prevalence of neurodegenerative diseases
increases exponentially (Erkkinen, Kim, & Geschwind, 2018). The importance of mitochondrial dysfunction
as a molecular initiating ‘switch’ provide a nuanced view of the exacerbation of neurodegenerative disease
such as AD and PD (M. T. Lin & Beal, 2006). Moreover, it is known that mitochondrial dysfunction is a
feature of ageing and can occur prior to the presentation of clinical symptoms associated with such
neurodegenerative diseases (Johri & Beal, 2012; M. T. Lin & Beal, 2006), with some arguing that
mitochondrial dysfunction may directly contribute to the ageing process (Trifunovic & Larsson, 2008).
In this chapter, it will be argued that RA-differentiated SH-SY5Y are a valid in vitro model for understanding
basic mitochondrial biology, while maintaining several aspects of mitochondrial function that recapitulate
mitochondrial function in primary neurons. Next, the underlying role of glycated variants of Aβ1-42, a more
neurotoxic peptide relative to unglycated Aβ1-42 involved in AD pathogenesis (Li et al., 2013), on
mitochondrial function and the potential therapeutic role of mitophagy is discussed in this chapter.
Moreover, this chapter highlights the use of a BBB penetrable gut-metabolite, UA, to alter neuronal
mitochondria function and the implications for the use of UA as a therapeutic against AD- and PDassociated mitochondrial dysfunction will be considered.
Finally, reflections of the limitations of this thesis, future investigations and perspectives are discussed in
this chapter. There is also a particular focus on the need for an active discussion on scientific reproducibility,
the relationship between mitochondria and glycated Aβ1-42, and the targeting of UA to the mitochondria to
improve mitochondrial function in the diseased and ageing brain.
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Neuronal cell lines are still a valid choice for in vitro research
Using an immortalised cancer cell line such as SH-SY5Y is less resource intensive and is commonly used
as ‘first step’ for validating several key hypotheses prior to moving to more complex neuronal models (e.g.
primary neuronal culture). Chapter 2 aimed to consolidate the use of SH-SY5Y in the RA-differentiated
form by addressing inconsistencies in the literature (Xicoy et al., 2017) regarding the phenotype (i.e.
dopaminergic or cholinergic) and the exact changes that occur at the mitochondrial level upon
differentiation.
In Chapter 2, RA-differentiation of SH-SY5Y produced a cholinergic phenotype based on an increase in
choline acetyltransferase (ChAT) protein levels and a mature neuronal phenotype based on the increase
in mRNA levels of βIII-tubulin. This method of RA-differentiation did not produce differences in tyrosine
hydroxylase (TH) protein or mRNA expression levels, which are commonly used as markers for a
dopaminergic phenotype. This phenotypic characterisation of RA-differentiated SH-SY5Y, being positive
for ChAT and negative for TH, agrees with the literature that suggest these markers are typical of cholinergic
neurons (Cheung et al., 2009; Filograna et al., 2015; Gómez-Santos et al., 2002). Herein, this shows that
the RA-differentiation protocol for SH-SY5Y produced more mature neuron-like cells, which are also more
cholinergic, compared to undifferentiated SH-SY5Y cells. Thus, the phenotypic characterisation of RAdifferentiation was an important step towards understanding the in vitro model better and also supported
the use of cholinergic RA-differentiated SH-SY5Y as a suitable model for mitochondrial dysfunction
associated with AD (Chapter 3 and Chapter 4), given that cholinergic neuronal death is a hallmark of AD.
Indeed, several parameters of mitochondrial function change upon RA-differentiation such as the
diversification of mitochondrial networks, the increased mitochondrial respiration, reserve capacity, ΔΨm,
O2•-, and autophagy and/or mitophagy rate. The diversification of mitochondrial networks upon RAdifferentiation of SH-SY5Y coincided with the upregulation of mitochondrial fusion genes (MFN1 and
DRP1). This mitochondrial network diversification, which may also affect cristae folding and the
arrangement respiratory complexes into ‘supercomplexes’ (Cogliati et al., 2013), is associated with the
increase in mitochondrial respiration. The increase in mitochondrial respiration resulted in a greater H+
gradient and a faster rate of electron transfer and leakage from the ETS, as measured by the increase in
ΔΨm and O2•- respectively. Finally, the increase in PINK1 and SQSTM1 / p62 mRNA expression levels
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upon RA-differentiation of SH-SY5Y was associated with an increase in autophagy and/or mitophagy.
These mitochondrial changes upon RA-differentiation of SH-SY5Y recapitulates the properties of
mitochondria in primary neurons such as an increase in OXPHOS (H. Liu et al., 2018), ROS (Agostini et
al., 2016) and mitophagy (Allen et al., 2013).
As demonstrated in Chapter 2, the unexpected effects of DMSO on mitochondrial function in
undifferentiated SH-SY5Y occurred independent of any changes observed in traditional measures of
neurotoxicity (e.g. MTT or LDH assay). This serves as a caution to consider the off-target effects of DMSO
at ‘non-toxic’ concentrations, and the use of a DMSO vehicle for undifferentiated SH-SY5Y as an
appropriate control when making comparisons to RA-differentiated SH-SY5Y – a control not typically
employed in the literature.
Therefore, all of these changes at the mitochondrial level upon RA-differentiation of SH-SY5Y parallels the
reported mitochondrial function in primary neurons (Allen et al., 2013; H. Liu et al., 2018; Mils et al., 2015).
As such, neuronal cell lines such as SH-SY5Y, especially in the RA-differentiated form, are still a valid
choice for in vitro research, especially for mitochondrial biology.

Glycated Aβ1-42 and neuronal mitochondria: a pas de deux?
The relationship between Aβ1-42 and the mitochondria is well characterised and is one that is expected to
play a pas de deux in the manifestation of AD. Chapter 3 extends this relationship to glycated variants of
Aβ1-42 on neuronal mitochondrial function, while also observing different unglycated Aβ1-42 behaviour
depending on the commercial source. The site-specific glycation of Aβ1-42 provided novel insights into
whether the previously observed neurotoxicity with non-specific glycation of Aβ1-42 (Li et al., 2013) was:
1) mediated by a specific type of glycation, namely CEL, which is at elevated levels in AD patients (M.
Ahmed et al., 2010; C.-Y. Lin et al., 2018; Pamplona et al., 2005) or 2) dependent on a mitochondrial
pathway for neurotoxicity.
As seen in Chapter 3, single CEL modifications on Aβ1-42 at Lys16 (Aβ-CEL16) and Lys28 (Aβ-CEL28)
were neurotoxic. In comparison, double CEL modifications on Aβ1-42 at both Lys16 and Lys28 (AβCEL16&28) did not have a neurotoxic effect despite being the variant most affected in terms of the ability
to form fibrils. While unglycated Aβ1-42 induced an increase in ΔΨm, O2•-, mitochondrial swelling and a
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decrease in mitochondrial respiration, neither of the glycated variants had an effect on any of these
mitochondrial parameters. Interestingly, Aβ-CEL16 had an increase in mitochondrial respiration at complex
II. This increase in complex II respiration was also observed in AD brains relative to age-matched controls
and was attributed to the switch in non-glycolytic energy production in AD brains (Bubber et al., 2005).
Thus, it may be possible that this switch in non-glycolytic energy production is mediated by Aβ-CEL16
through the upstream regulation of substrates favouring non-glycolytic energy production (i.e. succinate for
complex II OXPHOS) and/or the increase in complex II subunits. Moreover, given the well characterised
relationship between the receptor for advanced-glycated end products (RAGE) and cell signalling (Ott et
al., 2014), and the evidence that CEL is able to directly interact with RAGE (Xue et al., 2011), it is also
possible that these glycated variants of Aβ1-42 interact with RAGE on the plasma membrane to cause
signal transduction. This RAGE-mediated signal transduction may affect pathways such as ERK, JNK, and
MAPK, which all converge to affect NF-kB, a master regulator of gene transcription in the nucleus (Ott et
al., 2014). Therefore, Chapter 3 highlighted that single CEL modifications (Aβ-CEL16 and Aβ-CEL28) were
neurotoxic, but this neurotoxicity was not attributed to mitochondrial dysfunction, unlike unglycated Aβ1-42.
The double CEL modifications were not neurotoxic potentially through the upregulation of mitophagy.
Moreover, peptide behaviour determined through biophysical characterisation did not necessarily reflect
the expected outcomes for in vitro neurotoxicity. While the relationship between glycated Aβ1-42 and the
mitochondria was not evident with this model system, further investigations using different glycated variants
would afford a better idea of whether glycated Aβ1-42 and neuronal mitochondria undertake a pas de deux
in the pathogenesis of AD.

Urolithin A as a therapeutic for the diseased and ageing brain
As highlighted in Chapter 3, the stimulation of mitophagy may be an important process that alleviates
neurotoxicity. The concept of the selective degradation of dysfunctional mitochondria as a protective
mechanism was first characterised in yeasts (Kissová et al., 2004) and later termed as ‘mitophagy’
(Lemasters, 2005). Indeed, there has been a growing interest in the role of mitophagy in regulating
neurological health (Fivenson et al., 2017). A seminal paper by Ryu and colleagues demonstrated the
therapeutic use of a gut-metabolite, urolithin A (UA), as a modulator of mitophagy in muscle cells (Ryu et
al., 2016). There are currently no assessments of whether this stimulation of mitophagy with UA can be
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translated to a neuronal context. Therefore, Chapter 4 explored the effects of UA, at physiological
concentrations based on bioavailability studies on human plasma (Tomás-Barberán et al., 2017), on RAdifferentiated SH-SY5Y mitochondrial function. Moreover, the effect of UA pre-treatment on mitochondrial
dysfunction mediated by unglycated Aβ1-42 (based on the results from Chapter 3) and rotenone (Chapter
4), as in vitro stressors mimicking AD and PD, respectively was investigated.

‘Low-long’ treatment of urolithin A affects neuronal
mitochondrial function
Treatment of RA-differentiated SH-SY5Y with UA dose- and time-dependently resulted in an enhancement
in MTT reduction with a decrease in LDH release. This enhancement of MTT reduction was specific to UA
and not UB, which suggests a structure-activity relationship, with UA possessing an additional hydroxyl
group. In silico predictions have posited the permeability of UA and UB through the BBB (Yuan et al., 2016).
At low concentrations and a long treatment time (‘low-long’) of UA (1 µM for 24 h), the increase in MTT
reduction can be attributed to the elongation of mitochondria, potentially through mitochondrial elongation
genes such as MIEF1 or MIEF2 (Palmer et al., 2013; J. Zhao et al., 2011, p. 2). This elongation of
mitochondria may contribute to the arrangement of complexes into ‘supercomplexes’ (Letts et al., 2016),
and increase in OXPHOS efficiency at complex I and complex II. Moreover, there was an increase in
complex I protein abundance levels upon treatment with 1 µM UA, which may indicate a switch towards
more efficient OXPHOS. This adaptational switch may be mediated by the increase in pyruvate production
as a substrate for complex I respiration, rather than succinate. Moreover, it is known that neuronal cells are
able to use LDH-B to convert lactate to pyruvate under aerobic glycolysis, rather than the production of
lactate from pyruvate through LDH-A (Bélanger et al., 2011). Hence, the decrease in total LDH release may
indicate the downregulation of LDH-A to preferentially produce pyruvate through LDH-B while the basal
levels of cellular necrosis was maintained.
‘Low-long’ treatments of UA also resulted in the increase of PINK1 mRNA expression levels, which may
stimulate the production of cytosolic PINK1 protein to be recruited to the mitochondria independent of ΔΨm
depolarisation (Narendra et al., 2012). This potential recruitment of cytosolic PINK to the mitochondria and
subsequent PINK1-mediated mitophagy may increase autophagy flux and be responsible for the decrease
in autophagy-associated vesicles observed. Furthermore, cytosolic PINK1 is known to activate signal
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transduction cascades like PKA, which is important for mitochondrial network dynamics and OXPHOS
(Dagda & Banerjee, 2015; Steer et al., 2015).
Next, ‘low-long’ pre-treatments of UA and UB did not attenuate either Aβ1-42 or rotenone induced
mitochondrial dysfunction, however, further repetitions are necessary. If true, this suggests that the
mitochondrial changes induced by UA were not sufficient to protect against the AD- and PD- mediated
stressors. Moreover, the structure-activity dependence was lost, as seen with the continued neurotoxicity
despite UA and UB pre-treatment. However, this does not exclude the potential of UA as a modulator of
mitophagy for other neurological diseases associated with a mitophagy deficit like Huntington’s disease
(Martinez-Vicente, 2017) and Charcot-Marie-Tooth disease (Chen & Chan, 2009).

‘High-short’ treatment of urolithin A may detrimentally affect
mitochondrial function
High concentrations and a short treatment time (‘high-short’) of UA also enhanced MTT reduction and
reduced LDH release. However, this occurred independent of any changes in mitochondrial respiration,
which implies that concentration and time are important factors for UA to elicit effects on the mitochondria.
The ‘high-short’ UA treatment also resulted in decreased mRNA expression levels for mitochondrial fusion
genes, MFN1 and OPA1. Further investigations are required to see whether the decrease in mitochondrial
fusion gene expression resulted in changes in the mitochondrial network. This observation of UA having
concentration-dependent effects was also observed when UA had a concentration-dependent effect as an
antioxidant in cell-free assays and a pro-oxidant in cell culture medium (Kallio et al., 2013). Therefore, if
translating to the clinic as a therapeutic against neurological diseases, considerations for the effects of
different concentrations of UA need to be studied further, especially at the mitochondrial level, the evidence
being that the ‘high-short’ treatment resulted a decrease in key mitochondrial fusion genes. Moreover,
bioavailability studies in rodents show the ~8-10 fold active accumulation of UA in the brain relative to UA
in the plasma (Gasperotti et al., 2015; Seeram et al., 2007). Thus, a lower dose of administration, which
results in a higher accumulated dose in the brain, may be required in order to avoid the potential off-target
effects of high concentrations of UA on neuronal mitochondrial function.
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Limitations
Despite the wide use of SH-SY5Y as an in vitro neuronal model, there are limits to the extent this cancer
cell line can recapitulate the behaviour of primary neurons, especially in an undifferentiated state.
Therefore, Chapter 2 serves as a justification for the use of RA-differentiated SH-SY5Y as a ‘first-step’
towards understanding uncharacterised effects of glycated variants of Aβ1-42 as therapeutic targets
(Chapter 3) and the therapeutic use of UA (Chapter 4) in order to improve mitochondrial function in the
diseased and ageing brain.
Another limitation is that the mRNA expression levels did not reflect the changes at the protein level. This
was because isolation of RNA and the extraction of total protein in cell lysate were done on different
biological replicates, which increased the variability. Moreover, it is possible that several mRNA transcripts
may be rapidly degraded once translated as determined by the length of the poly(A) tail (Gilbert, 2000). On
top of that, the number of biological replicates for most mRNA expression and protein abundance levels
were at a minimum of 3, except for Chapter 4 (N = 4), which limited the statistical power. It is also important
to note that the discrepancy in mRNA expression to protein abundance levels when quantifying the
complexes within the ETS was potentially due to the different subunits probed by both the antibody and
primer (i.e. nDNA or mtDNA encoded). Moreover, mRNA expression precedes protein translation, hence
these mRNA transcripts may already be degraded prior to the 24 h time point of RNA isolation. Therefore,
more sophisticated techniques for quantifying protein and mRNA abundance, especially from the same
biological sample, would reduce the variability and allow for an accurate description on correlation
(Yansheng Liu et al., 2016).
The effective synthesis of Aβ1-42 and the glycated variants of Aβ1-42 (Chapter 3) required a substantial
amount of time and resources, which was done meticulously by Dr. Harveen Kaur at The School of
Chemical Sciences, University of Auckland. Due to the natural aggregating properties of Aβ1-42, the
chemical synthesis of Aβ1-42 was low yielding (Kasim et al., 2018). As such, further investigations into the
well-known RAGE-mediated pathway of neurotoxicity for glycated Aβ1-42 were limited owing to the time
taken to synthesise the peptide and the breadth of this thesis. Moreover, the biophysical characterisation
and in vitro experiments employed different solutions to reconstitute the peptide (e.g. 10 mM HCl for
biophysical characterisations and complete cell culture medium for in vitro experiments). As such, future
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experiments need to confirm the major aggregate species via TEM in complete cell culture medium,
although, this is already known to be in the neurotoxic oligomeric form (Stine et al., 2011).
Lastly, a limitation in the results from Chapter 4 is the unknown localisation of UA to the mitochondria or
other intracellular compartments. It was assumed that UA can pass freely through the cell plasma
membrane, or interact with plasma membrane proteins (i.e. receptors) to elicit the changes seen at the
mitochondrial level (Chapter 4). Again, this was beyond the scope and the experimental aims of the
chapter. Moreover, the effect of UA pre-treatment on attenuating mitochondrial dysfunction associated with
AD and PD is not fully understood owing to the low number of biological replicates.

234

5.7 Future Directions and Perspectives

Future Directions and Perspectives
Reproducibility visibility: standardisation and validation
As outlined in Chapter 2, SH-SY5Y is one of the most widely used in vitro neuronal model. Other models
that better recapitulate in vivo neuronal behaviour (e.g. primary neuronal cultures, neural stem cells, ex vivo
slice culturing) would involve a considerable amount of resources and expertise compared to the use of a
neuronal cell line (Gordon et al., 2013). This is especially true when attempting to elucidate uncharacterised
effects in a neuronal model (as seen in Chapter 3 and Chapter 4), which is resource intensive in itself in
terms of the required number of cells. Given the heterogeneity of phenotypes produced upon RAdifferentiation of SH-SY5Y (Xicoy et al., 2017), there needs to be a consensus and active measures taken
to characterise SH-SY5Y. This involves strict disclosures of the source of SH-SY5Y, method of
differentiation (e.g. time of differentiation, concentration of differentiating agent, heat-inactivation of FBS),
characterisation of differentiated SH-SY5Y markers (e.g. βIII-tubulin, TH or ChAT), and the appropriate use
of a DMSO control when drawing comparisons to undifferentiated SH-SY5Y, as seen in Chapter 2.
A call for a worldwide consensus for standardised methods of cell line authentication serves as a discussion
point for the growing irreproducible results in life sciences especially with the validity of cell lines used
(Fusenig, Capes-Davis, Bianchini, Sundell, & Lichter, 2017). In the case of SH-SY5Y, such standardisations
should be enforced at the editorial and peer-review level. Moreover, there also appears to be a deeper
appreciation for the effects of DMSO has as a solvent, even at ‘non-toxic’ concentrations (Galvao et al.,
2013; Weidmann, 2017). Such standardisations may limit unexpected results and make SH-SY5Y a more
reproducible in vitro model. Given the current climate of globalised scientific research, the importance for
experimental reproducibility has been an important discussion among scientists (Baker, 2016), which has
led to the emergence of journals dedicated to reproducing scientific experiments and clinical trials such as
eNeuro (ISSN 2373-2822) and F1000Research (ISSN 2046-14020) respectively. Hence, the results from
Chapter 2 not only justifies the use of RA-differentiated SH-SY5Y as a suitable model for understanding
basic mitochondrial biology, but also the importance of a standardised culture condition and the
appreciation of the unexpected effects of DMSO on mitochondrial function.
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This habit of standardisation and validation can be applied to what was observed in Chapter 3, whereby
the purity of a commercial source of synthetic human Aβ1-42 from GenicBio (Shanghai, China) was
different to what was guaranteed. The lack of transparency and problematic reports by GenicBio (A. He
from GenicBio, personal communication, May 20, 2016) highlights the need for credible sources of Aβ142, a peptide heavily used in AD research. The use of synthetic Aβ1-42 from GenicBio was evident in
several papers in prestigious journals like Journal of Neuroscience (Molokanova et al., 2014) and
Biochimica et Biophysica Acta (BBA) – Molecular Basis of Disease (A. E. Ramírez et al., 2014). The inhouse analysis of Aβ1-42 from GenicBio indicated GenicBio Aβ1-42 as being of a very low purity that led
to poor performances in biophysical and in vitro assays (Chapter 3). Indeed, one of the largest producers
and highly cited source of synthetic Aβ1-42, Bachem (Switzerland), was analysed in-house and the purity
and composition matched the supplied report. At almost a third of the cost of synthetic Aβ1-42 from
Bachem, synthetic Aβ1-42 from GenicBio underscore the importance of reputable sources for Aβ1-42 and
the need for an in-house validation step for the product. Moreover, the unsatisfactory quality of Aβ1-42 from
GenicBio serves as a consideration to take into account: what you pay for, is what you get. Therefore, there
needs to be an open discussion around the minutiae of experimental methods made publicly available if
reproducibility within scientific research is to take a front seat.

Other glycated variants of Aβ1-42 on mitochondrial function
While CEL-glycated Aβ1-42 did not have an effect on mitochondrial function (Chapter 3), this suggests the
involvement of other common glycated variants of Aβ1-42 on neuronal toxicity, which may affect
mitochondria. It is known that glycated forms of Aβ1-42 (through incubation with methylglyoxal (MG)) is
more neurotoxic relative to the non-glycated forms of Aβ1-42 (Li et al., 2013). Notwithstanding CEL, there
are other MG derived AGEs such as argpyrimidine, MG imidazolone, and MG-lysine dimer (MOLD)
(Takeuchi & Yamagishi, 2008). There is evidence that AGEs like argpyrimidine are elevated in the cortex
of AD patients compared to non-demented controls (Tajes et al., 2014). On the other hand, AD patients
had CML (non-MG derived) modifications in neurons with intracellular neurofibrillary pathology (Castellani
et al., 2001) and were found at twice the concentration relative to CEL in the CSF (M. Ahmed et al., 2010).
Therefore, given the well-established methods for chemical synthesis of site-specific glycation of Aβ1-42
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(Kaur et al., 2016), future investigations into other glycated variants of Aβ1-42 involving argpyrimidine or
CML would highlight whether a single form of glycation on Aβ1-42 has a major contribution to neurotoxicity.
Synergistic or additive effects of different glycated Aβ1-42 isoforms need to be considered given the
contribution to neurotoxicity (Li et al., 2013). the proportion of the different types of glycated Aβ1-42 to one
another may be a contributing factor of neurotoxicity that needs to be taken into consideration. Advances
in quantifying glycated peptides using the generation of reference libraries in tandem with new mass
spectrometry techniques would allow for the high-throughput and accurate quantitation of the proportion of
different glycated variants of Aβ1-42 in complex biological fluid like the CSF (Vannuruswamy, Korwar,
Jagadeeshaprasad, & Kulkarni, 2017). This information would guide future in vitro experiments wanting to
recapitulate the effect of a mixture of glycated variants as seen in vivo.

Targeting UA to the mitochondria
Therapeutic strategies to specifically target the delivery of drugs to the mitochondria include the addition of
a triphenylphosphonium cation (TPP+) to the drug of interest, which allows the drug to accumulate several
hundredfold inside mitochondria (R. A. J. Smith et al., 2003). This is exemplified by the conjugation of TPP+
to a coenzyme Q derivative, known under the trade name as ‘MitoQ’. MitoQ has a high octanol-PBS partition
coefficient of ~190 (R. A. J. Smith et al., 2003) whereby an increase in this value indicates elevated
lipophilicity of a compound (Bhal, 2018b). In comparison, UA has an in silico partition coefficient (octanolwater) of 2.87 (Yuan et al., 2016). While the increase in the partition coefficient for MitoQ is considerably
higher than UA, ‘Lipinski’s Rule of 5’ recommends a partition coefficient of < 5 for oral administration of
compounds (Bhal, 2018b; Lipinski, Lombardo, Dominy, & Feeney, 2001). This is because high partition
coefficients may have low solubility and accumulate in fatty tissue, which has implications for systemic
toxicity (Bhal, 2018b). Furthermore, a drug targeting the central nervous system (CNS) should have a
partition coefficient of ~2 (Hansch, Björkroth, & Leo, 1987), and UA fulfils this. Future investigations that
target UA to the mitochondria (e.g. with TPP+ conjugation) may determine if localisation of UA to the
mitochondria is necessary to elicit the mitochondrial changes described in Chapter 4. It is unlikely that the
accumulation of UA conjugated with TPP+ in neuronal mitochondria has an antioxidative effect, as
observed when MitoQ failed to slow PD progression in patients (Snow et al., 2010), but rather, explain the
importance of UA localisation within the mitochondria for the effects shown in Chapter 4.
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Several studies have also employed the use of natural compounds to inhibit specific pathways of Aβ1-42
aggregation as a therapeutic against AD (Porzoor et al., 2015; Yuan et al., 2016). Natural compounds such
as epigallocatechin-3-gallate are able to directly interact with amyloid fibrils to prevent Aβ dissociation into
the neurotoxic oligomeric form (Palhano, Lee, Grimster, & Kelly, 2013). While UA did not ‘rescue’ Aβ1-42
induced neurotoxicity (Chapter 4) in RA-differentiated SH-SY5Y (as measured by the MTT), it may improve
other facets of mitochondrial function (e.g. ΔΨm, O2•-, network, etc.) that have not been characterised. It is
unlikely that there is a direct interaction of UA to Aβ1-42 to prevent Aβ1-42 aggregation (Yuan et al., 2016).
However, targeting UA to the mitochondria may resolve whether of UA directly interacts with mitochondria
in order to improve mitochondrial fitness (Chapter 4; Section 4.3.4 to Section 4.3.6) and alter Aβ1-42
neurotoxicity (Chapter 4; Section 4.3.10).
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Final Conclusion
Herein, this thesis provides insight into the effect of site- and type-specific glycated peptides involved in the
pathogenesis of AD and the interaction of these peptides with the mitochondria in a validated neuronal
model. These doubly glycated peptides highlight a pathway that may be protective against neurotoxicity
through the clearance of damaged mitochondria. This pathway was investigated further with a first-in-class
natural compound, urolithin A, known to affect mitochondrial clearance. The results indicate that a low
dosage of UA may affect mitochondrial clearance in neuronal cells, as well as other mitochondrial functions.
Thus, UA may be beneficial as a therapeutic for neurodegenerative diseases like AD or PD.
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Figure A.1 Potential of mean force (PMF) curves of CEL glycated and unglycated.
Aβ1-42 and the three CEL variants showing how the binding free energy varies as a function of the centre
of mass (COM) distance between peptides D and E. Curves were generated using the weighted histogram
analysis method from the 10 ns of simulation at each of 45 umbrella windows.
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Figure A.2 Representative Thioflavin T (ThT) fluorescence profiles of CEL Aβ1-42 and
unglycated Aβ1-42.
Lyophilised peptides were reconstituted in buffer (See Materials) and monitored for fibril formation over 80
min at 37°C. The fluorescence profiles were then analysed in AmyloFit and the half-time (t1/2), which is the
point at which half the maximum fluorescence is reached, was determined. The log half-time (t1/2) was
plotted against log monomer concentration (µM). Data presented as mean ± SD (triplicate wells).
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