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Abstract

The loss of the activity of mitochondrial respiratory chain (MRC) complexes,
particularly complex |, has been implicated in Parkinson’s disease (PD)
pathogenesis. However, it is still uncertain whether altered MRC activity is an
early event in the pathophysiology of PD, or a late consequence of cellular
stress. Therefore, this thesis contributes differently from other studies as to
the ongoing investigations about MRC activity in PD post-mortem brain based
on pathological severity. This study demonstrates that loss of complex |
activity occurs in regions with both moderate and mild pathology in PD brain.
Furthermore, multiple complex defects were noted in the moderate pathology
region. However, the activity of complex Il which is entirely encoded by
nuclear DNA appeared to be preserved.

The exact mechanism of multiple complex defects remain elusive. However,
the possibility arises that impairment of complex | results in secondary
damage to the other complexes. Here, neuroblastoma cells were employed to
study the effect of pharmacologically induced MRC complex | deficiency upon
the activity of the other complexes. In this model, rotenone-treated (100 nM;
24-48 hours) SH-SY5Y cells induced an inhibition of complex I. At 24 hours
no effect was observed on the other complexes. However at 48 hours,
multiple complex defects were noted, but the activity of complex Il appeared
to be preserved. Additionally, bioenergetics and glutathione status were
compromised. By utilizing this model, the effectiveness of antioxidants in

alleviating the progression of complex | deficiency on other complexes were
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also evaluated. Furthermore, the use of the Oxygraph-2K® instrument
together with a step-wise protocol was developed to assess the integrated
mitochondrial function in cultured SH-SY5Y cells. Additionally, the focus of
attention was also to validate the fibroblast growth factor-21 ELISA assay.
Based on the results, this assay appears to be a useful as a biomarker for

mitochondrial dysfunction.
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Impact Statement

A central role for mitochondria is energy production by the process of
oxidative phosphorylation. Damage to this process might dramatically
increase the generation of harmful free radicals and impair energy production.
Indeed, the central nervous system depends upon mitochondrial function
because neurons demand a high amount of energy to be metabolically active.
Consequently, impaired mitochondrial function, increases free radicals and
oxidative stress may contribute to decrease in ATP production, and eventually
lead to age-related disorder such as Parkinson Disease (PD).

PD is a chronic and progressive neurodegenerative disorder, affecting
approximately 1%, almost exclusively in the aged 60 years or older. As the
aging population and life expectancy are projected to rapidly grow over the
next few decades, the prevalence of this disorder is expected to increase to
50% by 2030. In addition, the cost of illness may possibly escalate further as
the proportion of individuals in Western societies aged over 60 dramatically
increases. Furthermore, the medical costs attributable to PD occur when the
disease reaches more advanced stages and symptoms become more
pronounced. Therefore, there is a need for the development of early
diagnostic biomarkers and new therapeutic strategies to minimise the impact
of disease progression and improve quality of life in patients.

Despite the precise mechanism associated with neurodegeneration in PD is
not yet fully understood, the inhibition of mitochondrial complexes, particularly,

complex | has been invoked as a potential contributor to the pathophysiology
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of PD. The findings presented here provide further evidence of reduced
mitochondrial complexes activities which is directly associated with
pathological PD severity. This could potentially lead to the development of an
early therapeutic intervention aimed at slowing down PD progression.

At the level of the mitochondrial complexes, the neuronal model presented
here which successfully mimicked PD brain, not only provides a possible
approach to study the biochemical consequences of complex | deficiency in
neurodegenerative disorders such as PD, but also could be potentially
applicable to study other inherited mitochondrial disorders as well as
monitoring therapeutic interventions.

Furthermore, it has been reported that at the time of PD diagnosis, the
majority of dopaminergic neurons have been already lost. Consequently, any
antioxidant interventions at this stage would be unable to prevent subsequent
neuronal death. This suggests that antioxidant intervention at early stage of
PD may halt or slow down the neurodegenerative process. Taken together,
the findings presented here adds to a growing body of literature on the
positive impact of early intervention of antioxidants which may be helpful at
slowing down disease progression.

Furthermore, although muscle biopsy remains a gold standard diagnostic tool
for patients with mitochondrial disorders, it is still an invasive costly procedure
that requires both a surgical technique and anesthesia. In order to limit the
need for an invasive muscle biopsy, FGF-21 ELISA assay is being validated in
this thesis as a potential mitochondrial biomarker. Results so far have been
very promising and suggesting that this assay may potentially be useful

clinically as a biomarker of mitochondrial disorders.
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CHAPTER 1

Introduction
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1.1 Mitochondrial Function and Structure

Mitochondria (singular, mitochondrion) are evolutionary believed to be coined
from an alpha-proteobactrium around a million years ago (reviewed by Gray,
2012). Over 150 years ago, mitochondria were first scientifically identified in
avian flight muscles and liver. In 1890, Richard Altman provided the first
description of mitochondria as cell organelles using a dye staining procedure,
and subsequently referred to them as “bioblasts” (reviewed by O’Rourke,
2010). In 1898, the German scientist Carl Benda replaced the term of
bioblast with mitochondrion (Greek: mitos—thread; chondros—granule). More
progress in the area of mitochondria was made by Eugene Kennedy and
Albert Lehninger after discovering that mitochondria are the site of the energy
producing machinery, namely the oxidative phosphorylation pathway
(OXPHOS) (reviewed by Pagliarini and Rutter, 2013). Over subsequent
years, mitochondria have widely become known as the “powerhouse of the
cells” following their description by Philip Siekevitz (reviewed by Verschoor et
al., 2013). Mitochondria have caught the attention of most biochemists. They
have been intensively investigated not only because they are “powerhouse of
the cell”, but more recently due to their fast-growing involvement in the
metabolic medicine area. In addition to their primary function to generate
cellular energy in the form of ATP by means of the respiratory transport
chains and OXPHOS, they also exhibit fascinating involvements in fatty acid
oxidation and urea cycle metabolism, heme biosynthesis and intracellular
calcium homeostasis as well as regulation of apoptosis, signal transduction,

and the cell cycle (Figure 1) (Lionaki et al., 2015; Smith et al., 2012).
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Figure 1 lllustrates some of fundamental roles of mitochondria beyond
of being primary energy source for the cellular metabolism. In the
cytosol, glucose is initially converted by glycolysis pathway to pyruvate. The
Outer mitochondrial membrane (OMM) contains porin channels, also
identified as voltage-dependent anion channels (VDACs) which allow small
molecules to freely diffuse into the intermembrane space. The reduction of the
cytosolic ATP/ADP ratio via alteration in ADP concentration consequently
leads to activate the metabolic sensor, AMP-dependent protein kinase
(AMPK), which subsequently stimulates the expression of the co-activator
peroxisome proliferator-activated receptor y coactivator 1a (PGC-1a). The
mtDNA contains 13 genes that encode MRC complexes and ATP synthase.
The other proteins which are encoded by nDNA genes are imported into
mitochondrial matrix through translocases in both the outer and inner
mitochondrial membrane, TOM and TIM, respectively. The adenine nucleotide

translocase or adenine nucleotide translocator (ANT) acts as a protein carrier
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ininner mitochondrial membrane (IMM), exchanging mitochondrial matrix ATP
for cytosolic ADP. Mitochondria plays a significant role in the dynamic of Ca?*
signalling machinery by taking up Ca?* from the cytosol into the mitochondrial
matrix via the mitochondrial Ca?* uniporter. In addition to its prominent roles in
cell survival, mitochondrial also contributes to programmed cell death
(apoptosis) pathway by regulating the pro-apoptotic proteins. During
apoptosis, mitochondrial outer membrane permeabilization (MOMP) forms
pores in the IMM which subsequently causes depolarization of the
mitochondrial membrane potential. These events ultimately lead to cell death
via the release of pro-apoptotic mitochondrial proteins, such as cytochrome ¢

into cytosol. Figure was adapted from (Smith et al., 2012).

Mitochondria have a unique structure, quite distinct from other cellular
organelles with a size that varies from 1 um to 4 um (Kennady et al.; 2004).
These organelles are bound by a double-layered phospholipid membrane
arrangement, separating mitochondria into four compartments including the
outer and inner membranes, the inter-membrane space (IMS) and matrix
(Figure 2) (Kuhlbrandt, 2015). The matrix is a viscous compartment bound by
the inner membrane which contains not only the mitochondrial DNA and
ribosomes, but also hundreds of enzymes utilized in both the TCA and urea
cycles, the oxidation of long chain fatty acids and the synthesis and oxidation
of various amino acids (Figure 1) (Prasai, 2017). The outer mitochondrial
membrane (OMM) contains an abundant protein, (known as porin), which
allows material to freely diffuse into the intermembrane space. By contrast,
the inner mitochondrial membrane (IMM) serves as a barrier, selectively
blocking or limiting the passage of most molecules. The IMM which houses
the respiratory chain complexes is also highly folded into cristae which

consequently increase the surface area of the membrane (Mannella, 2006).
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Figure 2 A typical the structure of mitochondria

1.2 Mitochondrial Respiratory Chain (MRC)

The high-energy electron carriers, which are produced by the cytosolic
glycolysis pathway (NADH) and the mitochondrial TCA cycle (NADH and
FADH2) are both respectively oxidized by the mitochondrial respiratory chain
(MRC) complex | (NADH: ubiquinone reductase; EC 1.6.5.3) and non-
pumping proton complex Il (succinate: ubiquinone reductase; EC 1.3.5.1).
This oxidation process results in electrons flowing to an electron carrier,
coenzyme Qio (CoQ1o0) (ubiquinone) and then on an onward shuttle to MRC
complex 1l (ubiquinol: cytochrome c¢ reductase; EC 1.10.2.2) (Land et al.,
2004). Together with the electron transfer flavoprotein (ETF), electron transfer
flavoprotein:ubigionone oxidoreductase (ETF-QO; EC 1.5.5.1) forms a short
electrons pathway short, which serves to shuttle electrons from FAD-

dependent acyl-CoA dehydrogenases of fatty acid B-oxidation to CoQio and
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then similarly on to MRC complex Il (Nicholas and Frank, 2010). The
electrons are ultimately carried by another mobile electron carrier, cytochrome
c to MRC complex IV (cytochrome c oxidase; EC 1.9.3.1) where dissolved
oxygen is reduced to form water. As a result of the passage of electrons
passing between chains, protons or hydrogen ions (H*) are pumped out of the
basic and negatively charged mitochondrial matrix and into the acidic and
positively charged intermembrane space through MRC complexes |, Ill, and
IV. This consequently creates a membrane potential (A@m) of an approximate
160 mV and subsequent proton-motive force (PMF). This latter potential
energy is harnessed by the mitochondrial ATPase enzyme, complex V as the
protons, driven by the PMF, pass through enzyme complex resulting in the
direct phosphorylation of ADP to ATP (Hargreaves et al., 2016). While
inorganic phosphate shuttles from the cytoplasm to the matrix via the
phosphate carrier, ATP then exchanges with ADP between the mitochondrial
matrix and the cytoplasm via the adenine nucleotide translocase (ANT) (Smith
et al., 2012). The complex V in conjunction with the other four multi-subunit
proteins of the MRC is collectively defined as the OXPHOS pathway where up
to 90 % of cellular metabolic energy is generated (Al Shahrani et al., 2017)
(Figure 3). Notably, the mitochondrial respiratory enzyme complexes and ATP
synthase are encoded by both nuclear and mitochondrial genes. However, the

MRC complex Il is entirely encoded by nuclear genes (Figure 3).
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1.2.1 MRC Complex | [EC 1.6.5.3]

The proton pumping, MRC complex | is the first step in the energy-generating
pathway in mitochondria. Thus, it is considered to be rate-limiting step in
mitochondrial respiration. In addition to being the largest complex in
mammalian mitochondrial chains with a size of 980 kDa (Judy et al., 2003), it
consists of a hydrophobic membrane arm and a hydrophilic peripheral arm,
creating a unique L-shaped structure, as was previously showed by three-
dimensional electron microscopy (Guenebaut. et al., 1997). Together with
eight iron—sulfur clusters and a non-covalently bound FMN, this L-shaped
complex is also comprised of 45 different multisubunit proteins of which 37
subunits are encoded by nuclear gene, while the remaining 7 hydrophobic
subunits are encoded by mtDNA (Christophe et al., 2016). As summarized in
(Figure 4), recent studies have also identified the human homologues of all

the above subunits in bovine complex | (Sharma et al., 2009).
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ND4 NDUFB (11)
ND4L NDUFAB1
ND5 NDUFC1
ND6 NDUFC2

MRC complex | assembly proteins

NDUFAF1 (CIA30)
NDUF12L (B17.2L)
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Figure 4 The structural components of MRC complex | in mammalian
mitochondria. Together with assembly proteins, the set of MRC complex |
subunits encoded by mtDNA and nuclear are shown. The prefix: “ND”
indicates subunits of NADH-dehydrogenase; “F” and “S” indicate the
prosthetic groups, flavin and iron—sulfur clusters, respectively. The Numbers

in parentheses indicate the number of MRC complex | subunits.

The redox energy of NADH is produced primarily by both of intermediate
chemical reactions within the TCA cycle as well as by the B-oxidation of fatty
acids and are directly fed into the MRC complex | of the OXPHOS pathway.
With the participation of iron—sulfur clusters and FMN cofactors, the transfer of
two electrons from reduced NADH to CoQHe: is catalysed by complex I, and is
coupled to the pumping out 4 H* across the IMM and into the IMS, which
contributes to the generation of a PMF which is ultimately utilized to

synthesise ATP by the process of OXPHOS.
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The MRC complex | is well known to be a major source of mitochondrial

reactive oxygen species (ROS) production in the cell, particularly in the form

of superoxide (O3). This free radical O is produced predominantly in the

matrix by MRC complex | (reviewed by Al Shahrani et al., 2017). Several lines

of evidence suggest two sites of the O3 production by MRC complex |
including the Q-binding site, supported by observations made in intact
mitochondria or submitochondrial particles (SMPs) and the reduced FMN in
the active site for NADH oxidation, supported by observation made in isolated
MRC complex | (Judy et al., 2008).

Together the reduction in the CoQ pool coincides with a high PMF by
mitochondrial oxidizing succinate, the first description of MRC complex I-
enhancing ROS was demonstrated in SMPs in which uncoupling proteins
(UCPs) induced H202 (Hinkle et al., 1967). This observation suggests that

MRC complex | is also a source of oxygen-derived radical H202 in addition to

0. In the presence of NADH, O3 production was subsequently demonstrated
in isolated MRC complex I. This was moreover enhanced further by the
complex | inhibitor, rotenone a (Q-site inhibitor) known to block the electron
transfer from NADH to CoQ: indicating that the production of O3 by isolated
complex | is due to the reaction of O2 with fully reduced FMN and is governed
by the redox state NADH/NAD™* (Cadenas et al., 1977). This also provides an
explanation as to why rotenone- induced complex | inhibition increases the

generation of O since rotenone binding consequently forces the electrons

back into FMN, which in turn generates O3 (Kussmaul et al., 2006). Similar

findings were also observed in MRC complex | within intact mitochondria
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(Kudin et al., 2004 and Kussmaul et al., 2006). Therefore, impairment of
MRC function caused by abnormal conditions such as dysfunction of
cytochrome ¢, mutations, ischemia, or accumulate of NADH as a result of
depleted ATP levels or reduction of respiration rate, could lead to an

exaggerated redox state NADH/NAD* ratio and consequently lead to

enhanced O3 production.

Another plausible mechanism which may be linked to MRC complex I-

mediated O3 production is reverse electron transport (RET) (Adam-Vizi and
Chinopoulos, 2006). This occurs at high PMF status, once the CoQ pool
becomes fully reduced and electron flows back from CoQH: into MRC
complex |, resulting in the reduction of NAD at the FMN site (Chance and

Hollunger, 1961). The first description of RET linked to H202 production was

observed in SMPs supplied by succinate (Hinkle et al., 1967). The O3 was

observed later in isolated complex | through RET (Cino and Del Maestro,

1989). Under the RET condition, therefore, the mitochondrial O3 production
rate seems to be the highest that may occur within mitochondria (Hurd et al.,
2007).

Taken together, two possible mechanisms can be associated with an

excessive production of O3 from MRC complex I: (i) when the mitochondrial
matrix redox state NADH/NAD* ratio is high, which in turn, leads to a
reduction of the redox cofactor FMN site at MRC complex | ( Figure 5-A) (ii)
when mitochondrial ATP levels are low, resulting in a reduction of the CoQ

pool and increase in PMF status, which ultimately leads to a RET in MRC

complex | ( Figure 5-B). (iii) To a lesser extent, O3 production in the case
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where mitochondria produce sufficient amounts of ATP level, although the

PMF status and redox state NADH/NAD* ratio are both low (Figure 5-C)

(Murphy, 2009).

A- High Mitochondrial Matrix Redox State NADH/NAD+ Ratio

PMF Status:
High or Low

\ 4
High H,0,

B- The Reduction in CoQ Pool Coincides with a High PMF

PMF Status:
High

High H,0,
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C- Normal Physiological Condition

@ h PMF Status:
MRC Low
complex |

I
- e—

ATP Status: : H0
High Respiratory Rate: 5
High rans,
Matrix E
IMM i
Low H,0,

Figure 5 lllustrates the possible events associated with mitochondrial
Os¢2 production, particularly from MRC complex I. (A) When the
mitochondrial matrix redox state NADH/NAD+ ratio is high, this in turn,
reduces the redox cofactor FMN site at MRC complex |. (B) When
mitochondrial ATP levels are low, resulting in a reduction of the CoQ pool and
increase in PMF status, this ultimately leads to RET in MRC complex I. (C) A
decreased level of O production occurs in cases where mitochondria
produce sufficient amounts of ATP levels, and subsequently the PMF status
and redox state NADH/NAD+ ratio are both low, in comparison with events
(A) and (B). Figures were adapted from (Murphy, 2009).
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1.2.2 MRC Complex Il [EC 1.3.5.1]

In addition to its functional role as succinate dehydrogenase (SDH) in the TCA
cycle, the MRC complex Il or succinate: quinone oxidoreductase (SQR) is
another entry point into the MRC pathway, catalyzing both of the following
reactions: (i) The oxidation of succinate to fumarate and (ii) the reduction of
ubiquinone (CoQ) to ubiquinol (CoQHz) (Rutter et al., 2010). Hence, MRC
complex Il represents a common hub of two keys mitochondrial pathways.
Unlike to other MRC enzyme complexes, human MRC complex Il is entirely
encoded by nuclear DNA (Rutter et al., 2010). This nDNA-encoded complex is
heterotetrameric containing two hydrophilic and two hydrophobic subunits
(Iverson et al., 2012). Together with a flavoprotein (SDHA), and an iron-sulfur
protein (SDHB) form a hydrophilic submits, which protrudes into the
mitochondrial matrix. In addition to a covalently attached flavin adenine
dinucleotide (FAD) cofactor, SDHA also contains the succinate binding site.
However, the two hydrophobic subunits, SDHC and SDHD are embedded in
the inner mitochondrial membrane. Additionally, these subunits contain one
haem b group and a CoQ-binding site (Drése, 2013). In the hydrophobic
space below the heme b, two phospholipid molecules which play central role
in the structure and function of mitochondria, namely cardiolipin (CL) and
phosphatidylethanolamine (PE), are also found (Sun et al., 2005).

During the oxidation reaction of succinate to fumarate, the covalently bonded
FAD cofactor accepts hydrogens to yield FADH2. Electrons from the reducing
equivalents of FADH: are then passed on through a series of the iron-sulphur
clusters to reduce CoQ to CoQH2. Overall, these reactions are catalyzed by

MRC complex II. In contrast with MRC complex I, lll and 1V, MRC complex Il
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does not to pump protons (Grimm, 2013). Fewer ATP molecules are therefore

produced from the oxidation of FADH2 than from NADH.

1.2.3 MRC Complex Il [EC 1.10.2.2]

Complex lll, also called (cytochrome bci complex; ubiquinol: cytochrome c
oxidoreductase) is the third enzyme complex in the MRC pathway. Its a multi-
subunit transmembrane protein which is encoded by both mtDNA
(cytochrome b) and nDNA (all other subunits). The cytochrome bci complex
also consists of eleven subunits including, three respiratory subunits
(cytochrome b, cytochrome c1, and Rieske protein), two core proteins and six
low-molecular weight proteins (Crofts et al., 2017).

The MRC complex Il operates via the mechanism known as the quinone
cycle (Q-cycle) which was first proposed by Peter Mitchell (Mitchell, 1975).
Proton transfer is dependent on the oxidation of quinol (QHz) in a bifurcated
reaction at the quinol oxidation site (Qo-site) in which two electrons from QHz
are shuttled by two different routes. The first electron from QH: is transferred
to the Rieske iron-sulfur protein, which subsequently feeds electrons through
cytochrome c1 in complex Il onto cytochrome c, a mobile electron carrier.
This ultimately leads to reduce a terminal electron acceptor (complex V).
Furthermore, a semiquinone (QH®) intermediate which is very unstable, is
formed following this reaction. Consequently, this intermediate donates the
second electron to two cytochromes b molecules (bL and bH), and then onto
a second processing site, the quinol reduction site (Qi-site). At this site, Q is
subsequently reduced via a two-electron gate to QH2z. Since this reaction
requires two electrons for the complete reduction of Q at the Qi-site, in two

turns the Qo-site fully oxidizes two QHz molecules. The second electron that is
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delivered to the Qi-site reduces the unstable QH’ to QH2. At the end of the
completion of one Q-cycle, two QH2 molecules are oxidized at the Qo-site, Q
molecule is reduced at Qi-site (Crofts et al., 2017; Bleier and Drése, 2013).
Therefore, the net result of the movement of two electrons from QH:2 to
cytochrome c is that two molecules of cytochrome c are subsequently
reduced, four H* are pumped into intermembrane space, and two H* are
removed from the mitochondrial matrix (Figure 6).

Historically, MRC Complex Il was documented to be the first mitochondrial

site producing ROS in the form of O3 (Jensen, 1966). It is believed that one
electron donor, the unstable QH® formed at the Qi-site is responsible for the
mitochondrial O3 production (Turrens et al., 1985). This O3 which is indeed
generated at the Qo site and not at the Qi site has been experimentally
observed by the use of specific inhibitors of the bcl complex that bind to the
two distinct Q-binding sites. Several studies using intact mitochondria, or
SMPs have demonstrated that the O: production at MRC complex Il is

stimulated upon addition of a Qi-site inhibitor, e.g. antimycin A (Muller et al.,

2002; Bleier and Drose, 2013). However, antimycin A-induced O3 production
is blocked by the addition of Qo site inhibitors e.g. myxothiazol and

stigmatellin, thereby preventing the formation of QH" (Muller et al., 2003).
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Figure 6 Schematic illustrating the Q-cycle of the cytochrome bc:
complex. The net result of the movement of two electrons from QH: to
cytochrome c is that two molecules of cytochrome c¢ are subsequently
reduced, four H* are pumped into intermembrane space, and two H* are
removed from the mitochondrial matrix. Cyt, cytochrome; Oxd, oxidized; red,

reduced.

1.2.4 MRC Complex IV [EC 1.9.3.1]

Complex IV also known as cytochrome c oxidase (COX) is the last enzyme
complex in the MRC pathway. It consists of 14 protein subunits, three of
which encoded by mtDNA and the reminder encoded by nDNA (Balsa et al.,
2012). In addition to these subunits, COX also contains several metal
containing prosthetic groups including, two haems, cytochrome a and a3, and

two copper centres (CuA and CuB) (Tsukihara et al, 1995).
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Complex IV receives electron from each of four reduced cytochrome c
molecules and transfers them to the final electron acceptor oxygen, which is
ultimately reduced to two molecules of water. Coupled to this oxygen
reduction reaction, complex IV also pumps out four protons across the
membrane, thereby increasing the membrane potential and proton gradient
and strengthening the PMF. This latter potential energy is then utilized by

ATP synthase to create ATP from ADP and Pi (Kim and Hummer, 2012).

1.3 MRC Supercomplexes

MRC complexes are organized into supramolecular structures known as
supercomplexes (SCs) (Schagger, 2001). The first evidence of SCs emerged
in the early 2000s when mitochondrial membrane proteins were analyzed
using blue native polyacrylamide gel electrophoresis (BN-PAGE) (Schagger
and Pfeiffer, 2000). Although the main function of SCs is not fully elucidated, it
has been suggested that SCs play an important role in enhancing MRC
activity via allowing for more efficient electron transfer through the MRC. This
could lead to a reduced electron leakage and consequently reduce the
mitochondrial ROS production (Maranzana et al.,, 2013). Additionally, SCs
may be also involved in stabilizing the structural integrity of individual MRC
complexes (Schagger et al., 2000).

MRC complexes are integrated unequally into the structural organization of
SCs, particularly the major SC, respirasome, which consists of complexes I,
I, and IV (Schégger and Pfeiffer, 2000). Analysis of the structural
organization of SCs from bovine heart mitochondria by BN-PAGE showed that

approximately 80% of complex I, 65% of complex Ill and 15% of complex IV
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contributed toward the structural organization (Schagger and Pfeiffer, 2000).
However, complex Il was not identified to be involved in SCs.

Intriguingly, neurons are critically dependent upon the availability and correct
functioning of the OXPHOS pathway for energy generation. However,
astrocytes depend on glycolysis to meet their energy needs (Almeida et al.,
2004). In fact, these two energy pathways are tightly coupled in which
astrocytes shuttle lactate as the end product of glycolysis to neighboring
neurons, ultimately leading to drive the OXPHOS pathway (Allaman et al.,
2011). However, the structural organization of the MRC between neurons and
astrocytes are still not fully understood. A study by (Lopez-Fabuel et al., 2016)
has demonstrated that MRC complex | was predominantly assembled into
SCs in neurons. In contrast to neurons, the abundance of free complex | was
found to be higher in astrocytes. This study also showed that the rate of

mitochondrial ROS production in astrocytes was higher than in neurons.

1.4 ATP Synthase [EC 3.6.3.14]

The ATP synthase, also known as (FoF1-ATPase; mitochondrial ATPase and
Complex V) is the final step enzyme in the OXPHOS pathway. It acts as a
rotary molecular motor, consisting of two membrane-spanning domains: Fo
and F1. The hydrophobic domain, Fo is a proton pore which is embedded in
the inner mitochondrial membrane. It contains a proton channel allowing
protons to flow toward F1. The letter O (written as a subscript letter "0") of Fo
denotes sensitivity to oligomycin, an ATP synthase inhibitor which blocks the
proton channel of Fo (Gautheron, 1984). The hydrophilic domain of ATP

synthase, F1, was first extracted and purified by (Racker, 1976). This domain
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which projects into the mitochondrial matrix, can subsequently hydrolyze ATP
to ADP and Pi and is thus known as F1-ATPase (Gautheron, 1984).

The mechanism of how ATP synthase generates ATP from ADP and Pi was
first proposed by Paul Boyer and John Walker, resulting in the award of the
Nobel Prize (Osellame et al., 2012). Boyer developed the binding change or
rotary-catalysis mechanism which proposed that ATP synthesis is dependent
on a conformational changes in ATP synthase created by rotation of the (y)
subunit in F1 (Boyer, 1975).

The major function of ATP synthase is to create ATP from ADP and Pi. This
occurs following rotation of the (y) subunit in the F1 domain (Walker and
Dickson, 2006). The potential energy is harnessed by the ATP synthase, as
the protons, driven by the PMF, rotates the ring of the c-subunit of the Fo
domain. The c-ring is tightly attached to the (y) subunit in the F1 domain (the
asymmetric central stalk) causing it to rotate within the (a3 and B3) subunits of
F1 (Cox et al., 1984). This subsequently cause the three catalytic nucleotide
binding sites on the solubilized F1 domain to go through a sequence of
conformational changes that ultimately lead to ATP synthesis (Jonckheere et
al., 2012). In the catalytic binding sites which are located in each of the (B3)
subunit and interface with an adjacent (a) subunit, describes the mechanism
of how ATP synthesis and hydrolysis can occur. During ATP synthesis, each
site switches cooperatively through conformation changes which in turn lead
to the reaction between bound ADP and Pi to form ATP. In the same pathway,
ATP hydrolysis can proceed but this occurs in reverse mode (Adachi et al.,
2007). These switches are primarily caused by rotation of the (y) subunit in

the F1 domain. The central stalk is prevented by a peripheral stalk that join
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the (a3B3) subunits to the (a) subunit of Fo during catalysis. Mechanically,
ATP synthase can therefore be divided into two components, including rotor
(c-ring, v, O, €) and stator (a3B3, a, b, d, F6, OSCP) (Figure 7) (Devenish et

al., 2008).
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Fo

Figure 7 lllustrates the subunit organisation in ATP synthase. It consists
of two membrane-spanning domains: Fo and F1. The catalytic domain, F1 is
made of (a, B) subunits and the three central stalk (y, & and €) subunits. The
hydrophobic domain, Fo is a proton pore domain which is made of (c-ring)
subunit, (a) subunit, and the peripheral stalk (b, d, F6 and OSCP) subunits.
The rotor component is made of the c-ring subunit and central stalk (y, 6, and
€) subunits. The remainder of the subunits is the stator component. Figure

was adapted from (Walker and Dickson, 2006).
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1.5 Citrate Synthase [EC 2.3.3.1]

Citrate synthase (CS) is an enzyme found in nearly all living cells. It plays a
significant role as a pacemaker enzyme in the hub of the metabolic pathway
of aerobic organisms, the tricarboxylic acid (TCA) cycle, also known as citric
acid cycle (CAC) or the Krebs cycle (Figure 8). Unlike glycolysis which occurs
in the cytoplasm, the TCA cycle along with OXPHOS occur in the
mitochondria. The overall TCA cycle completely oxidizes acetic acid,
(originating as acetyl coenzyme A (acetyl CoA) from glucose, fatty acid, and
amino acid catabolism (Wakil and Abu-Elheiga, 2009) to two molecules of
carbon dioxide, three NADH, one FADH, one Guanosine-5'-triphosphate
(GTP) and three hydrogen ions.

CS is the first enzymatic step in the TCA cycle which catalysing the
condensation reaction of oxaloacetate (OAA) with acetyl CoA to form citric
acid. In eukaryotic cells, CS is located in the mitochondrial matrix. However, it
is encoded by nDNA rather than mtDNA which is translated in the cytoplasm
and then transported into the mitochondrial matrix (Wiegand and Remington,
1986). Therefore, it is commonly used as matrix enzyme marker as well as a

mitochondria enrichment marker.
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Figure 8 Schematic illustration of the TCA cycle.
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1.6 Oxidative Stress

Free radicals can be chemically defined as any species containing one or
more unpaired electron occurring in their atom or molecular orbitals (Halliwell
and Gutteridge, 2007). Oxygen is an essential element for living cells which
has the ability to be generated in vivo, producing potentially damaging
oxygen-derived species, known as reactive oxygen species (ROS). Under
physiological conditions, the levels of ROS are balanced and controlled by a
range of defence mechanisms, known as antioxidants. However, under
pathophysiological conditions such as seen in many neurodegenerative
disorders, increased ROS formation, or a reduction in antioxidant capacity, or
even both simultaneously may occur. This condition known as oxidative
stress, was described by Helmet Sies in the mid-1980s as an unbalance
between free radicals and antioxidants in favour of free radicals, thereby
leading to cellular damage (Sies, 1985). High energy demanding organs such
as the brain are highly vulnerable to oxidative stress due to its high metabolic
rate associated with low antioxidants content (Cobley et al., 2018).

As shown in (Table 1), instances of oxygen-derived ROS include, superoxide
(03), hydrogen peroxide (H2032), the hydroxyl radical (OH), singlet oxygen
(*02) and hypochloric acid (HOCL). In addition to ROS, reactive nitrogen
species (RNS), is a collective term describing nitrogen-derived species such
as nitric oxide (NO’), nitrous acid (HNOz), peroxynitrite (OONO-) and
peroxynitrous acid (ONOOH) (Lien et al.,, 2008). Thus, human cells have
evolved an array of enzymatic and non-enzymatic antioxidant defence
mechanisms to help protect themselves from the harmful effects of ROS or

RNS (Table 2).
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Table 1 List of key reactive species generated during metabolism

Os, Superoxide

H,0, Hydrogen peroxide

HO* Hydroxyl radical

HOCL Hypochloric acid

0, Singlet oxygen
R |

NO- Nitric oxide

HNO, Nitrous acid

OONO~ Peroxynitrite

ONOOH Peroxynitrous acid
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Table 2 List of key enzymatic and non-enzymatic antioxidant defence

Enzymatic antioxidants

Non-enzymatic antioxidants
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1.7 Mitochondria are a Major Site of ROS Production
and Target of ROS-mediated Dysfunction

It is thought that the formation of ROS is a dominant component produced
during the generation of ATP utilizing molecular oxygen. Under normal
conditions, approximately 1 % of total oxygen utilized by the MRC is

converted to ROS, although under pathological conditions this may increase

dramatically (Starkov, 2008). Mitochondrial ROS, particularly O3 is mostly
generated either in the matrix from MRC complex | or both in the

intermembrane space and matrix from MRC complex Ill, indicating that steady

state of O3 has potentially higher level in the matrix than other organelle

compartments (Cadenas and Davies, 2000).

O3 is rapidly removed by conversion to H20:2 either by a manganese-
dependent superoxide dismutase (MnSOD) or a copper, zinc-dependent
superoxide dismutase (Cu, ZnSOD), and then ultimately reduced to water by
GPx utilizing the active and reduced GSH as a cofactor (Turrens, 2003;
Birben et al., 2012) (Figure 9) (Table 2). A large number of biomolecules have
over the years been recognised as potent antioxidants. GSH itself, besides
being a cofactor for the enzymatic antioxidant GPx, also serves as non-
enzymatic antioxidant by directly removing free radicals as well as other
oxidative agents (Birben et al.,, 2012). Similarly, other non-enzymatic
antioxidants known to act as potent free radical scavengers include ascorbate
(vitamin C) (Bunker, 1992), a- tochopherol (vitamin E) (White et al., 1997),

coenzyme Q (ubiquinol-10) (Duberley et al., 2014), a-lipoic acid (ALA) (Smith
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et al., 2004), and carotenoids (B-carotene) (Fiedor and Burda, 2014) (Table
2).

It is the uncontrolled or overproduction of ROS (oxidative stress) or RNS
(nitrosative stress) which can potentially cause damage to cellular molecules,
including DNA, proteins and lipids (Jacobson et al., 2005). Furthermore, it is
thought that accumulation of these reactive species, resulting in oxidative
stress could lead to damage to the MRC and this in turn may be a major
contributing factor in the pathophysiology of several inherited and acquired
mitochondrial disorders (Hayashi and Cortopassi, 2015; Stewart and

Heales,2003).
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Figure 9 A schematic underlies the pathway of mitochondrial free radical

generation and their enzymatic antioxidant defences. The mitochondrial

O: is subsequently converted to H20:2 either by MnSOD or Cu, ZnSOD, and
then ultimately reduced to H20 by GPx. Figure was adapted from (Al Shahrani
et al., 2017).

1.8 Mitochondrial Targets of Oxidative Stress and

Association with Inherited Disorders and PD

Mitochondria, as well as being a source of ROS, are susceptible to oxidative
stress induced damage with a number of key biological molecules being the
target of oxidative damage by radical species, including membrane
phospholipids, MRC complexes, mtDNA, and proteins. As a consequence, a

deficit in cellular ATP status may occur along with increased electron leak and
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partial reduction of oxygen. This in turn may lead to a further increase in the
generation of more ROS. Oxidative injury to certain
mitochondrial biomolecules has been associated with, and implicated in the

mechanism of a number of diseases. A number of which are described herein.

1.8.1 Mitochondrial DNA

Mitochondria have their own genomic system. The human mitochondrial
genome contains 16,569 bp of DNA, which is primarily located in the
mitochondrial matrix. Mitochondrial DNA or (mtDNA) is circular, double-strand
DNA (dsDNA). It has 37 genes, which encodes (13) polypeptides, involved in
the MRC or OXPHOS pathway. Of the reminder, (22) code for transfer RNA
(tRNA), and a further (2) for ribosomal RNA (rRNA) (Wallace, 2005).
Mitochondrial DNA (mtDNA) is solely maternally inherited, meaning that the
only the mother is capable of passaging on mtDNA to her offspring (Giles et
al., 1980). Therefore, disorders resulting from mtDNA mutations are inherited
as a maternal trait. Each individual cell contains several thousand copies of
mtDNA (Miller et al., 2003). When all copies are typically identical, the
condition is known as homoplasmy. By contrast, when there are two or more
genotypes of mtDNA in individual cells (wild-type and mutant), the condition is
known as heteroplasmy. Within the heteroplasmic group, clinical
manifestations are only detectable once the pathogenic mutation within the
MtDNA exceeds a specific threshold level (Stewart and Chinnery, 2015).
Inherited mitochondrial disorders are generally believed to be one of the most
common inborn error metabolism with a birth prevalence of about 1:5000
(Hargreaves et al., 2016). Based on present data, mitochondrial disorders as
the result of mtDNA mutation are estimated to be 1:8000 (Chinnery et al.,
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2000). Furthermore, it is rare in children and accounts for less than 10 % of all
mitochondrial disorders affecting children (Lamont et al., 1998). At least 200
pathogenic point mutations affecting the mtDNA-encoded MRC |, I, IV as
well as tRNAs have recently been reported (Gillis and Sokol, 2003).
Furthermore, patients with mitochondrial mtDNA mutations commonly develop
a spectrum of clinical symptoms (Deborah et al., 2013). In comparison with
nuclear-DNA (nDNA), mtDNA is particularly vulnerable to oxidative stress
since it lacks protective histones, has limited of repair mechanisms as well as
the major component of intracellular ROS source, the MRC (Sykora et al.,
2012; Cline, 2012). Therefore, mtDNA has a potentially higher mutation rate
by approximately 10- to 20- fold than nDNA (Chappel, 2013). A hypothesis,
known as “mitochondrial catastrophe”, proposed that accumulation of mtDNA
insults results in a deficit in MRC activity, which in turn, leads to produce
further ROS, and eventually cell death (Leeuwenburgh and Hiona, 2008). This
notion also yields an insightful explanation that oxidative stress might be

considered as a cause rather than a consequence for the mtDNA disorders.

1.8.1.1 Leber’s Hereditary Optic Neuropathy

Leber’s hereditary optic neuropathy (LHON) (OMIM 540000) is an excellent
example of inherited mtDNA disorder. In most cases, it is caused by three
mtDNA point mutations involved in MRC complex | subunits (Huoponen et al.,
1991). Vision loss is the main clinical features for patients with LHON
disorders (Sadun et al., 2011). The involvement of oxidative stress in the
mechanism of LHON disorder is well documented (Battisti et al., 2004; Lin et

al., 2012). It is worth noting that mitochondrial complex I is one of the major
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producer of Oz, which has a significant effect in such cases if not all of LHON
condition (Howell, 1998). The reduction in MRC complex | activity and its
subsequent accumulation which in turn, enhances the cell death via apoptosis
(Kirches, 2011). A recent study demonstrated an increase in free radicals
formation as well as a reduction in antioxidant levels, compared to control

group in blood from patients with LHON disorder (Wang et al., 2008). In

addition to an increased O; production as the result of a reduction in MRC
complex | activity, increase in protein oxidation, and lipid peroxidation have
been detected in mutant mt-ND6 subunit of complex I. Nevertheless, in this
study, the antioxidant activity of both MnSOD and GPx were not changed,
suggesting that the mutation threshold might not have reached a significant
level (Gonzalo et al., 2005). Additionally, an increased level of the HO*, and
lipid peroxyl radicals along with an increase in the activity of both SOD forms
were also demonstrated (Luo et al., 1997). Consistent with this, increased
levels of chemical ROS markers have also been observed in LHON- mutant
neuronal cells (Wong et al., 2002). Furthermore, the marker of oxidative DNA
damage, 8-OHDG, has been shown to be elevated in white blood cells of
LHON patients (Yen et al., 2004). In addition to endogenous of production of
ROS, exogenous ROS sources such as tobacco smoke has been linked to
the onset LHON disorder (Sadun et al., 2004).

1.8.1.2 Myoclonic Epilepsy with Ragged Red Fibers

Myoclonic epilepsy with ragged red fibers (MERRF) (OMIM 545000)
syndrome, is an inherited mitochondrial encephalopathy, caused by the
MtDNA A8344G mutation in in the tRNA (Lys) gene (Shoffner et al., 1999),

affecting roughly 90 % of all MERRF cases (Shoffner and Wallace, 1992).
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Myoclonus is one of the common clinical features of this syndrome. Other
clinical features seen in patients with MERRF are: muscle weakness, hearing
loss, cardiomyopathy, and dementia (Shoffner et al., 1999). The pathological
mechanism involved however is still unknown. Nevertheless, the role of
oxidative stress in the pathomechanism of MERRF has been documented
(Wu et al., 1990). The dysfunction of the MRC, most predominately complex |
and IV, followed by increased ROS levels has been reported in cultured
fibroblasts from patients withn MERRF (Mata et al, 2012).
Immunohistochemical studies also revealed a selective reduction in mtDNA-
encoded MRC subunits in brain tissues obtained from MERRF patients
(Sparaco et al., 1995; Lombes et al., 1989). A study using hybrids carrying the
A8344G mutant mtDNA revealed significantly increased ROS level together
with elevated ROS-scavenger levels, implying that oxidative stress can be
considered to play a crucial role in the pathophysiology of MERRF

(Szczepanowski et al., 2012).

1.8.2 Mitochondrial Cardiolipin

Cardiolipin (CL) is an exclusive phospholipid component of IMM in eukaryotes
where oxidative phosphorylation takes place and constitutes approximately
25% of the total lipid contents in mitochondria (Pope et al., 2008). Having a
distinctive dimeric structure, CL consists of four acyl side chains within two

negative charged carriers (Figure 10) (Huotkooper et al., 2006).

62|Page



o) OH 0
0- |F! o) CH2—C—CH2—O—I|3|—O
o) 0
o) CH; CH, o)
Ry !:' O—CH HC—o0 L' Rs
R;——C——0——CH; H,C—O0——C—Ry
L' |

Figure 10 The chemical structure of CL.

In mammalian mitochondria, CL is synthesized from phosphatidic acid
through a series of enzymatic reactions which are comparable to other
phospholipid pathways. However, the final reaction which is catalysed by CL
synthase is distinctive (Schlame and Greenberg, 2000). In addition to its
structure and biosynthesis being unique, CL plays a crucial role in aspects of
maintaining the functional properties of the mitochondrial components
(Schlame and Greenberg, 2009). It has been shown that the mitochondrial
enzyme complexes require CL binding for enhancing their enzymatic function
(Paradies et al., 2014). Variable numbers of CL molecules integrated into
MRC complexes have also been identified (Bazan et al., 2013). It is believed
that the CL molecular interaction with all individual respiratory complex are
paramount for their assembly into supercomplexes (Pfeiffer et al., 2003). For
instance, destabilization of respiratory supercomplexes has been
demonstrated as the result of a mutation in the tafazzin (TAZ) gene,

highlighting the significant of this gene product for CL remodelling
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(Houtkooper et al., 2009; McKenzie et al.,, 2006). In addition to the CL
functions in the OXPHOS machinery, CL is also thought to play a key role in
mitochondria-mediated apoptosis (Ott et al., 2007). The release cytochrome ¢
from mitochondrial intermembrane space is a key feature in the apoptosis
pathway. In the inner mitochondrial membrane, cytochrome c is mainly bound
to CL, serving as electron carrier between respiratory chain complex Il and
complex IV (Tuominen et al., 2002). Upon its release, cytochrome c
dissociates from CL-binding. Since cytochrome c tightly bound to CL, it has
been proposed that ROS may contribute to weaken the interaction between
CL and cytochrome c, thereby stimulating the release of cytochrome c from
mitochondria (Petrosillo et al., 2001). The hypothesis involved in the
peroxidation of CL by ROS was demonstrated by the recent study in which
ROS depleted CL content, which was subsequently followed by a reduction in
cytochrome c oxidase activity (Petrosillo et al., 2013). In addition to ROS,
calcium release may also be triggered by the detachment of cytochrome c
from CL due to a weakening of the electrostatic interaction between them
(Petrosillo et al., 2004). As CL performs a unique role in the mitochondrial
compartment, it is not surprising that oxidative stress has been a significant
contributor to alter CL metabolism, and mitochondrial dysfunction leading to

primary metabolic disorders, mainly Barth syndrome (Chen et al., 2008).
1.8.2.1 Barth Syndrome

Barth syndrome (BTHS) (OMIM 302060) is a rare X-linked genetic disorder,
characterized by cardiomyopathy, neutropenia, skeletal weakness, and
growth disorders (Barth et al., 1983). It is mainly caused by a mutation in the

TAZ gene, which encodes a putative enzyme acyltransferase that is
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enzymatically responsible for CL remodelling (Barth et al., 2004). The lack of
a functional enzyme consequently leads to defect in the trafficking of fatty
acids, meaning that monolysocardiolipin (MLCL) is unable to recycle to
mature CL (Baile et al., 2014). Based on the well-defined models of BTHS in
human and yeast, results have demonstrated a reduction in CL level, and the
acyl chain composition of the remaining CL, which in turn lead to
mitochondrial dysfunction (Chicco and Sparagna, 2007). Furthermore, the
intermediary product MLCL has shown to be raised, suggesting the important
link between the TAZ gene and CL remodelling (Valianpour et al., 2005).
Indeed, BTHS has been earlier described as mitochondrial disorder since
BTHS patients can manifest symptoms consistent with known mitochondrial
disorders (Jefferies, 2013).

The biochemical findings following MRC enzyme studies in 1983 by Barth
together with other groups have provided the evidence of MRC deficiency
(Barth et al., 1999). However, individual studies have given different results,
suggesting the possibility that primary MRC defect may result in a secondary
loss of other MRC activities (Hargreaves et al., 2007). Notably, loss of CL
content has been associated with mtDNA instability (Martinez et al., 2015).
This may suggest another possible mechanism that the dysfunctional MRC
encoded by mtDNA may be the consequence of oxidative damage since the
mtDNA structurally lacks protective histones (Alexeyev et al., 2013).
Increased ROS levels have evidently been implicated in the TAZ mutation
seen in cardiomyopathy which is hallmark clinical feature of BTHS syndrome
(Saric et al., 2016). It is worth stressing that CL is a predisposed target for

oxidative damage for the following reasons: (1) CL has a naturally high
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unsaturated content, which is easily attacked by oxidative agents. (2) It is
involved in MRC structure, a major intracellular source for ROS production,
particularly the superoxide radical. (3) In addition to CL peroxidation, calcium-
mediated detachment of cytochrome ¢ from CL is induced which generates

further ROS levels and results in apoptotic cell death.

1.8.3 Mitochondrial Aconitase

Aconitase [EC 4.2.1.3] is a multi-domain enzyme, which catalyses the second
step of the TCA cycle in the isomerization of citrate to isocitrate. It contains of
iron-sulphur [Fe-S] cluster, and comes in two different forms: an active [4Fe-

4S] 2* and an inactive [3Fe-4S] '* cluster (Beinert and Kennedy, 1993). The

active [4Fe-4S] 2* form of aconitase is extremely vulnerable to oxidation by O3
, which subsequently converts it to the inactive [3Fe-4S] * form. This
oxidation reaction is accompanied by the release of a ferrous ion, which
subsequently contributes to the generation of an OH" via the Fenton reaction
(Vasquez-Vivar et al., 2000). As a result of this potential reaction, oxidative
injury to mtDNA, lipids, and proteins may occur (Houten et al., 2006). Since
the aconitase enzyme is susceptible to direct attack by free radicals, it has
been recognized as an oxidative stress marker in mitochondria, suggesting
that this enzyme functions as mitochondrial redox sensor (Gardner and
Fridovich, 1991).

Aconitase comes in two isoenzyme forms in mammalian cells: the
mitochondrial aconitase (m-aconitase), and cytosolic aconitase (c-aconitase).
While the m-aconitase is a part of the TCA cycle, c-aconitase is recognized as

iron-responsive protein-1 (IRP1), which performs a dual function in the
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regulation of iron homeostasis through binding to iron-responsive elements
(IREs), and controlling cellular iron levels (Beinert and Kennedy, 1993).
Despite the m-aconitase being identical in function (with 25% sequence
homology identity) to that of c-aconitase, it is clearly not recognized to have
role as an IRP (Haile et al., 1992). However, the brain is highly dependent on
m-aconitase activity (Liang et al., 2000) and is regulated by a 5’IRE in its
mRNA (Kim et al.,, 1996). As a consequence of inactivation m-aconitase;
neurons could be highly subject to free radical attack and subsequent iron
overload, resulting in dramatic accumulation in oxidative stress (Stankiewics,
and Brass, 2009). As a central role of TCA cycle in mitochondrial ATP
pathway, dysfunction of aconitase may consequently lead to an impairment of
TCA cycle capacity, a deficit in MRC activity, and decline in ATP production,
which in turn, could lead to subsequent accumulate of ROS levels, and
resulting oxidative damage (Figure 11) (Fariss et al., 2005). Collectively, it is
well-known that mitochondrial dysfunction, and iron metabolism impairment,
inducing oxidative stress has been implicated in various neurodegenerative

disorders.
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Figure 11 A potential mechanism of oxidation inactivation of m-

aconitase by mitochondrial Os¢2. This oxidation reaction is accompanied by
the release of a ferrous ion, which subsequently contributes to the generation
of OH- via Fenton reaction. This scenario could consequently lead to an
impairment of TCA cycle capacity, a deficit in MRC activity, and decline in
ATP production, which in turn, could lead to further oxidative damage. Figure

was adapted (Fariss et al., 2005).

1.8.3.1 Friedreich Ataxia

Friedreich ataxia (FRDA) (OMIM 229300), is a progressive neurodegenerative
disorder with an autosomal recessive mode of inheritance, affecting roughly 1:
50.000 live births (Rotig et al., 1997). In addition to neuronal injury in the
dorsal root ganglia (DRG) and sensory peripheral nerves, FRDA patients also
manifest with non-neurological symptoms including diabetes, cardiomegaly,
and muscle weakness (Koeppen, 2011). FRDA is caused by GAA expansion
in the frataxin gene, the product of which is predominantly located in

mitochondria (Campuzano et al., 1996). The exact role of the frataxin protein
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is not yet fully understood. However, it has been proposed to play crucial roles
primarily in regulating iron machinery and functioning as a mitochondrial Fe-S
cluster chaperone (Babcock et al., 1997; Gerber et al., 2003). In this regard,
increased iron capacity, and the loss of activity of mitochondrial Fe-S cluster-
containing enzymes has been evidently observed in FRDA patients,
suggesting the paramount function of frataxin in iron metabolism (Rotig et al.,
1997; Abeti et al., 2016; Kaplan et al., 1999). In addition to its well-established
role in iron metabolism, frataxin can protect against iron-mediated oxidative
stress (Bresgen and Eckl, 2015). In a previous study, exposure of fibroblast
obtained from patients with FRDA to ferrous ions and H202 reduced the
viability of the cells in patients (Wong et al., 1999). The most direct evidence
of the critical function of frataxin in protecting against oxidative stress comes
from the observation of combined reduction in activity of nuclear factor-
erythroid 2 related factor 2 (Nrf2) and glutathione levels in the YG8R mouse
model of FRDA (Yuxi et al.,, 2013). In contrast, an increased resistance to
oxidative stress induced by overexpression of mitochondrial frataxin has been
reported in Drosophila (Runko et al., 2008). Since the discovery of the
frataxin gene in 1996, dysfunction of mitochondrial Fe-S cluster-containing
enzymes including complex [, Ill and aconitase, resulting in oxidative stress
has been a major contributor in the pathophysiology of FRDA (Koenig and

Mandel, 1997).
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1.8.4 Parkinson Disease

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative
disorder. It is a multifactorial and age-related disorder, affecting approximately
1%, of the general population, and almost exclusively in the aged 60 years or
older (Reeve et al. 2014). As the aging population and life expectancy are
projected to rapidly grow over the next few decades, the prevalence of this
disorder is expected to increase to 50% by 2030 (Dorsey et al., 2007). The
PD incidence rates are substantially higher for men than for women within the
ratio being 3:2 (men to women ratio) (De Lau and Breteler, 2006). The late-
onset sporadic (idiopathic) form accounts for 90% of all PD cases, while the
remaining is familial (Mendelian) form. Once approximately 70- 80 % of
dopaminergic neurons depletion occurs (Bezard et al., 2001; McNamara and
Durso, 2006), PD patients clinically present with motor symptoms, including
bradykinesia, tremor, rigidity and often postural instability. In addition to motor
symptoms, patients with PD may present with non-motor symptoms, such as
depression, sleep disturbances, anxiety, and constipation (Kalia and Lang,
2015). The cardinal pathological hallmarks of Parkinsonism include selective
cell death of dopaminergic neurons in the pars compacta of the substantia
nigra (SN) and the presence of a-synuclein-positive intraneuronal cytoplasmic
inclusions, known as Lewy bodies (LBs). For several decades, it was
assumed that PD is likely caused by environmental factors until in 1997 when
the autosomal dominant mutation in the alpha-synuclein (SNCA) gene was
discovered (Abou-Sleiman et al., 2006). Since this discovery, at least seven
other mutant genes, including, parkin, PTEN-induced putative kinase 1

(PINK1), DJ-1, HtrA serine peptidase 2 (HTRA2), leucine-rich repeat kinase 2
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(LRRK2), ubiquitin  C-terminal hydrolase-L1 (UCHL1) (Klein and
Westenberger, 2012; Schapira, 2008), and glucosylceramidase beta
(GBA1) which encodes the lysosomal enzyme glucocerebrosidase (GCase)
(Gegg et al., 2012), have also been identified that are linked to familial PD

(Table 3) .

Table 3 Gene products implicated in etiopathogenesis of familial
PD

Gene product Mendelian inheritance
SNCA Autosomal dominant
Parkin Autosomal recessive
PINK1 Autosomal recessive

DJ-1 Autosomal recessive
LRRK2 Autosomal dominant
HTRAZ2 Autosomal dominant
UCHL1 Autosomal dominant
GBA 1 Risk factor

1.8.4.1 Mitochondrial Dysfunction and PD

Neurons commonly consume large amounts of energy as a course of their
normal biochemical and metabolic activities. Since 20% of total oxygen per
approximately 2% of human’s weight is utilized by neurons, this oxygen needs
to be delivered to mitochondria to produce energy in the form ATP through the

MRC (Cobley et al., 2018). Consequently, any disturbance to mitochondrial
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function can have potentially detrimental effects on neuron function. For
several decades now, there has been a flurry of emerging evidence of
mitochondrial dysfunction which has been implicated in the pathogenesis of
PD. The first evidence emerged in the early 1980s when drug abusers
intravenously injected with 1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine
(MPTP), which became metabolised to the MRC complex | inhibitor 1-methyl-
4-phenylpyridinium ion (MPP*) via the monoamine oxidase-B (MAO-B)
enzyme, where is taken up from glial into dopaminergic neurons by the
dopamine transporter (DAT). This consequently induced Parkinsonism
syndrome (Figure 12) (Langston et al., 1983). Similarly in animal models, rats
and primates were shown to share Parkinson-like symptoms, following
administration of MPTP (Blesa et al., 2012). In parallel with MPTP, a chronic
low-dose infusion of rotenone to rats additionally induced similar features of
Parkinson disorders including selective loss of dopaminergic neurons and
aggregation of a-synuclein (Betarbet et al., 2002). Collectively, MRC complex
| inhibitors have become commonly utilized to investigate the pathogenesis
and therapeutic tools for PD. Further studies performed to support the role of
mitochondrial dysfunctions have shown strong links to the aetiopathogenesis
of PD. Studies of post-mortem PD patient brain tissue demonstrated complex
| deficiency in the SN and frontal cortex (Schapira et al., 1989; Parker et al.,
2008). In additions to being functionally impaired and misassembled, MRC
complex | subunits are oxdatively damaged in SNs of patients with PD (Parker
et al., 2008). In addition to post-mortem brain, MRC complex | deficiency was
also demonstrated in peripheral tissues including platelets and skeletal

muscle from individuals with PD (Schapira, 1994). In this context it seems that
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a reduction of MRC complex | activity is systemic, thereby simultaneously
affecting many tissues. In addition to a decrease in the activity of complex I, a
reduction in complex Il activity was further demonstrated in lymphocytes and
platelets in patients with PD (Haas et al., 1995). Taken together, inhibition of
mitochondrial respiratory complex | and Ill could consequently lead to
excessive ROS production, oxidative stress, and subsequent depletion of ATP
levels, elevated intracellular calcium levels, excitotoxicity, and ultimately
enhanced dopaminergic neuronal cell death (Keane et al., 2011)

Collectively, these scenarios have been associated with idiopathic PD
pathogenesis (Figure 12). Additionally, PD-related genes also appear to be in
part localized to mitochondria and therefore may contribute indirectly towards

mitochondrial damage and oxidative stress (Figure 13) (Schapira, 2008).
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Figure 12 Schematic illustrating the potential role of mitochondrial
dysfunction in the PD pathogenesis. Mitochondrial toxins, such as rotenone
or MPP™ elicit MRC complex | inhibition, and subsequently produce ROS,
reduction of the GSH status, with resulting oxidative stress. Oxidative stress
consequently induces mitochondrial permeability by transiently opening a
pore, which subsequently causes depolarization of the mitochondrial
membrane potential. These scenarios eventually lead to neural cell death via
the release of pro-apoptotic mitochondrial proteins, including cytochrome c
and apoptosis-initiating factor. DA, dopamine; Cl, complex I; OS, oxidative

stress. Figure adapted from (Al Shahrani et al., 2017).
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Figure 13 The potential interaction between PD-related genes and their
potential impact on mitochondrial function. Mutations in mitochondrial
quality control, PINK 1 gene, which is also one of the major components of
the ubiquitin proteasomal system (UPS), leads to alter in mitochondrial
function and structure. Mutations in PINK 1 in combination with mutations in
LRRK2 could also lead to a modification in protein phosphorylation,
particularly in mitochondrial proteins. In addition to overload or dysfunction of
protein ubiquitination, Parkin is downstream of PINK1 function and may itself
induce mitochondrial dysfunction. Moreover, Mutations in UCHL1 which is
encoded by ubiquitin carboxyl-terminal esterase, will also cause aberrant
damage to UPS function. In addition to GBA 1 mutation, mitochondrial
dysfunction resulting in oxidative stress may also subsequently lead to an
enhancement of the abnormal unfolding protein, a-synuclein. DJ-1 acts as a
ROS quencher where it is located in the mitochondrial intermembrane space
and matrix, thus mutations in DJ-1 may impact in its correct function. These
pathological events along with mutations in Omi/HtrA2 may consequently
speed up the mitochondrial caspase cascade activation pathway. Figure was
adapted from (Schapira, 2008).
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Crucially, neurons are extremely vulnerable to oxidative stress for other many
reasons such as : (i) their membranes are surrounded by high level of
unsaturated fatty acids and phospholipids (Bazinet and Layé, 2014) (ii)
coupled with insufficient amount of antioxidants capacity such as the primary
defence line, GSH (Ren et al.,, 2017) (iii) dopamine (DA) quinones or
semiquinoes are continuously produced as a by-product of DA oxidative
metabolism, which in turn have the capability of depleting neuronal GSH
levels (Hargreaves et al., 2016) (iv) iron is considered to be the most
abundant metal throughout the brain which has the capability to produce the
free OH' radical mediated by lipid peroxidation and autoxidation of DA
(Bharath et al., 2002).

Subsequent studies of Post-mortem PD patients have further showed that an
increased level of malondialdehyde (MDA) can be used as an oxidative
marker for lipid oxidation. In contrast, the concentration of unsaturated fatty
acid was low (Dexter et al.,, 1989a). In addition to lipid oxidation in PD
substantia nigra, markers of oxidative stress to DNA, 8-hydroxy-2' -
deoxyguanosine (8-OHdG), and protein (carbonyl modifications) were also
found to be elevated (Zhou et al., 2008). Antioxidants play a fundamental role
in defending cells from oxidative stress. Among these antioxidants are CAT,
SOD (Venkateshappa et al., 2012) GPx (Damier et al., 1993), GSH (Sian et
al., 1994) and uric acid (Annanmaki et al., 2007) the levels of which have all

been found to be changed in PD.
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1.8.4.2 The Interplay among PINK1, Parkin and DJ-1 during
Mitochondrial Quality Control

A growing body of evidence has demonstrated that modified mitochondrial
dynamics, turnover and function have been associated with pathological
alterations in a number of neurodegenerative disorders, particularly PD (Laar
and Berman, 2009). There are several mechanisms that have evolved to
control and maintain mitochondrial protein integrity, including repair of
dysfunctional mitochondria by fusion with healthy mitochondria and selective
clearance of irreversibly dysfunctional mitochondria by the autophagy
pathway (mitophagy) (Ni et al., 2015).

One of the most studied mechanisms for selective degradation of
mitochondria is the activation of PINK1 and parkin-mediated mitophagy (Jin
and Youle, 2012). In its full-length form, PINK1 accumulates on the OMM
upon loss of mitochondrial membrane potential, which subsequently recruits
parkin from the cytosol onto mitochondria (Matsuda et al., 2010). Upon
activation, parkin ubiquitinates itself and other proteins on the OMM including
voltage-dependent anion channel 1 (VDAC1), dynamin-related protein 1
(Drpl), mitofusin 1 and 2 (Mfnland 2), and TOM (Ziviani et al., 2010; Cai et
al., 2012). Subsequently, ubiquitinated mitochondrial proteins are recognized
by the selective autophagy adapter proteins which create double-membrane
vesicles, known as autophagosomes (Johansen and Lamark, 2011). These
vesicles are then fused with lysosomes to degrade the cellular organelles.
Therefore, Loss-of-function mutations in PINK1 and parkin which are the most
common cause of early-onset PD may lead to impair mitochondrial dynamics,

thereby rendering DA neurons more susceptible to oxidative stress (Jin and
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Youle, 2012). Similarly, PD-related gene mutation, DJ-1 has been shown to
reduce mitochondrial membrane potential, increased mitochondrial
fragmentation, autophagy and oxidative stress (McCoy and Cookson, 2011).
Additionally, recent studies suggested that DJ-1 functions in a parallel
pathway to PINK1 and parkin to maintain mitochondrial integrity in response
to oxidative damage (Joselin et al., 2012; Hauser et al., 2017). However,
whether DJ-1 functions within PINK1 and parkin-mediated mitophagy in the

same pathway remains to be elucidated.

1.8.4.3 A Potential Link between Neuroinflammation and Mitochondrial
Dysfunction in the Pathogenesis of PD

Chronic neuroinflammation has been implicated in the pathophysiology of PD.
Studies of post-mortem PD patient brain tissue demonstrated that activation
of brain glial cells and elevation in pro-inflammatory factor levels are major
characteristic features of the PD brain (McGeer et al., 1988; Bartels et al.,
2010). Furthermore, chronic induction of pro-inflammatory cytokines by
activated microglia, a type of glial cell, results in enhanced cell death of DA
neurons in the SNpc (Benner et al.,, 2008; Leal et al., 2013). Furthermore,
mitochondrial dysfunction has been suggested to be a contributing factor in
these processes (Zhou et al., 2011; Horssen et al.,, 2017). In fact,
mitochondrial function has a potential role in pro-inflammatory signaling
(L6épez-Armada et al., 2013). In this context, alteration in mitochondrial
autophagy in organismal aging has been shown to promote inflammation and
cell death, suggesting that impaired autophagy may contribute to
pathogenesis of aging-related disorders (Green et al., 2011). Similarly, some

of pro-inflammatory factors may also interfere with mitochondrial function
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(Horssen et al., 2017). For instance, in activated microphages, high levels of
free NO radical produced by inducible nitric oxide synthase (iNOS), has been
demonstrated to inhibit reversibly MRC complex IV and enhance free radical
generation (Brown and Cooper, 1994; Cleeter et al., 1994). Both of these
pathological mechanisms may enhance mitochondrial ROS production which
in turn promots a vicious inflammatory cycle (Zorov et al., 2014). Thus,
strategies aimed at alleviating mitochondrial oxidative stress within
mitochondria may hold a promising therapeutic interventions in inflammation

and PD.
1.8.4.4 Iron and Mitochondrial Dysfunction: Cross-Talk in PD

Amongst all transition metals, iron is considered to be the most abundant metal
in the brain, predominately in the basal ganglia (Moos et al., 2007). It
significantly contributes to the proper functioning of neurotransmitters,
myelination, and mitochondria (Winter et al., 2014; Conner et al., 1992). The
brain iron metabolism is primarily regulated by transferrin and ferritin (Kerksick
and Willoughby, 2005). It commonly conjugated into iron-sulphur clusters in
many proteins, which have the potential ability to accept or donate electrons,
particularly in the MRC pathway (Hirsch and Faucheux, 1998). The evidence for
alterations in iron metabolism during neuropathology of Parkinson disease (PD)
has also been extensively demonstrated (Dexter et al., 1987; 1989b; Hirsch et
al., 1991). In fact, the potential mitochondrial O toxicity due to a defect in
complex | activity has been widely demonstrated in PD models. Nevertheless,
the exact mechanism of whether an enhanced production of O induced
neuronal injury is yet to be largely elucidated. Neurotoxins such MPP*, which is

commonly used as PD model (Abou-Sleiman et al., 2006) has been utilized to
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describe the potential harmful effects of the inactivation of m-aconitase and high
amount of iron content on dopaminergic neurons (Liang and Patel, 2004). In
mice, this neurotoxin model-induced neurotoxicity has been linked to the
inactivation of m-aconitase, increase iron content, and depletion of DA levels
(Ebadi et al., 1996). It appears that excess O7 production is a common
denominator of these cascades. Iron and iron derivatives contributes to the
generation of the most active radical OH' via the Fenton reaction, which in
conjunction with DA autoxidation may further enhance OS, leading to the
degeneration of dopaminergic neurons (Figure 14) (Obata, 2002; Jomova and

Valko, 2011; Ndfez et al., 2012).
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Figure 14 A potential mechanism of dopamine metabolism and OHe
radical formation in the striatum of PD patients as a result of iron
accumulation and decline in GSH levels. Abbreviations: DDC, dopa
decarboxylase; 3,4 DOPAL, 3,4-Dihydroxyphenylacetaldehyde. Figure was
taken from (Al Shahrani et al., 2017).
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Post-mortem brain tissue from PD patients exhibited accumulation of iron
content, which can be taken together with a reduction in the glutathione redox
ratio (GSH/GSSG) as potential indicator for oxidative stress (Nufiez et al., 2012;
Owen and Butterfield, 2010). In glutathione-depleted (Agsh1) cells model, on
the other hand, the mitochondrial (Fe-S) cluster wasn'’t affected, suggesting that
m-aconitase is resistant to oxidative stress (Sipos et al., 2002). Furthermore,
accumulation of iron was found to potentiate LBs formation in the substantia
nigra of PD patients, supporting the link between iron-mediated oxidative stress
and the degeneration of dopaminergic neurons in PD (Dias et al., 2013). To
further associate such observations with the implication of iron dysregulation in
PD-related aging, the level of iron was shown to be increased in parallel with
age (Hagemeier et al., 2012). This finding also supports the concept of aging
which is associated with mitochondrial dysfunction, and subsequently generate
ROS, resulting in oxidative stress and thereby shortening life (Trifunovic, 2006).
Collectively, along with iron dysregulation, these cascade of events have been
suggested to be potential pathological factors contributing towards the
degeneration of dopaminergic neurons in PD. As highlighted in this section,
ROS-mediated oxidative damage to the mitochondrial biomolecules are
intrinsically linked to the aetiology of a number of inherited mitochondrial

disorders and PD (see summary in Figure 15).
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Figure 15 A summary of oxidative stress-induced mitochondrial damage
is a common mechanistic link in the pathogenesis of inherited
mitochondrial disorders and PD. Figure was taken from (Al Shahrani et al.,

2017).
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1.8.5 PD Treatments

Despite the availability of a wide range of treatment and management options
for Parkinson’s patients, PD is still incurable. The current therapeutic options
for PD mostly focus on reducing symptoms or slowing down progression of
the disorder. The main pharmacological mechanism of Parkinson’s treatment
relies on enhancing dopamine levels and mimicking dopamine’s action
(Figure 16) (Pedrosa and Timmermann, 2013). However, there is growing
body of evidence reporting that PD therapies, in particular on the use of
Levodopa (L-dopa), and catechol-O-methyltransferase (COMT) may induce
mitochondrial dysfunction as it will be discussed in more detail in the next

section.
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Figure 16 A schematic underlying the current treatment options for
Parkinson’s patients. The dopamine (DA) precursor, L-dopa acts as a
replacement therapy for DA, which has ability to cross blood brain barrier
(BBB). L-dopa is combined with the inhibitor of DOPA decarboxylase (DDC),
carbidopa, which improves the efficiency of oral L-dopa administration in
central brain-deficient DA. Other potential strategies for maintaining and
improving DA levels in PD patients is administration of L-dopa therapy with
inhibitors  that  blocks  degradation of DA, including  catechol-O-
methyltransferase (COMT) and monoamine oxidase-B (MAO-B) inhibitors.
Another PD treatment option utilized to restore the activity of DA signaling in
brain-deficient DA is the administration of a DA agonist, which typically mimics

DA actions.
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1. 9 Parkinson Therapies Induced MRC Toxicity

1.9.1 Levodopa (L-dopa)

A large body of evidence of mitochondrial dysfunction has been causally
linked to the pathogenesis of PD (Henchcliffe and Beal, 2008). Alarmingly,
numerous studies have also indicated that some treatments of PD may
actually contribute to mitochondrial damage. (Szewczyk and Wojtczak, 2002;
Neustadt and Pieczenik, 2008).These treatments may be contributing factors
to mitochondrial damage through inhibition of the OXPHOS process; or
production of ROS; or impairment of one of the mitochondrial enzymatic
pathways (Chan et al., 2005).

From the time when Levodopa was approved in 1970 (reviewed by Hauser,
2009), it has been the first-line medication for managing PD symptoms.
Levodopa or L-3,4-dihydroxyphenyl-L-alanine (L-dopa) acts as a replacement
therapy for dopamine that is depleted in PD patients (Fahn, 1997). In addition
to its precursor, L-dopa and other catecholamine, DA is documented as one
of the various known neurotransmitters which has the potential to undergo
auto-oxidization. DA guinones or semiquinoes are continuously produced as a
by-product of DA oxidation metabolism, which in turn have the capability of
depleting neuronal GSH level by direct binding with the protein thiol groups or
oxidative stress-induced GSH depletion (Bisaglia et al., 2010).

In catecholaminergic neurons, monoamine oxidase form A (MAO-A) is the
preferential enzyme for the oxidation of the hydroxylated amines, serotonin
and noradrenalin. However, MAO-B, which is primarily located in

serotoninergic neurons, has a preference for the oxidization of non-
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hydroxylated amines, including benzylamine and phenylethylamine (Shih et
al., 1999). In glial cells, both MAO enzymes have the capability of oxidizing
DA (Glover et al., 1977). In view of the important role of GSH as a key
antioxidant to protect the MRC function against ROS damage, a depletion in
GSH level as the consequence of DA quinone or semiguinone exposure may
lead to a secondary MRC complex deficiency (Berman and Hastings, 1999;
Hargreaves et al, 2005).

Furthermore, direct exposure of isolated brain mitochondria to DA oxidation
products induced mitochondrial swelling which was believed to be as the
result of the opening of the mitochondrial permeability transition pore (Maharaj
et al., 2005). In the brain mitochondria, the release of H202 via MAO activity
was reported to damage the MRC complex activity (Moore et al., 2005).
Interestingly, there is a recent indication of an involvement of L-dopa
treatment in oxidative damage-induced neurotoxicity due either to its
enhancement of the DA pathway or due to its reaction with iron to form the
neurotoxin, 6-hydroxydopamine which is a MRC complex | inhibitor (Stansley
and Yamamoto, 2013; Kurth and Adler 1998). L-dopa can also be converted
to DA, mediated by serotonergic neuronal cell which can further produce ROS
via its enzymatic degradation by MAO-A activity. This oxygen-derived radical
can ultimately lead to serotonergic neuronal cell damage by inhibition of many
cellular enzymes, including the mitochondrial complexes (Kurth and Adler

1998).

87|Page



1.9.2 Catechol-O-methyltransferase (COMT)

Combining L-dopa therapy with the COMT inhibitors, entacapone and
tolcapone, is one of the potential strategies to maintain and improve DA levels
in PD patients (Mannistd and Kaakkola, 1999). In late 1998, tolcapone was
withdrawn from the EU market as consequence of three PD patients dying of
fatal liver damage following administration of this drug (Borges, 2003;
Nissinen et al., 1997). Considerable attention has been recently paid in
investigating the mechanism responsible for (COMT) inhibitors induced liver
damage. Both in vivo and in vitro studies have demonstrated that tolcapone
has the potential to elicit the mitochondrial uncoupling, resulting in an ultimate
depletion in cellular energy status and consequently organ damage (Haasio et
al., 2002a). In contrast, entacapone has been shown to have no effect on
mitochondrial membrane potential at concentrations below 100 pM, which
dramatically exceeds the therapeutic peak plasma concentrations achieved by
this drug (4-14 pM) (Haasio et al., 2002b). Despite extensive protein binding,
both entacapone and tolcapone have potent COMT inhibitor activity, and if
this is taken as a surrogate of their overall activity (Kaakkola, 2000), then
serum protein binding may not influence their mitochondrial toxicity.
Furthermore, the binding of a drug to serum proteins does not appear to affect

its tissue concentrations (Haasio et al., 2002b).
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1.10 The Role of Antioxidants in the Prevention of

Oxidative Damage

Mitochondrial free radical-induced oxidative damage is a plausible pathogenic
facilitator in both inherited and acquired mitochondrial disorders. Alleviation of
ROS/RNS free radical-mediated oxidative stress and increased availability of
ATP by antioxidants could be an effective therapeutic approach to help
restore mitochondrial function, or at least to limit the progression of symptoms
in a tremendous number of patients with mitochondrial dysfunction.

To limit free radical-induced oxidative stress, the human body is endowed with
a variety of enzymatic and non-enzymatic antioxidant defence mechanisms.
The two major antioxidants that protect the cell from ROS and RNS are GSH

and coenzyme Q1o (Heales et al., 2002; Duberley et al., 2014)

1.10.1 Coenzyme Q1o

Coenzyme Qio (CoQio) constitutes a 1,4-quinone lipophilic structure,
consisting of a benzoquinone ring attached to 10 isoprene units (Figure 17). It
is present in most tissues of the human body with highest amounts being
found in the heart, kidney, liver and muscle. Apart from the brain and lungs,
CoQuo is found predominantly in tissues in its fully reduced form, ubiquinol
(Hargreaves, 2014). Due to its hydrophobic structure, CoQuo is the sole MRC
component which is not anchored to the IMM. In addition to its function as an
electron carrier which shuttles electrons from complexes | and Il to complex Il
in the MRC pathway, CoQio also serves as a free radical- scavenging
antioxidant. The reduced ubiquinol form of CQio serves this function

(Hargreaves, 2014).
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Figure 17 The chemical structure of CQio and its two redox forms
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Over the years, the clinical use of CoQio (ubiquinone) and its analogues
(quinones) have been proven to be an effective therapy for mitochondrial
disorders via their capabilities to reinstate electron transfer in the MRC,
increase ATP, and enhance mitochondrial antioxidant activity, which in turn,
can ameliorate the harmful effects of ROS (Hargreaves, 2014).

The therapeutic potential of CoQu1o in the treatment of mitochondrial disorders
took the spotlight in 1985 after Ogashara and colleagues reported the
sustained improvements in the clinical phenotype of patients with Kearns-
Sayre syndrome (KSS is also known as inherited mitochondrial myopathy, a
disorder with the onset of ophthalmoparesis before 20 years of age) following
administration with CoQio (Ogasahara et al., 1989). More recently,
Maldergem also reported that CoQio therapy was beneficial to two sisters
diagnosed with Leigh’'s encephalopathy (Maldergem et al.,, 2002).
Remarkably, the beneficial effects of CoQio in two patients with KSS and
hypoparathyroidism has been demonstrated to help maintain calcium levels in
both patients serum, suggesting that treatment with CoQio restored the
capacity of calcitriol (the active form of vitamin D), which is located in the
mitochondria of proximal tubules (Hargreaves, 2014). Some degree of
sustained improvements have been noted with some patients whose clinical
features can be associated with mitochondrial disorders, such as ataxia,
muscle stiffness and exercise intolerance following implementation of CoQuo
therapy (Hargreaves, 2014). .

Despite oral CoQio supplementation being significantly effective in patients
with all forms of CoQuio deficiency, it has only been shown to be partially

effective in patients who presented with neurological symptoms, suggesting
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that these symptoms may only respond efficiently to high doses and long term
administration of exogenous CoQio (Quinzii et al., 2007). The efficacy of
synthetic ubiquinone analogue such as idebenone, has been reported in
patients with mitochondrial disorders including, LOHN, FRDA, and MELAS
(Koene and Smeitink, 2011; Napolitano et al., 2000). It has also been
recommended that patients with deficient levels of CoQio should be
administered with CoQio supplementation rather than idebenone as this
synthetic analogue is not a potential replacement for CoQio in the MRC
(Mancuso et al.,, 2012). However, in addition to its beneficial effects,
idebenone may reduce MRC complex | activity, thereby affecting the
mitochondrial bioenergetics function (Jaber and Polster, 2015). Therefore,
further clinical studies regarding the overall benefits of idebenone need to be
conducted to address this issue.

As CoQ1o performs two roles, one in mitochondrial energy metabolism and the
other as a free-radical scavenger, low levels of CoQio may therefore result in
the impairment of the MRC activities as well as in the accumulation of ROS
levels, and thereby contribute towards the pathogenesis of PD. CoQuo
deficiency associated with PD has been previously described (Shults et al.,
1997; Hargreaves et al., 2008). A reduction in CoQuo level was demonstrated
in the plasma (Sohmiya et al., 2004) and platelets (Go6tz et al., 2000) in
patients with PD, thereby suggesting that systemic effects may be important.
For the first time, a UK study demonstrated that CoQuo levels were lower in
the brain cortex of patients with PD (Hargreaves et al., 2008). The
neuroprotective role of CoQio has also been investigated in both animal and

human cell models (Kooncumchoo et al., 2006; Winkler-Stuck et al., 2004).
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Using in vitro models of PD, CoQz1o has been reported to protect dopaminergic
neurons against neurotoxin-induced PD symptoms using either rotenone,
paraquat or MPP+ (Moreira et al., 2010). Another study has shown that CoQ1o
treatment improved both MRC complex | and complex IV activities in skin
fibroblast from PD patients (Winkler-Stuck et al., 2004).

To investigate the neuroprotective potential of CoQio treatment in PD, 80
patients with early stage PD were randomly allocated to participate in a 16-
month multicentre clinical trial (Shults et al., 2002). Results showed that
participants who received high doses of CoQio had a large improvement in
their motor functions, whilst lower doses only provided mild benefits. It was
therefore concluded that the beneficial effect of CoQio treatment may
contribute to a reduction in the progression of PD. However, a randomized
clinical trial of two high doses of CoQuo (1200 and 2400 mg/day) was recently
conducted in early stage of PD patients which failed to show any clinical

benefits (Beal et al., 2014).

1.10.2 Glutathione (GSH)

The tripeptide reduced glutathione (GSH) (y-glutamyl-L-cysteinyl-L-glycine), is
an intracellular thiol-containing water soluble antioxidant (Shahripour et al.,
2014). In addition to it is the vital antioxidant role, GSH also functions as a
cofactors for other antioxidant molecules including glutathione peroxidase
(GPx, EC 1.11.1.9), and thioredoxin (Trx) as well as maintaining vitamins C
and E to be functionally active (Birben et al., 2012).

In the cytosol, GSH is synthesised by the action of two ATP-dependent
enzymatic steps, including the rate-limiting enzyme vy -glytamylcysteine
synthetase (GCS, EC 6.3.2.2), which is inhibited by a GSH feedback loop,

93|Page



and GSH synthetase (GS, EC 6.3.2.3). Intracellular GSH predominately exists
in the reduced form, with less than 1% of GSH existing in the oxidized form
(GSSG), and a subsequent ratio of reduced to oxidized forms of
approximately 100:1 (Zitka et al.,, 2012). The cellular redox status is
maintained by reducing GSSG back to GSH by glutathione reductase (GR,
EC 1.8.1.7), using NAPDH as a reducing agent (Mari et al., 2013). Once the
synthesis of GSH occurs, it becomes freely distributed into the endoplasmic
reticulum (ER), nucleus, and mitochondria. With regards to mitochondria,
GSH is transported into the mitochondrial matrix via the mitochondrial
carriers, (dicarboxylate carrier, DIC) and (2-oxoglutarate carrier, OGC) both of
which are located in the inner mitochondrial membrane (Figure 18) (Ribas et

al., 2014).
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Figure 18 lllustrating the biosynthesis of GSH and its transport to

mitochondria

GSH is a key antioxidant among other soluble antioxidants in the brain cells,

which is present in a range of 1 to 3 mM (reviewed by Dringen, 2000). Both

enzymes involved in glutathione synthesis, GCS and GS, have been found in

whole brain to be lower activity, compared to kidney and liver (Sekura and

Meister, 1977; Oppenheimer et al., 1979). GSH concentration in astrocytes

appears to be higher than neurons both in vivo and in vitro (Rice, M.; Russo-

Menna, 1998). Using cell culture experiments, several reports have shown

that an elevation in neuronal GSH concentration occurs following the co-

culture of neurons with astrocytes (Bolanos et al., 1996; Stewart et al., 1998;

Gegg et al.,, 2003). Since neuronal GSH content is governed solely by
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cysteine availability (Dringen et al, 1999), these increases can therefore be
explained as a result of the supply of a cysteine precursor from the astrocytes
to the neurons (reviewed by Dringen, 2000). In addition, there is an increasing
of evidence demonstrating the ability of astrocytes to provide protection to
cultured neurons from ROS induced toxicity (reviewed by Dringen, 2000),
even at the level of 1 astrocyte to 20 neurons (Desagher et al., 1996).
Furthermore, it has been also shown that neurones cultured alone are more
vulnerable to loss of MRC activity upon exposure to nitrogen species,
compared to neurones co-cultured with astrocytes (Bolanos et al., 1996). In
neurones co-cultured with GSH depleted astrocytes, the GCS activity, which
is the rate-limiting enzyme of GSH synthesis, was also found to be increased
although there was no increase in cellular GSH levels (Gegg et al., 2005). It
is evident therefore that a vital interplay exists between these distinct cell
types regarding the protection of neurons from ROS induced damage as well
as a dynamic metabolic interaction between them necessary to elicit and
enhance GSH biosynthesis. Accumulating evidence suggest that the
depletion of GSH is associated with MRC defects (Heales et al., 1995; Merad-
Saidoune et al., 1999). The reduction of MRC complex | activity, followed by
a depletion in GSH level has been earlier reported (Jha et al.,, 2000).
Additionally, data from our group have recently shown that GSH levels were
significantly decreased in skeletal muscle from patients with MRC defects,
compared to control subjects (Hargreaves et al., 2005). Furthermore, patients
with multiple MRC defects exhibited marked reduction in GSH levels. These
findings suggest that oxidative stress and compromised energy status may

contribute to the pathophysiology of MRC disorders. In neurodegenerative
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disorders, particularly PD, it is believed that GSH depletion could be an early
pathological event in PD pathogenesis prior to any significant impairment of
MRC complex | and iron homeostasis occurring (Jenner et al., 1992). With
regards to the latter, it is uncertain whether this depletion occurs as a result of
decreased energy status (required for GSH biosynthesis) or due to elevated
ROS levels. Therefore, the replenishment of cellular GSH could hold promise

as a therapeutic candidate for patients with mitochondrial disorders.

The GSH ethyl ester (GEE) derivative of GSH has been subcutaneously
administered to improve GSH status in rat brain. Nevertheless, the increased
level of GSH in brain was only evident post-administration directly to the left
cerebral ventricle (Zeevalk et al., 2007). Additionally, following co-
administration with the neurotoxin MPP+, GEE has been observed to partially
protect DA neurons against the neurotoxic actions of MPP+ (Zeevalk et al.,
2007). However, full protection was noted only after pre-treating with GEE. As
cysteine is a major component in GSH, it hinders GSH passage to across the
blood brain barrier (BBB). Thus, the modified N-acetyl cysteine (NAC) form,
has been effectively utilized due to its increased ability to penetrate the BBB
(Farr et al., 2003). As such, this thiol antioxidant has also been demonstrated
to restore GSH level thereby alleviating the free radicals-induced oxidative
damage (Kerksick and Willoughby, 2005). Encouragingly, lesions of
dopaminergic tissue have exhibited reduction (30%), following administered
with NAC, suggesting that NAC may have neuroprotective properties (Mufioz

et al., 2004).
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1.11 Oxidative Stress Biomarkers as Indicators for

Mitochondria Disorders

Mitochondrial oxidative damage can indiscriminately cause injury to cellular
molecules, including DNA, proteins and lipids as well as antioxidant
molecules. As mentioned above, mitochondrial oxidative damage has been
implicated to be a dominator factor in the development of various inherited
conditions as well as more common chronic neurological disorders. Thus,
biomarkers of molecular injury induced by oxidative stress, may be clinically
useful in the diagnosis of inherited and/or chronic mitochondrial disorders and
also help to evaluate the effectiveness of potential therapies for these
disorders. The potential oxidative stress biomarkers are summarised in

(Figure 19) (Frihoff et al., 2015).
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Figure 19 Highlights some of the most common oxidative stress biomarkers for cellular molecules oxidation. Tyr-
NO2, nitrotyrosine; 8-OHDG, 8-hydroxyl-deoxyguanosine; MDA, malondialdehyde; 4-HNE, 4-hydroxy-2-nonenal;lsoPs,
isoprostanes; IsoLGs, isolevuglandins; GSH, reduced glutathione; Nrf2, nuclear factor (erythroid-derived 2)-like 2; GSSG,
oxidized glutathione.
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Aims and the Scope of this Thesis

The overall aim of this thesis was (i) to ascertain the biochemical events

that occurs upon persistent loss of MRC complex | activity and its progression
to other complexes, in conjunction with bioenergetic, cofactor (CoQio), and
antioxidant (GSH) status. This could ultimately leads to the identification of
new pathogenic mechanisms and potentially new therapeutic approaches for
common neurodegenerative disorders such as PD.

Given this, an integrated approaches to assess the integrated neuronal
mitochondrial function are in demand. As such, an approach in which
mitochondrial oxygen consumption can be accurately evaluated using high-

resolution respirometry (HHR) using the Oxygraph-2K® (O2k) instrument was

developed. Another aim was therefore (ii) to develop and evaluate a step-
wise titration protocol for the O2k instrument which will enable the
assessment of integrated mitochondrial function in cultured neuronal cells
under physiological condition. This will serve as an introduction to further
studies which will assess mitochondrial dysfunction as well as monitoring
treatments.

Furthermore, the fibroblast growth factor-21 (FGF-21) may potentially serve
as a sensitive indicator for mitochondrial disorders and thereby prioritise

patients for invasive muscle biopsies. In _this thesis, the focus of attention

was also (iii) to validate and evaluate the human FGF-21 sandwich ELISA as

a mitochondrial biomarker assay.
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CHAPTER 2

Materials and Methods
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2.1 Materials

The following were purchased from Sigma Aldrich (Poole, UK):

Triton™ X-100; Trizma® base , 299.9%; Bovine serum albumin (BSA), 296%;
B-Nicotinamide adenine dinucleotide, reduced disodium salt, ~98%;
Coenzyme Q1 (CoQ1), 295%; Rotenone, 295%; Acetyl coenzyme A (Acetyl
CoA) sodium salt 293%; Oxaloacetic acid =297%; 5,5'-Dithiobis(2-nitrobenzoic
acid) (DTNB), 298%; Antimycin A from Steptomyces sp.; Cytochrome c¢ from
equine heart 295%; Sodium succinate dibasic hexhydrate, 299%; Potassium
hexacyanoferrate(lll), 299%; L-Ascorbic acid =298%; Carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP) 298%; Oligomycin from
Streptomyces  diastatochromogenes, 1-Propanol, 299.9%; Sodium
perchlorate, = 98%:; L-glutathione reduced, 298%

The following were purchased from Thermo Fisher Scientific (Paisley,
UK):

Trypsin-EDTA (0.25%); Dulbecco's Modified Eagle Medium: Ham’s F-12
nutrient mixture (DMEM/F-12) (1:1); L-glutamine; Fetal bovine serum (FBS)
heat inactivated; Recovery cell culture freezing medium; Trypan blue (0.4%);
Dulbecco's Modified Eagle Medium (DMEM) with low glucose (1g/L); Dimethyl
sulfoxide (DMSO); MitoTracker Red CM-H2XRos.

The following were purchased from VWR International Ltd. (Lutterworth,
UK):

Di-Potassium hydrogen phosphate, 299%; Potassium dihydrogen phosphate,
99.5-100.5%; Magnesium chloride, 298%; Potassium cyanide (KCN), 296%;

Ethanol absolute, 299.8%; Ethylenediaminetetraacetic acid dipotassium salt
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dehydrate (EDTA K+), 297.0%; Methanol, 299.8%; N-Hexane, 297%;
Perchloric acid, 60%; Potassium hydroxide, 285%.

Protein Assay Reagents A and B were purchased from Bio-Rad
Laboratories Ltd. (Hertfordshire, UK)

Fibroblast Growth Factor 21 ELISA Kit was purchased from 2BScientific

Ltd. (Oxfordshire, UK).

2.2 Cell culture

2.2.1 Human SH-SY5Y Neuroblastoma Cell Line

The human SH-SY5Y neuroblastoma cell line was originally obtained by
subcloning the SK- N- SH cell line, derived from a four-year-old female
diagnosed with thoracic ganglionic tumor (Figure 20) (Biedler et al., 1973).
Two distinct phenotypes are derived from the SK- N- SH cell line, including
neuroblast-like cells, and epithelial-like cells. The epithelial-like cell are
subsequently subcloned into SH-SY, then SH-SY5 and ultimately SH-SY5Y.
Cells with epithelial-like characteristics express catecholaminergic neuronal
markers, such as tyrosine hydroxylase and dopamine-B3-hydroxylase
(Ciccarone et al.,, 1989). Since the early 1980’s, the human SH-SY5Y
neuroblastoma cell line has been widely utilized as an in vitro model for PD
studies as this cell line mimics dopaminergic neuronal cell death (reviewed by
Yusuf et al., 2003). Furthermore, it is worthy to note that undifferentiated
human SH-SY5Y neuroblastoma cells were utilized owing to their ability to

survive for long periods of time in comparison to primary dopaminergic

103 |Page



neurons (Sherer et al., 2002; Cheung et al., 2009; Schneider et al., 2011). For
instance, SH-SY5Y cells can be cultured for at least one month in the
presence of the MRC complex inhibitor, rotenone at 5 nM (Sherer et al.,
2002). Therefore, SH-SY5Y cells provide an experimental model for studying
neurotoxicity along with a number of events implicated in the pathophysiology

of PD.

Figure 20 Microscope image of control human SH-SY5Y cells captured
at 20x magnification using Olympus IX71 inverted microscope (Olympus
Ltd., London, UK); scale bar: 50 pum.

2.2.2 SH-SY5Y Cell Storage and Recovery

The SH-SY5Y cell line was purchased from Sigma Aldrich (Poole, UK), and
cultured and stored in accordance with the European Collection of Cell
Cultures’ guidelines. (Health Protection Agency, Salisbury, UK). Upon initial
thawing, they were seeded at a density 1 x 10* cells/lcm? in 75 cm? tissue

culture flasks with a pre-warmed 1:1 mixture of Dulbecco’s modified Eagle’s
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Medium /Ham’s F-12 nutrient supplemented with 10% heat-inactivated fetal
bovine serum (FBS), and 2.0 mM L-glutamine solution. Feeder cells were
then grown at +37°C in 5% CO2 and 95% air atmosphere. After 24 hours,
cells were re-fed with fresh culture medium. Once cells reached the degree of
confluency (80-90%), culture media was discarded and the flask washed once
with Dulbecco's Phosphate Buffered Saline (DPBS) without CaClz and MgCl-.
2.0 ml of 0.25% trypsin-EDTA solution was pipetted onto the adherent cells,
incubated for two minutes at 37°C and then diluted by adding 8.0 ml of fresh
culture media. The supernatant was collected and centrifuged for 5 min at
500x g. The cell suspension was discarded and the cell pellet was re-
suspended with freezing medium (Recovery™ Cell Culture Freezing Medium).
Cells were then counted automatically by mixing 100 pl of cell suspension
with 100 ul of trypan blue using a Countess Automated Cell Counter
(Invitrogen Ltd). The remaining cell suspension was pipetted in 1ml aliquots in
labelled cryogenic vials. Cells were stored in a freezing container (Nalgene®
Mr. Frosty) at -80°C overnight and then re-located to a liquid nitrogen

container for a long term storage.

2.2.3 SH-SY5Y Cell Thawing and Passaging

Cryogenic vials were removed from liquid nitrogen and thawed rapidly in a
water bath at 37°C until small ice crystals dissolved. Cells were then seeded
at a density 1 x 10* cells/cm? in 75 cm? tissue culture flasks in a pre-warmed
1:1 mixture of Dulbecco’s modified Eagle’s Medium /Ham’s F-12 nutrient
supplemented with 10% heat-inactivated fetal bovine serum (FBS), and 2.0
mM L-glutamine solution. Once cells reached the degree of confluency (80-

90%), the culture media was discarded and the flask washed once with
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Dulbecco's Phosphate Buffered Saline (DPBS) without CaClz and MgClz. 2.0
ml of 0.25% trypsin-EDTA solution was pipetted onto the adherent cells,
incubated for two minutes at 37°C and then diluted by adding 8.0 ml of fresh
culture medium. The cell suspension was collected and centrifuged for 5
minutes at 500x g. The supernatant was discarded and the cell pellet was re-
suspended with fresh culture media. Cells were then counted by mixing 100 ul
of cell suspension with 100 pl of trypan blue using a Countess Automated Cell
Counter (Invitrogen Ltd). For experiments, cells of passage numbers between

20 and 24 were utilized to ensure the consistency of results.

2.2.4 SH-SY5Y Cell Harvesting for Biochemical Assays

To harvest cells for biochemical experiments, cells were firstly washed by
Dulbecco's Phosphate Buffered Saline (DPBS) without CaClz and MgCl..
They were then harvested by trypsinization, and centrifugation as described in
the previous section. The supernatant was discarded and the cell pellet was
re-suspended with DPBS without CaCl and MgCl.. The resulting cell
suspension then was pipetted into appropriately labelled eppendorf tubes, as

shown in (Figure 21).

106 |Page



bU Citrate synthase

/'

o, Mitochondrial respiratory complex

=
\ bU Total protein

bU Coenzyme Q1o
E\ 4@0 Reduced glutathione
\A QJU Total protein

Figure 21 A schematic illustration of the preparation of SH-SY5Y cells for

biochemical assays

2.2.5 Cell treatments

Stock solutions of rotenone, 100 uM was prepared in absolute ethanol, filter
steriled (0.2 um) and stored at — 20C until analysis. Cells were passaged and
seeded at a density 1 x 10* cells/cm?into 75 cm? tissue culture flasks or 6-well
cell culture plates as described in (Section 2.2.3). Once cells reached the
degree of confluency (80-90%), they were exposed to rotenone or absolute
ethanol (vehicle control) contained in culture media for 24 and 48 hrs. A final
concentration of 100 nM rotenone was chosen as pharmacological cell model
based on previous studies (Sherer et al., 2003). Furthermore, our preliminary
findings indicated that rotenone-treated SHSY5Y cell induced a partial
(approximately 30%) reduction in MRC complex | activity after 24 hr
incubation, which closely mimics the most sporadic PD cases with an

approximately 15-30 % inhibition of MRC complex | (Figure 22) (Benecke et
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al., 1993; Bindoff et al., 1991). Notably, the 30% inhibition of complex in
rotenone-treated SHSY5Y cell had no compromised effects on cellular ATP
levels. The final concentration of absolute ethanol of 0.01%, used as vehicle
control, showed no effect on cell viability or any other biochemical

measurement made.
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Figure 22 Dose response reduction of MRC complex | activity by
rotenone. SH-SY5Y cells were exposed to 100 nM, 250 nM, and 500 nM of
rotenone for 24 hr. MRC Complex | activity was determined as described in

section and expressed as % activity of untreated control.

2.4 Total Protein Determination

Total protein concentration was determined according to the method of Lowry
(Lowry et al., 1951). This method is primarily based on an initial Biuret

reaction whereby proteins reduce copper ions (Cu?* to Cu*) under alkaline
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conditions, followed by the reduction of Folin reagent reagent (comprised of
phosphomolybdate and phosphotungstate). These reactions result in the
formation of a characteristic blue colour which can be monitored
spectrophotometrically at 750 nm. Briefly, all samples were appropriately
diluted in Milli-Q water. Bovine serum albumin (BSA) was serially diluted in
Milli Q water to obtain a 6-point standard curve, ranging from 0 to 200 pl. To
each sample and standard, 100 pL of reagent A (alkaline copper tartrate) and
800 uL reagent B (Folin-Ciocalteau phenol) was added. Subsequently,
samples and standards were vortexed and incubated in the dark for 25 min at
room temperature.

After the incubation, the absorbance of each sample and standard was
measured using a spectrophotometer at 750 nm. To determine the total
protein concentration in unknown samples, a standard curve was created by
plotting absorbance of the standards against the respective BSA

concentration and a line of best fit applied (Figure 23).
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Figure 23 A typical standard curve for the Lowry assay showing the plot

of BSA standard protein concentration against absorbance at 750nm.

2.5 Mitochondrial Enzymatic Assays

2.5.1 Background

A UV/Visible spectrophotometer is an instrument widely used to measure the
amount of light (light intensity) absorbed by a sample at a certain wavelength.
According to the Beer-Lambert law, the amount of light absorbed by a sample
is directly proportional to the sample concentration. Briefly, a beam of light
obtained from a light source is passed through monochromator, allowing the
selection of a desirable wavelength. Subsequently, the light beam passes
through the sample holder (cuvette) where a certain amount of light is
absorbed by the sample. The remaining light passes out of the cuvette, where

it is in turn detected by a photocell detector. The output signal obtained from
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the detector is amplified and digitally displayed on the readout (Upstone,
2013). The basic components of a spectrophotometer are shown in the simple

diagram in (Figure 24).

oy A

Light Source Monochromator Sample Holder Photocell Readout
(Cuvette) Detector

Figure 24 A simple diagram showing the basic components of a

UV/Visible spectrophotometer instrument.

2.5.2 Analytical Equipment

All mitochondrial respiratory complexes (I-IV) assays as well as citrate
synthase assay were carried out using an Uvikon 941 Plus spectrophotometer

(Northstar Scientific, Potton, UK).

2.5.3 Analytical Procedure

All mitochondrial respiratory complexes (I-IV) assays as well as citrate
synthase assay were determined at 30°C. In order to disrupt mitochondrial
membranes and to ensure that substrates can easily gain access to an
enzyme’s active site, all sample homogenates were exposed to two freeze-

thaw cycles prior to assay.
2.5.3.1 MRC Complex | [EC 1.6.5.3]

The activity of mitochondrial respiratory complex | (also known as NADH:

ubiquinone oxidoreductase, NADH-CoQ reductase, or NADH dehydrogenase)
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was described previously by (Ragan et al., 1987). The complex | activity relies
on measuring electron shuttled from NADH to ubiquinone (CoQz1). As the
result of NADH reduction, the absorbance is determined at 340 nm in the
presence or absence of the potent complex | inhibitor (Rotenone) which
functionally blocks the electron transfer from NADH to CoQ: (Figure 25).
Thus, the sensitivity to rotenone decrease in NADH was utilized to measure
complex | activity.

Complex |
NADH + H* + CoQ1 » CoQH2 (ubiquinol) + NAD*

Figure 25 The reaction of MRC complex | activity. The oxidation of NADH
is catalysed by complex | where electrons pass onto to ubiquinone (CoQu),
which is then reduced to CoQH2. Thus, Complex | activity can be measured
spectrophotometrically at 340 nm as the rotenone-sensitive decrease in
NADH.

Two identical cuvettes were filled with a final concentration of 2.5 mg/ml of
Bovine serum albumin (BSA), 0.15 mM Nicotinamide adenine dinucleotide
(NADH), 1mM potassium cyanide (KCN), 8 mM magnesium chloride in 20 mM
potassium phosphate buffer (pH 7.2). 20 pl of sample was then added to each
cuvette to bring the final volume of in the cuvette to 1 ml. After gently mixing,
the cuvette contents were left for couple minutes to worm up at 30°C in the
spectrophotometer. The reaction was initiated by the addition of 10 ul of
(5mM) ubiquinone into each sample cuvette. After 5 min, 20 yl of (ImM)
rotenone was added to each sample cuvette for a further 5 min measurement.
The absorbance of each sample reaction was determined by subtracting the

difference in absorbance before and after adding rotenone. The Beer-
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Lambert law was utilized to obtain the concentration for each sample using

the following equation:
A=¢lc (1)
By arranging the above equation (1), yielding the expression of concentration
c= AA/el (2)

Where (AA) is the specific differences in absorbance, (¢) is the extinction
coefficient of NADH (6.81x 10° M1 cm?), (1) the length of the light path (1cm)
and (c) represents the concentration of sample (mole/ml). All obtained results
were expressed as a ratio to CS to compensate for mitochondrial enrichment
in the tissue or cell samples. To further validate the assay, the linearity of

MRC complex | activity was determined at various known protein content as

shown in (Figure 26).
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Figure 26 The standard curve of the MRC complex | activity
(nmol/min/ml) plots against protein content (mg/ml). By serial dilution of a
homogenized SH-SY5Y sample, containing known protein content, the MRC
complex | activity appeared to be highly linear (r?=0.9933) ranging from (0.5-9

mg/ml) of protein content.

2.5.3.2 MRC Complex Il [EC 1.3.5.1]

The activity of mitochondrial respiratory complex Il (also referred to as
succinate dehydrogenase or succinate-CoQ reductase) was analyzed based
on the method of (Birch-Machin et al., 1994). In complex II, the reduction of
fumarate to succinate deliveres further electrons to CoQz, which is in turn is
reduced to CoQHz. Subsequently, 2,6-dichlorophenolindophenol (DCPIP) is
reduced by CoQH2. The complex Il activity is assayed as succinate-

dependent 2-thenoyltriflouroacetone (TTFA) sensitive decrease in DCPIP at
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600 nm (Figure 27). TTFA is a potent CoQa analogue inhibitor which prevents

CoQ:1 bound to the quinone-binding site at complex II.

. Complex II
Succinate + CoQ:1 » fumarate + CoQ1H:2

Figure 27 The reaction of MRC complex Il activity. The oxidation of
succinate to fumarate reaction is catalysed by complex Il followed by the
reduction of CoQi to CoQH2. The complex Il activity is measured as a

succinate-TTFA sensitive reduction in DCPIP at 600 nm.

Two identical cuvettes were filled with a final concentration of 1mM of
potassium cyanide (KCN), 100 uM of ethylene diamine tetra acetic acid
dipotassium salt (EDTA), 120 uM of 2,6-dichlorophenolindophenol (DCPIP),
20 mM of succinate, 10 yM of rotenone, and 1mM of thenoyltrifluoroacetone
(TTFA) (only for reference cuvettes) in a 100 mM potassium phosphate buffer
(pH 7.4), followed by 320, and 330 pl of distilled water into the sample and
reference cuvettes respectively. 20 uyl of sample was then added to each
cuvette to bring the final volume of cuvette to 1 ml. After gently mixing, the
cuvette contents were left for couple minutes to worm up at 30°C in the
spectrophotometer. The reaction was initiated by the addition of 10 ul of
(5mM) into the sample cuvette. After 6 min, 10 pl of (1TmM) TTFA was added
into the sample cuvettes and the absorbance followed for a further 7 min. The
absorbance of each sample was determined by subtracting the difference in
absorbance prior to and after adding TTFA. The rearrangement of Beer-
Lambert law was utilized to obtain the concentration for each sample as
described in (Equation 2; Section 2.5.3.1). The extinction coefficient of

reduced DCPIP is (19.1x 102 M1 cm™). All obtained results were expressed
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as a ratio to CS to compensate for mitochondrial enrichment in the tissue or
cell samples. To further validate the assay, the linearity of MRC complex I
activity was determined at various known protein content as shown in (Figure

28).

R2=0.9941

MRC Complex Il Activity
nmol/min/ml

0 2 4 6 8 10
Protein Concentration mg/ml

Figure 28 The standard curve of the MRC complex Il activity
(nmol/min/ml) plots against protein content (mg/ml). By serial dilution of a
homogenized SH-SY5Y sample, containing known protein content, the MRC
complex Il activity appeared to be linear (r?=0.9941) ranging from (1.0-8.5

mg/ml) of protein content.
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2.5.3.3 MRC Complex Il

The activity of mitochondrial respiratory complex |II-lll  (Succinate
dehydrogenase cytochrome c reductase) was performed according to the
method of (King, 1967). This assay measures the transfer electrons during the
oxidation of succinate, catalyzed by succinate-CoQ reductase (complex IlI)
through CoQuo to complex Il (also called cytochrome bcl complex, or CoQH2-
cytochrome c¢ reductase). The reduction of cytochrome c¢ (cyt c) is
subsequently catalyzed by complex Ill. Therefore, the complex IlI-1ll activity is
assayed as succinate-dependent antimycin A (AA) sensitive reduction of cyt ¢
at 550nm (Figure 29). AA is a potent inhibitor, which acts to block electron
transfer from cytochrome b (cyt b) to cyt ¢ at complex Il as the result of it

improperly binding to the CoQ cycle.

Complex II-111
Succinate + (oxidized) cyt ¢ , fumarate + (reduced) cyt ¢

Figure 29 The reaction of MRC complex IlI-lll activity. The electrons
release from the oxidation of succinate to fumarate, catalysed by complex II,
results in the electrons shuttling from CoQH: to reduce cyt ¢ catalysed by
complex 1lll. Thus, Complex IlI-lll activity can be measured
spectrophotometrically at 550 nm as a succinate-dependent AA sensitive
reduction of cyt c.

two identical cuvettes were filled with a final concentration of 1mM potassium
cyanide (KCN), 300 pM ethylene diamine tetra acetic acid dipotassium salt
(EDTA), 100 uM cyt ¢ in a 166 mM potassium phosphate buffer (pH 7.4),
followed by 185, 225 ul of Milli-Q water into sample and reference cuvettes

respectively. 20 ul of sample was then added to each cuvette to bring the final
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volume in the cuvette to 1 ml. After gently mixing, the cuvette contents were
left for couple minutes to warm up at 30°C in spectrophotometer. The reaction
was initiated by the addition of 40 ul of (0.5M) succinate was added into
sample cuvettes. After 5 min, 10 ul of (1TmM) AA to the sample cuvettes and
the absorbance monitored for a further 5 min. The absorbance for each
sample was determined by subtracting the difference in absorbance before
and after adding AA. The rearrangement of Beer- Lambert law was utilized to
obtain the concentration for each sample as described (Equation 2; Section
2.5.3.1). The extinction coefficient of reduced reduced is cyt ¢ (19.2 x 10° M!
cm). All obtained results were expressed as a ratio to CS to compensate for
mitochondrial enrichment in the tissue or cell samples. To further validate the
assay, the linearity of MRC complex IlI-1ll activity was determined at various

known protein content as shown in (Figure 30).
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Figure 30 The standard curve of the MRC complex IlI-lll activity

(nmol/min/ml) plots against protein concentration (mg/ml). By serial
dilution of a homogenized SH-SY5Y sample, containing known protein
concentration, the MRC complex | activity appeared to be linear (r>=0.9865)

ranging from (0.5-4.8 mg/ml) of protein content.

2.5.3.4 MRC Complex IV [EC 1.9.3.1]

The activity of mitochondrial respiratory complex IV (cytochrome ¢ oxidase) is
the last terminal enzyme complex in the respiratory chain series in which
electrons from the oxidation of reduced cyt c is shuttled to an oxygen (O2)
molecule to generate two molecules of water (H20). The activity of complex
IV was analyzed according to the method of (Wharton and Tzagoloff, 1967)

method by following the oxidation of reduced cyt ¢ at 550 nm (Figure 31).
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Complex IV
(reduced) cyt c + O2 »(oxidized) cyt ¢ + H20

Figure 31 The reaction of MRC complex IV. Along with H20 production,
cytochrome c oxidase catalyzes the oxidation of reduced cyt c in a reaction,

which is monitored spectrophotometrically at 550 nm.

Prior to the assay, the oxidized form of cyt ¢ was initially reduced by adding a
few crystals of vitamin C in Milli-Q water, and noting the colour of the solution
subsequently turning from a dark red to a pale pink colour. To remove excess
vitamin C from the reduced cyt c preparation, a PD-10 desalting gel filtration
column, equilibrated within 0.01 M of potassium phosphate buffer (pH 7.0),
was utilized to separate the reduced cyt ¢ from vitamin C. In order to obtain
the concentration of the reduced cyt ¢, 950 ul of Milli-Q water and 50 ul of
prepared reduced cyt ¢ were added to identical cuvettes (labelled as sample
and reference). After gently mixing, the spectrophotometer was adjusted to
autozero against the reference cuvette at 550nm. The absorbance of reduced
cyt ¢ was then meaured after 10 pl of ferricyanide was dispensed into
reference cuvette. The concentration of reduced cyt ¢ (mole/ml) was
determined, according to the arrangement of the Beer Lambert law as
described (Equation 2; Section 2.5.3.1).

To perform the assay, two identical cuvettes were filled with a final
concentration of 50 uM of reduced cyt ¢ in 0.01 M of potassium phosphate
buffer (pH 7.0). 10 ul of ferricyanide was then dispensed into the reference
cuvette. Once 20 ul of sample was added into sample cuvettes, the
absorbance of the sample was recorded at 1 min intervals for 3 min. Unlike
the activity of complex I, 1l, and II-lll whose activities are defined as an initial
rate, the activity of complex VI, however, is defined as a first-order rate
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constant (k), thus all obtained results were expressed as (k/ml) once divided
by CS activity. To further validate the assay, the linearity of MRC complex 1V
activity was determined at various known protein content as shown in (Figure

32).

8 1 R2=0.9981

MRC Complex IV Activity
k/min/ml
N

0 1 2 3 4 5 6 7
Protein Concentration mg/ml

Figure 32 The standard curve of the MRC complex IV activity (k/min/ml)

plots against protein content (mg/ml). By serial dilution of a homogenized

SH-SY5Y sample, containing known protein content, the MRC complex IV

activity appeared to be linear (r>=0.9981) ranging from (8.5-6.0 mg/ml) of

protein content.

2.5.3.5 Citrate Synthase [EC 2.3.3.1]

Citrate synthase (CS) is the first enzymatic step in the tricarboxylic acid cycle
(TCA cycle) which catalyses the condensation of oxaloacetate (OAA) and

acetyl coenzyme A (acetyl CoA) in a reaction to form citric acid. Since it is
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located in mitochondrial matrix, it has been utilized as a matrix enzyme
marker as well as a marker for mitochondrial-enrichment. The activity of
citrate synthase is assayed by the reaction of free sulfhydryl group (CoA+*SH)
with  5,5-dithio-bis-(2-nitrobenzoicacid) (DTNB) and can be monitored
spectrophotometrically at 412 nm (Figure 33).

CS
OAA + Acetyl CoA » Citrate + CoA*SH

CoA+*SH+ DTNB » TNB + CoA+S-S nitrobenzoate

Figure 33 The reaction of CS activity. The production of CoA*SH as result
of the reaction between acetyl CoA and OAA, catalysed by CS reacts with
TNB to yield a yellow colour. This colour development can be monitored

spectrophotometrically at 412 nm.

As performed previously by (Shepherd and Garland, 1969), two identical
cuvettes were filled with a final concentration of 100 uM acetyl-coenzyme A
(acetyl CoA), 200 uM 5,5-dithio-bis-(2-nitrobenzoicacid) (DTNB) in 100mM
Tris—HCI buffer (pH 8.0) containing 0.1% (v/v) Triton X-100. 20 ul of sample
was then added to each cuvette to bring the final volume in the cuvette to 1
ml. After gently mixing, the cuvette contents were left for couple minutes to
warm up at 30°C in spectrophotometer. The reaction was initiated by the
addition of 10 ul of (20 mM) of oxaloacetate to each sample cuvette. The
rearrangement of the Beer- Lambert law was utilized to obtain the
concentration for each sample as described in (Equation 2; Section 2.5.3.1).
The extinction coefficient of DNTB is (13.6 x 10 M cm?). All obtained results

were expressed as (nmol/min/mg protein). To further validate the assay, the
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linearity of CS activity was determined at various known protein content as

shown in (Figure 34).
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Figure 34 The standard curve of CS activity (nmol/min/ml) plots against

protein content (mg/ml). By serial dilution of a homogenized SH-SY5Y

sample, containing known protein content, CS activity appeared to be highly

linear (r>=0.9986) ranging from (0-2.5 mg/ml) of protein content.
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2.6 High Performance Liquid Chromatography
(HPLC)

2.6.1 Background

Chromatography is an analytical chemistry technique which is commonly used
to separate mixtures of analytes in samples into their individual components
based on their physiochemical properties. This is carried out by involving a
mobile phase (gas or liquid) and stationary phase (solid or liquid) in which the
mobile phase containing the analyte mixture passes down through the
stationary phase at different speeds due to the interaction of sample
components with the stationary phase (Bird, 1989).

High performance liquid chromatography (HPLC) has commonly become the
most powerful liquid chromatography technique over the years. The main
components of a HPLC system are shown in the simple diagram in (Figure
35). HPLC is primarily based on the principle of analyte interaction with the
stationary phase at high pressure as it is pumped in a liquid solvent (mobile
phase) containing a mixture of analyte sample through a column filled with
silica-gel particles, generally containing a covalently attached functional group
(stationary phase) (Skoog et al., 1998). Consequently, HPLC is also refereed
as high pressure liquid chromatography. Depending upon the interaction of
the sample components with stationary phase, the analyte sample is then
separated and detected as each analyte elutes from the column at different
characteristic retention times. Furthermore, specific identification of each
analyte can be confirmed by various detection methods, including

electrochemical (EC), ultraviolet (UV) and fluorescence (FL) detectors, the
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signals from which can be integrated to allow guantitation (Zhong and Hee,

2007).

M g I

Pum Iniect —— Detector —

F?E njector _’D—U . Data processor
Column ﬂ

Sample

Solvent

Waste

Figure 35 A simple diagram showing the basic components of a HPLC
system

2.6.2 Measurement of Cellular Energy Charge (EC)

Analysis of adenine nucleotides by HPLC coupled to fluorescence detection
provides a highly sensitive method capable of simultaneously detecting and
guantitating levels of ATP, ADP and AMP in the nmole to pmole range (Bhatt
et al., 2012). Furthermore, as well as its enhanced detection limits,
fluorescence has the distinct advantage over UV detection in that it can
provide a higher level of specificity of detection by utilizing specific excitation
and emission maxima of the chromophores being analysed. Nevertheless,
UV absorption at 254 nm has been commonly used for the detection of

adenine nucleotides (Contreras-Sanz et al., 2012).
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Since adenine nucleotides do not exhibit any natural auto-fluorescence, they
must first be derivatized prior to HPLC separation and detection. To
accomplish this, the adenine ring structure can be modified using
chloracetaldehyde to form

a link between the 1%t nitrogen of the purine ring and the amino group nitrogen
on the 6" carbon of the purine ring to result in the formation of highly

fluorescent N8-etheno derivatives (Figure 36) (Bhatt et al., 2012).

NH,
Cl_
/
N
\> \>
60°C, 40mins

R R

Adenine nucleotide Né-Etheno derivative

Figure 36 The reaction of chloroacetaldehyde with adenine forming N6-

etheno derivatives.

Nevertheless, care must be taken during the derivatization procedure due to
the labile nature of the high energy phosphate links in adenine nucleotides, as
if not controlled carefully, can lead to various degrees of hydrolysis of the
adenine nucleotides and thereby result in an under estimation of their true
content (Kawamoto et al., 1998). With the ability to accurately measure
cellular levels of ATP, ADP and AMP, the adenylate energy charge (AEC),
also known as energy charge (EC) of the cell can be readily estimated,
according to the following equation, proposed by (Atkinson,1968):

AEC=([ATP] + 0.5[ADP])/([ATP] + [ADP] + [AMP])
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Thus, the AEC is a tightly regulated process in living cells and is preserved
within a relatively narrow ranges of 0.8 -0.9. This subsequently reflects a
higher cellular level of ATP relative to ADP and AMP and a hence an

energetically favourable state.

2.6.2.1 Analytical Equipment

HPLC determination of etheno-adenine nucleotides was carried out using the
following equipment: PU-1580 intelligent pumps (Jasco); AS-950 intelligent
autosampler (Jasco); DG-1580-53 in-line mobile phase degasser (Jasco);
EZChrome Elite data capture and analysis software (Jasco); FP-920

Intelligent Fluorescence Detector (Jasco).
2.6.2.2 Analytical Procedure

Etheno-adenine nucleotides were determined using a C18 reverse phase
HPLC analysis coupled to fluorescence detection at excitation/emission
spectra pairs of 290/415 nm. This determination was performed according to
the pervious method of (Bhatt et al., 2012) and recently developed and
validated by Dr. Michael Orford and Dr. Simon Eaton.

At flow rate of 0.8mL/min, the separation was achieved using a C18 reversed
phase column (Techsphere ODS 4.6 x 150 mm, 3 pm, 100 A) (HPLC
Technology, Welwyn Garden City, UK) maintained at room temperature with
two mobile phase buffers: buffer A (0.2 M KH2PO4, pH 5.0), and buffer B (0.2
M KH2POa4/ 10% acetonitrile , pH 5.0). Each analyte was eluted off the column
with a linear gradient from 0% buffer B to 100 % buffer B over 31 min,
followed by an additional increase in buffer B to 100 % over a further 5 min as

described by the following (Table 4):
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Table 4 HPLC mobile phase buffers (A and B) gradient profile utilized for
the elution of adenine nucleotides from the HPLC column

Time (min) Buffer A (%) Buffer B (%)
0 100 0
31 0 100
36 0 100
37 100 0

2.6.2.3 Cell treatment and Extraction

SH-SY5Y Cells were seeded in a 6-well cell culture plates at density (1 x 104
cells/cm?) as described in (Section 2.2.3) and were treated with rotenone for
24 and 48 hrs after reaching confluence as described in (Section 2.2.5). Upon
completion of the rotenone treatment, culture medium was discarded and the
6-well cell culture plates were washed once with 1 ml of DPBS. To extract the
adenine nucleotides from the cells, 0.5 ml ice cold 1.0 M perchloric acid was
pipetted into each well, followed by scraping off the adherent cells. In new
Eppendorf tubes, 250ul of the scraped cells was neutralized with 200ul 0.5M
KHCOs3 in 1M KOH. The precipitated proteins and potassium perchlorate
produced were removed by centrifugation at 13.000x g for 5 min and the clear
supernatants collected into new Eppendorf tube and stored at -20°C until
derivatization.

2.6.2.4 Adenine Nucleotides Derivatization

100 pl of 1.0 M sodium acetate (pH 4.5) and freshly prepared of 20 pl of 4M
chloracetaldehyde were mixed with glass vials containing 100 ul of cell-
extracted adenine nucleotides. The glass vials were vortexed and then heated

at 60°C for 40 min. After the incubation, the glass vials were directly placed on
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ice for 5 min to cool and halt the reaction. Subsequently, 20 pl of the cooled
derivatized sample was then injected for HPLC analysis.

2.6.2.5 Data Analysis

Data were captured and analyzed using EZChrome Elite software. Peaks
corresponding to the retention times for ATP, ADP and AMP were integrated
and peak areas obtained (Figure 37) were used to calculate AEC using the

equation described above.
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Figure 37 Representative Chromatogram of adenine nucleotides. (A)
standard; (B) control of SH-SY5Y cells; and (C) SH-SY5Y cells treated with
100nM of rotenone for 48 hr. Retention times (RTs) for ATP, ADP, and AMP,
were 8.99 min; 9.88 min; and 13.04 min, respectively. Note: the presence of
NAD detected in cell preparation identified at 10.60 min. Abbreviations are:
ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine

monophosphate; NAD, nicotinamide adenine dinucleotide.
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2.6.3 Measurement of Coenzyme Q10

High performance liquid chromatography (HPLC) coupled to dual-wavelength
ultraviolet detection ranging from 240 and 345 nm, offers robustness and
sensitivity to determine the coenzyme Q1o (CoQuo) levels in samples (Orozco
et al.,, 2007). Basically, it measures the amount of monochromatic light
absorbed by a sample at a certain wavelength and relates the magnitude of
the absorbance to the concentration of the analyte in the eluent passing

through a flow cell contained within the instrument (Swartz, 2010).

2.6.3.1 Analytical Equipment

HPLC determination of CoQio level was carried out using the following
equipment: PU-980 intelligent pump (Jasco); AS-950 intelligent autosampler
(Jasco); AZUR data capture and analysis software (Kromatek, Great

Dunmow, UK); PG-975-50 UV/VIS detector (Jasco).

2.6.3.2 Analytical Procedure

CoQuo levels were quantified using a C18 reverse phase HPLC analysis
coupled to UV detection at 275 nm. This analysis was performed according to
the pervious method of (Duncan et al., 2005). At flow rate of 0.7mL/min, the
separation was achieved using a mobile phase of containing 7gm of sodium
perchorate to mixture of ethanol; methanol and perchloric acid (700:300:1.2).
Initially, 30 pl of 2.0 uM internal Standard (IS) was added to 150 pl of sample
prior to the extraction of CoQio, in order to account for analyte loss during
sample preparation. Naturally occurring ubiquinones such as, CoQyg, have

been previously used as IS. However, such naturally occurring ubiquinones
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may be present in sample due to contamination from dietary sources and may
interfere with the analysis. To prevent this problem, Dipropoxy-CoQio has
therefore been suggested as a good alternative IS since this exhibits similar
physiochemical characteristics to CoQ1o.

Before the extraction, samples were exposed to two freeze/thaw cycles,
followed by vigorous mixing on a vortex to efficiently disrupt the cell
membrane. CoQio was then extracted with 700 pl of 5:2 (v/v) hexane/ ethanol,
followed by centrifugation at 14.000 g for 3 min at room temperature. The
upper hexane layer was then collected and stored on ice. The lower aqueous
layer was further re-extracted and the combined upper hexane layers were
then evaporated to dryness using a rotary vacuum evaporator. Once
evaporated, samples were then re-suspended in 300 pl of ethanol prior to
filtering using a 4-SF-02 1 polyvinyl (PV) and HPLC analysis.

For the calibration, a 2.0 uM sample of working standard for each CoQ1o and
Dipropoxy-CoQ1o was injected. 50 ul of sample was injected and separated by
isocratic elution using reverse phase chromatography at room temperature on
a C18 reversed phase column (Techsphere ODS 4.6 x 250 mm, 5 um, 100 A)
(HPLC Technology, Welwyn Garden City, UK). CoQuo levels were quantified
with an online UV detector at 275 nm (Figure 38).

2.6.3.3 Data Analysis

CoQuo data was captured and analyzed using AZUR software (Kromatek,
Great Dunmow, UK) and calculated using the following equation:

CoQ10 concentration (pmol/ml) = (Sample peak height /Internal standard
peak height) x Internal standard concentration (uM)

All obtained results were expressed as pmol/mg protein.
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Figure 38 Representative chromatogram of CoQio in control SH-SY5Y
cells and internal standard (IS) with RT at 11.4 and 14.3min,

respectively.

2.6.4 Measurement of Reduced Glutathione (GSH)

High performance liquid chromatography (HPLC) coupled to electrochemical
detection (ECD) is a very selective and sensitive analytical method commonly
used to detect and quantify a wide range of electroactive analytes (Nagatsu
and Kojima, 1988). It also has the additional practical advantage over many
alternative detection methods such as UV or fluorescence in that samples do
not require derivatization prior to analysis (Yap et al., 2010). It relies on the
ability of the analytes to become either oxidized or reduced as they interact

with the surface of the electrode as they pass through the ECD cell, and in
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doing so either donate or accept electrons which subsequently generate an
electrical current capable of being integrated and amplified. In general,
samples are first injected into the HPLC system and separated on the basis of
their differing polarities using reverse phase chromatography (Stulik and
Pacakova, 1981). They are subsequently carried through the detector in the
mobile phase as they elute from the column where they subsequently
undergo the necessary redox reaction in order to generate a quantifiable
signal. Furthermore, the signal generated is directly proportional to analyte
concentration allowing accurate and reproducible quantitation over a wide

concentration range.
2.6.4.1 Analytical Equipment

HPLC determination of GSH was carried out using the following equipment:
PU-1580 intelligent HPLC pump (Jasco UK Ltd., Great Dunmow, UK); AS-
2055 Plus autosampler (Jasco); mobile phase was degassed utilizing DG-
980-50 inline degasser (Jasco); Coulochem™ Il electrochemical detector
(ESA); 5010 analytical cell (ESA); AZUR data capture and analysis software

(Kromatek, Great Dunmow, UK).
2.6.4.2 Analytical Procedure

GSH was measured using reversed-phase high performance liquid
chromatography (HPLC) with electrochemical detection as described
previously by (Riederer et al., 1989). Separation was achieved using a C18
reversed phase column (Techsphere ODS 4.6 x 250 mm, 5 um, 100 A)
(HPLC Technology, Welwyn Garden City, UK) maintained at room
temperature with 15mM o-phosphoric acid as the mobile phase at a flow rate

of 0.5ml/min.
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In order to disrupt cellular membranes, samples were exposed to three
freeze-thaw cycles prior to assay, and then diluted within 15mM o-phosphoric
acid. Subsequently, samples were incubated on ice for 10 min and then
centrifuged for 5 min at 15000x g at 5°C. A 50 pl aliquot of the supernatant
was injected. To ensure the analytes were being oxidized at low oxidation
potential, the screening electrode (E1) was set held at +50mV. For GSH
detection, the optimal electrode (E2) potential was determined via
voltammogram. Thus, the oxidation peak potential of 5uM GSH standard was
monitored between a range of detector electrode potentials (+200mV to
+600mV) (Figure 39). The maximum oxidation peak potential was found at
550 mV, and this was therefore subsequently used for GSH determination.
For quantification, GSH peak area was determined for 5uM GSH dissolved in
15mM o-phosphoric acid (Figures 40 and 41). The peak area of GSH in
samples was then used to calculate GSH concentration in comparison to this

external GSH standard.
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Figure 39 The oxidation peak potential of 5uM GSH standard from +200

to +600 mV was monitored via voltammogram.

GSH

mV

200

450 I

100 ‘ \
— |
i

Minutes

Figure 40 Representative chromatogram of the external GSH standard
(5uM) with RT at 10.7 min.
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Figure 41 The standard curve of the external GSH standard (uM) plots
against peak area. By serial dilution of external GSH standard in 15mM o-

phosphoric acid, which appeared to be highly linear (r>=0.9986).

2.6.3.4 Data Analysis

GSH data was captured and analyzed using AZUR software (Kromatek, Great
Dunmow, UK) and calculated using the following equation:

GSH Concentration (uM) = (sample peak area / external standard peak area)
x external standard concentration (uM) x sample dilution

All obtained results were expressed as nmol/mg protein.
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2.7 Statistical Analysis

All statistical analyses were performed using Graphpad Prism 4 software
(Graphpad Software Inc. San Diego, CA, USA) unless otherwise stated. The
D'Agostino-Pearson omnibus test was performed to assess whether data are
normally distributed. Results expressed as ratios (i.e MRC complex activities
ratio to citrate synthase) were transformed using arcsin square root to yield
normal distribution values before the statistical performance (Gegg et al.,
2003). All results obtained were expressed as mean + standard error of the
mean (SEM). Unpaired student’s t-test was performed for statistical two-group
comparison, while one-way ANOVA (analysis of variance), followed by
Tukey’s post-hoc test was performed for statistical multiple-group (usually = 3)

comparison. In all cases p < 0.05 was considered to be statistically significant.
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CHAPTER 3

Evaluation of Mitochondrial Enzyme
Complex Activities in Post-Mortem Brain
Tissue from Patients with Parkinson’s
Disease
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3.1 Background

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative
disorder. It is a multifactorial and age-related, affecting approximately 1%, of
the general population, and almost exclusively in the age 60 years or older
(Reeve et al. 2014). The late-onset sporadic (idiopathic) form accounts for
90% of all PD cases, while the remaining is familial (Mendelian) form
(Kroemer and Blomgren, 2007). Once approximately 70- 80 % of
dopaminergic neurons depletion occurs (Bezard et al., 2001; McNamara and
Durso, 2006), PD patients clinically present with motor symptoms, including
bradykinesia, tremor, rigidity and often postural instability (reviewed by Al
Shahrani et al., 2017). In addition to motor symptoms, patients with PD may
present with non-motor symptoms, such as depression, sleep disturbances,
anxiety, and constipation (Kalia and Lang, 2015). The cardinal pathological
hallmarks of Parkinsonism include selective cell death of dopaminergic
neurons in the substantia nigra pars compacta (SNpc) and the presence of a-
synuclein-positive intraneuronal cytoplasmic inclusions, known as Lewy
bodies (LBs) (Winklhofer and Haass, 2010).

Although there has been considerable effort to elucidate the mechanism
related to the neuropathology of PD, the precise underlying mechanism of
dopaminergic PD is still not yet entirely understood. However, there is now
increasing evidence that altered mitochondrial function, resulting in oxidative
stress and depletion in ATP level, has been causally linked to dopaminergic
PD pathogenesis (Schapira, 2008; Winklhofer and Haass, 2010). The most
compelling evidence for altered mitochondrial function, and in particular that of

MRC complex I, has been observed in post-mortem brains, as well as other
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tissues of PD patients (Schapira, 1994). Furthermore, a deficit in MRC
complex | activity has been appeared to be systematic, affecting multiple
tissues (Schapira, 2008). Additionally, as a consequence of suppressed
electron flux via MRC complex I, mitochondrial ROS may be dramatically
exaggerated, resulting in oxidative injury or stress to major cell biomolecules
including mtDNA, protein, and lipid (reviewed by Al Shahrani et al., 2017). The
loss of the tripeptide thiol GSH, the key antioxidant in the brain, has been
reported in early-stage PD post-mortem brain, preceding even MRC complex |
deficiency (Jenner et al., 1992). In addition to mitochondrial dysfunction,
substantial evidence for neuropathological role of a-synuclein in the PD
pathogenesis has been demonstrated (Wills et al., 2010; Devi et al. 2008; and
Sharon et al., 2003).

The presynaptic nerve terminal protein, a-synuclein, is an abundantly found in
neurons and to a lesser extent in glial cells (Kim et al., 2014). It consists of
140 amino acids-encoded by the a-synuclein (SNCA) gene in human
(Breydoa et al., 2003). It was shown in 1997 to be a major constituent of
spherical-like LBs and strand-like Lewy neurites (LNs) in the brainstem of both
sporadic PD and dementia with LBs (DLBs) patients (Polymeropoulos et al.,
1997; Norris and Giasson, 2005). In addition to synaptic a -synuclein protein,
LBs which predominantly develop in neurons (Brick et al., 2015), are also
composed of neurofilaments, and ubiquitin (Giraldez-Pérez et al., 2014). In
the cytosol, a native a-synuclein exists as an unfolded monomer, but it
undergoes a conformational change to a folded a-helical secondary structure
in the presence of lipid membranes, forming dimers and oligomers (Chandra

et al., 2003). Thus, a conformational change from an a-helical to a beta sheet
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configuration in a-synuclein is crucial to their accumulation into LBs (Chandra
et al., 2003). It has been suggested that posttranslational modification of a-
synuclein, including phosphorylation, ubiquitination and nitration, has been
implicated in the process of a-synuclein aggregation (Kim et al., 2014).
Aggregation of a-synuclein intracellularly has recently emerged as new
insights into the neuropathological diagnosis and progression of sporadic PD.
For a long time, it was assumed that aggregation of a-synuclein induced
neurotoxic effects and mediated neuronal cell death (Masliah et al., 2000). For
instance, at the cellular level, the aggregation of a-synuclein was previously
found to be neurotoxic by inhibiting the activity of the neuronal survival
protein, myocyte enhancer factor 2D (MEF2D) (Chu et al., 2011). However,
the accumulation of these protein inclusions could be elicited as a
compensatory protective response against proteolytic stress, as recent
findings reported (Hashimoto et al., 2002 and McNaught et al., 2003).

Braak and his colleagues (Braak et al., 2003) proposed a dual-hit hypothesis
that the pathological sporadic PD process initiates once a neurotropic
pathogen transmits to the brainstem via gastrointestinal (Gl) tract, suggesting
that non-motor features may precede the brain-deficient DA. Their claim was
further reinforced by the presence of abnormal a-synuclein aggregation in the
enteric nervous system (ENS) and olfactory system which selectively spread
within the CNS via the vagus nerve (Hawkes et al., 2007). Braak, therefore,
proposed a six-staging model for PD progression based on LBs pathology
spreading. Each stage is characterized and associated with pathological
condition in certain neurological structures. In a cross-sectional study, the

staging system of Braak was performed on brain autopsy examinations of 168
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patients incidentally and clinically diagnosed with sporadic PD. In stage 1 and
2, the aggregated a-synuclein in the form LNs, are more pronounce than LBs
which the disorder initiates in the anterior olfactory structures, medulla
oblongata and pontine tegmentum. In addition to neurological lesions
observed in stage 1 and 2, stages 3 to 4 are characterized by additional
lesions in the midbrain (substantia nigra), basal prosencephalon and
mesocortex. The motor symptoms probably manifest during this stage. In
stage 5 and 6, the lesions entirely invaded the neocortex region, by which at

this stage the disorder becomes an extremely severe illness.

3.2 Aims

There is now considerable evidence that implicates the loss of the enzymatic

activity of MRC complexes in the pathophysiology of PD. However, it is still

currently uncertain whether altered respiration is an early event in the

pathophysiology of PD, or a late consequence of cellular stress induced by
protein aggregation and neuronal death. Therefore, this chapter aims to
0] Further investigate MRC activity in PD post-mortem brain, and

(i) Compare brain regions that are pathologically affected with LB

formation and neuronal loss to regions that are unaffected. This

may identify whether alterations in MRC activity occur prior to

significant neuronal cell death in PD.
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3.3 Methods

3.3.1 Brain samples

Human post-mortem flash frozen brain tissues were gratefully obtained from
Queen Square Brain Bank for Neurological Disorders (QSBB) at the UCL

Institute of Neurology.

3.3.2 PD brain cases and control groups

Putamen (moderate pathology), parahippocampus and temporal cortex (mild
pathology), frontal cortex, and parietal cortex (no pathology) were punch
dissected from human post-mortem flash frozen tissue in 4-6 neurologically
normal controls and 4-6 Parkinson’s disease Braak stage 3/4 cases. These
cases were matched for age, gender and post-mortem delay, as presented in
(Table 5). The severity of disease (mild or moderate) was based upon relative
Lewy Body Pathology, i.e. number of aggregates. This was assessed by a

neuropathologist at QSBB.

3.3.3 Brain Tissue Homogenization

Flash-frozen brain tissue homogenates were prepared, according to method
of (Heales et al. 1995). By using a glass-glass homogenizer, brain tissues
(10-50 mg) were homogenised 1:9 (w/v) in ice-cold homogenization Buffer,
containing 320 mM, 1 mM EDTA, 10 mM Trizma-base. Prior to MRC complex

activities, the homogenates were aliquoted and stored at -70 °C.
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3.3.4 Mitochondrial Enzymatic Assays

MRC complex I, lI-Ill, IV, Il and CS activities in each brain tissue homogenate

were spectrophotometrically determined at 30°C as described in (Section 2.6)

3.3.5 Statistical Analysis

Statistical analysis was carried out as described in (Section 2.7)
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Table 5 Demographic data of the post-mortem PD cases used in this

study
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Frontal Control PMD (hrs) Gender M/F Age(\?é:r()eath
1 11 M 77
2 12 M 65
3 6 M 73
4 5 M 81
5 5 F 79
6 6 F 67
Mean + SEM (n=6) 75+1.2 4M:2F 73.6+2.6
Frontal PD PMD (hrs) | Gender M/F Age(?é;r?ath
1 45 F 70
2 16.5 F 88
3 9.33 M 68
4 13.17 F 82
5 5 F 86
6 35 F 79
Mean = SEM (n=6) 86+21 1M:5F 78.8+3.3
Parietal Control PMD (hrs) | Gender M/F Age(\?é;jgath
1 11 M 77
2 17 M 72
3 6 M 73
4 5 M 81
5 5 F 79
6 6 M 76
Mean + SEM (n=6) 8.3+2.0 5M:1F 76.3+1.4
Parietal PD PMD (hrs) | Gender M/F Age(\?é;rt;ath
4.5 F 70
2 16.5 F 88
3 9.33 M 68
4 13.17 F 82
5 5 F 86
6 35 F 79
Mean + SEM (n=6) 8.6 +2.15 1M:5F 78.8+3.3




(B)

Mild Pathology
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Parahippocampus

Age at death

Control PMD (hrs) Gender M/F (Year)
1 5 F 72
2 4 M 63
3 6 M 73
4 5 M 81
5 5 F 79
Mean + SEM (n=5) 5.0+ 0.31 3M:2F 73.60+3.1

1 4.5 F 70
2 5.75 M 73
3 7.3 M 87
4 13.17 F 82
5 5 F 86
Mean + SEM (n=5) 71415 2M:3F 79.60 £ 3.4
Temp():oorr?tlrglortex PMD (hrs) Gender M/F Age(z:r()eath
6 M 73
2 5 F 79
3 5 M 81
4 6 F 76
5 5 F 72
6 4 M 63
Mean = SEM 5.1+0.30 3M:3F 74.0 £ 2.6

1 4.5 F 70

2 16.5 F 88

3 9.33 M 68

4 13.17 F 82

5 5 F 86

6 6.55 M 73
Mean + SEM 9.1+2.0 2M:4F 77.8+3.5




Putamen Control PMD (hrs) Gender M/F | Age (Year)
1 11 M 77
2 5 M 61
3 6 M 73
>
(@)] 4 6 M 76
(@)
- 5 5 F 79
(@)
E 6 5 M 67
© Mean + SEM (n=6) 6.3+1.0 5M:1F 72.17+2.8
D_ ~
g [ PutamenPD [ PMD (hrs) | Gender M/F | Age (Year) |
@©
o 1 45 F 70
®)
o 2 16.5 F 88
= 3 9.33 M 68
4 13.17 F 82
5 5 F 86
6 5.75 M 73
Mean + SEM (n=6) 9.04+2.0 2M:4F 77.83+3.5

Results represent as mean + SEM of (n = 5-6) per post-mortem brain
samples. Statistical analysis was carried out using unpaired student’s t-test.
There was no significant difference in age, gender or PMD between control
and PD patients. Abbreviations are: PD, Parkinson’s disease; PMD, post-

mortem delay; hrs, hours; M, male; F; female.
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3.4 Results

The enzymatic studies showed that multiple mtDNA-encoded MRC activities
were significantly reduced (MRC complex | (63 %): p< 0.0005, complex I+l
(74 %): p< 0.005, and complex IV (33%): p< 0.05) in the most moderately
affected region, the putamen, compared to brain age-matched controls
(Figure 42-44). Mildly affected regions, the parahippocampus and temporal
cortex both exhibited a significant reduction only in MRC complex | activity
(40%: p< 0.05 and 26%: p< 0.005, respectively), while pathologically
unaffected regions (frontal and parietal cortices) had no significant loss of
MRC activity, compared to brain age-matched controls (Figure 42-44).
Interestingly, MRC complex Il activity, which is entirely nuclear encoded
appears to be preserved, in contrast to MRC complex I, Ill and IV (Figure 45).
The results of MRC |, lI-IIl and IV activities in PD post-mortem brain regions

with different pathological severity are summarised in (Table 6).
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Figure 42 MRC complex | activity in post-mortem brain regions of
control (C) and the Parkinson’s disease (PD) with different pathological
severity. Error bars indicate SEM for (n = 5-6) per post-mortem brain
samples; statistical analysis was carried out using unpaired student’s t-test;
significant differences: *p<0.05, **p<0.005, ***p<0.0005.
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Figure 43 MRC complex IlI-lll activity in post-mortem brain regions of

control (C) and the Parkinson’s disease (PD) with different pathological
severity. Error bars indicate SEM of (n= 4-6) per post-mortem brain samples;
statistical analysis was carried out using unpaired student’s t-test; significant
differences: **p<0.005.
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Figure 44 MRC complex IV activity in post-mortem brain regions of

control (C) and the Parkinson’s disease (PD) with different pathological

severity. Error bars indicate SEM of (n = 5-6) per post-mortem brain samples;

statistical analysis was carried out using unpaired student’s t-test; significant

differences: *p
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Figure 45 MRC complex Il activity in post-mortem brain regions of
control (C) and the Parkinson’s disease (PD) with different pathological
severity. Error bars indicate SEM for (n= 4-6) per post-mortem brain
samples; statistical analysis was carried out using unpaired student’s t-test;

there is no significant difference.
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Table 6 MRC complex I, ll-Ill and IV activities are expressed as a ratio to CS activity in post-mortem brain regions of

control (C) and the Parkinson’s disease (PD) with different pathological severity.

The PD post-mortem brain with different pathological severity

MRC
Activity :
Frontal Cortex Parietal Cortex Parahippocampus Temporal Cortex
C PD C PD C PD C PD C PD
Complex 0.26+0.006 0.2440.03 0.231+0.01 0.23+0.008 0.27+0.03 ] 0.16+0.018* | 0.23+0.01 | 0.17+0.005** 0.27+0.02 0.10+0.02***
I (n=5) (n=5) (n=5) (n=5) (n=5) (n=5) (n=16) (n=5) (n=5) (n=5)
Complex 0.16+0.02 0.13+0.03 0.10+0.007 0.1140.010 0.24+0.03 0.23+0.01 | 0.25+0.015 | 0.21+0.017 0.23+0.04 0.06+0.007**
-1 (n=16) (n=16) (n=16) (n=16) (n=5) (n=4) (n=5) (n=16) (n=5) (n=6)
COT\? lex 0.008+0.0007 | 0.0096+0.0005 | 0.008+0.0005 | 0.0096+0.001 | 0.08+0.004 | 0.06+0.009 | 0.07+0.008 | 0.06+0.004 | 0.009+0.0008 | 0.006+0.0008*
(kinmol) (n=6) (n=5) (n=6) (n=6) (n=5) (n=5) (n=6) (n=6) (n=6) (n=6)
Complex 0.22+0.013 00.22+0.007 0.23+0.010 0.22+0.019 i i i i 0.25+0.013 0.21+0.017
Il (n=5) (n=5) (n=5) (n=4) (n=16) (n=5)
- o -
Pathologically Unaffected Mild Pathology Moderate Pathology

Results represent as mean = SEM of (n= 4-6) per post-mortem brain samples.

*denotes a statistically significant decrease, compared to control value (*p < 0.05, **p < 0.005, **p < 0.0005).
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3.5 Discussion

The reduction of MRC activity in multiple tissues of PD patients has been
extensively demonstrated. Many studies have focused on the MRC activity in
post-mortem human brain tissues of PD such as the substantia nigra
(Schapira et al., 1989), the frontal lobe and the striatum (Mizuno et al., 1990).
However, these biochemical findings following MRC enzyme studies are
somewhat conflicting most likely due to aetiologically heterogeneity in the
brain tissues of PD subjects or a variety of methodological issues that have
been employed in these studies (Schapira, 2008). Therefore, this present
study contributes differently from other studies as to the ongoing
investigations about MRC activity in PD post-mortem brain based on
pathological severity. Our enzymatic results show the evidence of the
reduction of MRC complex | in both pathologically mild, parahippocampus and
temporal cortex (40% and 26% reduction, respectively) and progressive
reduction as seen in pathologically moderated (63% inhibition) brain region,
putamen, in contrast to unaffected brain region which were not significantly
affected. This implies that MRC complex | deficiency is seemingly a common
pathophysiological event in neurodegeneration of PD and it is directly
associated with pathological PD severity. It was thought that the mitochondrial
complex | activity is exclusively reduced in SN of PD rather than other brain
regions (Greenamyre et al., 1999). However, the MRC complex | impairment
occurring in mildly affected regions, the parahippocampus, temporal cortex
along with recent detection in frontal cortex of PD patient (Parker et al., 2008),

support the proposal that the reduction of MRC complex | activity is not only
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specific to the substantia nigra region but also could occur in other affected
brain regions.

Interestingly, the findings of the present study have demonstrated that the
activity of multiple mitochondrial complexes | (63% inhibition), 1l-Ill (74%
inhibition) and IV (33 % inhibition) were significantly reduced in the most
moderately affected region, the putamen, which is the largest dopamine-
depleted region in substantia nigra of PD (Bernheimer et al., 1973), raising the
possibility that these complexes are particularly susceptible to perturbed
process occurring in PD. Similarly with brain tissues, multiple mitochondrial
complexes |, lI-1ll and IV were also shown to be markedly reduced in multiple
tissues, including, platelets, lymphocytes, and lesser detected in skeletal
muscle obtained from PD patients (Schapira, 1994; Mizuno et al. 1989; Parker
et al. 1989; Shoffner et al. 1991; Bindoff et al. 1991), which supports the
concept that the multiple MRC dysfunction is not only involved in neuron
tissue of PD patients. The main mechanism of multiple mtDNA encoded
complexes impairments seen in PD is not fully understood. Nevertheless, it
has been hypothesized that multiple MRC dysfunction results from the main
therapy for PD patients (L-dopa) due to its oxidative stress, however, earlier
study (Haas et al., 1995) revealed an inhibition in both MRC complex | and II-
lIl activities in platelets of untreated PD patients. Considerable evidence
exists suggesting a role for mtDNA defects in dopaminergic
neurodegeneration of PD pathogenesis (Kirches, 2009). Many studies have
reported that somatic mtDNA deletions dramatically accumulated in various
tissues with age, and further accumulation was observed in the SN of PD

patient (Lin et al. 1995). Unlike nDNA, mtDNA is particularly susceptible to
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oxidative damage since it lacks protective histones, has limited repair
mechanisms as well as sharing its location in the cellular compartment known
to be the major sources of ROS production, MRC complex | and complex I
(reviewed by Al Shahrani et al., 2017). This is also supported by the
observation of an increased level of DNA oxidation product, 8-hydroxy-
deoxyguanosine (8-OHdG) in human brain tissues of PD (Alam et al., 1997).
Intriguingly, loss of mitochondrial phospholipid CL content has been linked to
mtDNA instability (Al Shahrani et al.,, 2017), suggesting another possible
mechanism that the dysfunctional MRC encoded by mtDNA may be the
consequence of oxidative damage, although there is no compelling evidence,
showing alterations in brain CL content of PD patients (Yan and Kang, 2012).
Our findings also reveal that there were no significant differences in the
activity of complex Il between PD and control, suggesting that the exclusively
nDNA-encoded complex Il is less likely to be associated with PD as it is less
sensitivity to oxidative- induced MRC damage (Figure 45). Strikingly, a recent
study was investigated in PD neurons by (Muller et al. 2013) showing that
there was a positive correlation between the accumulation of mtDNA deletions
and LB aggregates, but no association between LB aggregates and MRC
dysfunction. With regards to the latter, however, our present findings show a
relationship between MRC dysfunction and LB pathology. In addition, it has
been suggested that primary MRC deficiency may lead to a secondary loss of
other MRC activities. This latter has been earlier assessed in human
astrocytoma cells by (Hargreaves et al. 2007) where a KCN induced MRC
complex IV defect resulted in a secondary loss of MRC complex IlI-11l activity,

yet the exact mechanism remains an elusive. Notably, the reduction in the
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combined activity of complex II-Ill might result in decrease CoQio levels or
complex Il activity. Furthermore, the enzymatic results of the present study
have also noted that the activity control of MRC complex I, Il and IV were
comparable in contrast to complex IlI-lll activity which was found to be
different (Table 6).

One question still unanswered is whether the activity of multiple mitochondrial
respiratory complex I, llI+lll and IV deficiencies are potential causes or a
secondary consequence of oxidative stress induced by LBs aggregate or cell

death. The compelling evidence of this issue requires further study.

3.6 Conclusion

In conclusion, the results demonstrate that impaired MRC complex | function
occurs in regions with both moderate and mild pathology in PD brain, in
contrast to unaffected brain region. Additionally, moderate affected brain
region shows multiple MRC deficiencies. However, MRC complex Il shows to
be preserved. Taken the aforementioned findings together with our own
findings from PD patients, suggests that the impairment of MRC activity may
be a common event in PD pathogenesis. Clearly, further experiments will be
necessary to investigate whether the multiple complexes defect observed in
moderate affected brain region, putamen is the result of the brain region itself

or the duration of disorder. This will be further explored in the next chapter.
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CHAPTER 4

Development of a Neuronal Cell model to
Investigate Mitochondrial Respiratory
Chain Dysfunction in Parkinson’s Disease
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4.1 Background

MRC complex | deficiency is one of the most common apparent MRC disorder
and is associated with various clinical features, ranging from lethal neonatal
disorders to adult-onset neurodegenerative disorders such as Parkinson’s
Disease (PD) (Fassone, and Rahman, 2012). With regards to PD, the most
compelling evidence for altered mitochondrial function, and in particular that of
MRC complex I, has been observed in post-mortem brains, as well as other
tissues of PD patients (Schapira, 2008). In additions to being functionally
impaired and misassembled, MRC complex | subunits are oxdatively
damaged in SNs of patients with PD (Keeney et al., 2006).

As was demonstrated in the previous chapter, multiple mitochondrial
complexes 1, 1I-1ll and IV were shown to be markedly reduced in moderate
affected brain region, putamen. The exact underlying mechanism of a
multiple complex defect is not fully understood. However, the possibility arises
that impairment of complex | results in secondary oxidative damage to the
other complexes. While it is very challenging and complicated to study the
biochemical events of chronic MRC complex | deficiency promoted secondary
damage to other complexes in brain tissues of PD patients, in vitro
mitochondrial inhibitors, particularly MRC complex | inhibitors have been
widely utilized to replicate particularly the mitochondrial events in PD
pathogenesis.

Over the last decade, the development of an experimental model for
neurodegenerative disorders has been challenging due to its complexity until
the early 1980s once drug abusers intravenously injected with chemical toxin,

1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine (MPTP), producing active MRC
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complex | inhibitor 1-methyl-4-phenylpyridinium ion (MPP*) via monoamine
oxidase B (MAO-B) enzyme, which is actively accumulated in mitochondria
and consequently induced Parkinsonism syndrome (Langston et al., 1983).
Later on, several epidemiologic studies have reported that pesticide exposure
such as rotenone is more likely to increase the risk for PD (Le Couteur et al.,
1999). A common biochemical feature which is an inhibition of MRC complex |
activity has been observed within individual who have been exposed to some
pesticides such paraquat (PQ), and rotenone, developing Parkinson-like
symptoms (Betarbet et al.,, 2002). Since then, PD among neurological

disorders has become the first disorder to be mimicked.

As a widely utilized as a pesticide in USA, mitochondrial toxin-MRC complex |
inhibitor, rotenone has been commonly used as a pharmacological model to
elucidated PD pathogenesis and gain insights into the plausible interactions of
environmental and genetic factors, leading to dopaminergic dell death
(Schapira, 2008). Being a potent and specific MRC complex | inhibition and
generator of oxidative stress, it is particularly damaging to highly vulnerable to
dopaminergic neurons, compared to other mitochondrial inhibitors such as 3-
nitropropionic acid and malonate (MRC complex Il inhibitors) (Haddad and
Nakamura, 2015). Even though, there is no evidence showing that rotenone
caused nigrostriatal cell death and inclusions bodies in human (Bové et al.,
2005) it has been reported in rodents that following administration with low
doses of rotenone over 1 month induced pathological features of PD,
including selective loss of dopaminergic neurons and aggregation of a-
synuclein (Betarbet et al., 2002). In addition to these pathological features,

chronic exposure to rotenone revealed evidence of increased oxidative
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damage. This is supported by the observation of an increased oxidation levels
of DNA and proteins as well as reduced levels of reduced glutathione (GSH)
suggesting that oxidative stress might be a pathogenic factor associated with

neurodegeneration of PD (Betarbet et al., 2002 and Sherer et al., 2002).

4.2 Aims

Based on the observation that multiple complexes deficiencies where noted in
the post-mortem PD brains detailed in the previous chapter, this chapter aims
to gain insight into the mechanism underlying the multiple MRC complexes
impairment. As a cellular and pharmacological model system mimicking
complex | deficiency in post-mortem PD brain, we employed dopaminergic
neuroblastoma SH-SY5Y cells to study the effect of rotenone induced MRC
complex | deficiency upon the activity of the other complexes. In this particular
study, we will evaluate the biochemical parameters upon rotenone treatment.

These include:

i) The enzymatic activity of mitochondrial respiratory chain (MRC) to
investigate the loss of the activity of MRC complex | and its
progression to other complexes

i) The cellular energy charge (EC) to gain more insight into the
mechanism of how MRC complex | inhibition affects bioenergetics
status over time.

i) The intracellular coenzyme Q1o (CoQ1o0) levels to ascertain whether
the reduction in the combined activity of complex II-1ll a result of a

decrease in CoQio levels or complex Il activity since the MRC
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complex lI-1ll activity is dependent upon the endogenous CoQ1o
availability.

iv) The antioxidant reduced glutathione (GSH) status since it has a
fundamental cellular redox function as a key antioxidant and has a

potential as an earliest indicator for oxidative stress.

4.3 Methods

4.3.1 Cell Culture

SH-SY5Y cells were cultured as described in (Section 2.2) and were treated
with 100 nM of rotenone for 24 and 48 hrs after reaching confluence as

described in (Section 2.2.5).

4.3.2 Total Protein Concentration

Total protein concentration in SH-SY5Y cells was determined according to

Lowry method as described in (Section 2.4)

4.3.3 Mitochondrial Enzymatic Assays

MRC complexes (I-1V) activities as well as CS activity in SH-SY5Y cells were

determined spectrophotometrically at 30°C as described in (Section 2.5)

4.3.4 Measurement of Cellular Energy Charge

Since all biochemical processes in living cells are strictly coupled and tied to
ATP, ADP and AMP levels, the energy charge (EC), also known adenylate
energy charge (AEC), has been utilized as a metabolic regulatory indicator to
determine the bioenergetics status in living cell as described previously in

(Section 2.6.2) . Thus, energy charge in SH-SY5Y cells was determined using
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a C18 reverse phase HPLC analysis coupled to fluorescence as described in

(Section 2.6.2.2-2.6.2.5).

4.3.5 Measurement of Coenzyme Q1o

CoQu1o level in SH-SY5Y cells was determined using a C18 reverse phase
HPLC analysis coupled to UV detection at 275 nm as described in (Section

2.6.3)

4.3.6 Measurement of Reduced Glutathione (GSH)

GSH status in SH-SY5Y cells was determined using a C18 reverse phase

HPLC analysis coupled to ECD as described in (Section 2.6.4).

4.3.7 Statistical Analysis

Statistical analysis was carried out as described in (Section 2.7)
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4.4 Results
4.4.1 Mitochondrial Enzymatic Assays

To mimic PD induced MRC complex | deficiency, a model of MRC complex |
deficiency was first assessed in neuronal-like SH-SY5Y cells by co-incubating
cells with rotenone, an inhibitor of MRC complex I. At a final concentration of
100 nm, rotenone induced a 30% significant inhibition of MRC complex |
activity following 24 & 48 hrs of rotenone treatment (p<0.0005), compared to
control cells incubated with ethanol vehicle alone (Figure 46-A). Following 48
hr of rotenone treatment, the enzymatic studies indicated a significant
inhibition in multiple mitochondrial complexes including, complex | (p<0.0005),
[I-111 (40 %) (p<0.0005), and IV (30 %) (p<0.0005), compared to the controls
(Figure 46). However, there was no significant effects on both complex II-lI
and IV following 24 hr of rotenone treatment (Figure 46-B and C).
Remarkably, the activity of MRC complex Il which is entirely nuclear DNA
encoded activity appeared to be preserved (Figure 46-D), in contrast to
complex I, 1l & IV which are encoded by both nuclear and mtDNA. As shown
in (Figure 64-B, C and D), a significant increase between controls measured
at 24 and 48 hrs was noted in complex Il-11l (p<0.05), complex IV (p<0.0005)
and complex Il (p<0.05). The results of MRC I, II-lll and IV activities in
rotenone-treated cells for 24 and 48 hrs are summarized in (Table 7).

As MRC complexes results were expressed as a ratio to CS activity to
compensate for mitochondrial enrichment in the sample, the mitochondria-
enriched marker was exhibited to be comparable following rotenone-treated

cells for 24 and 48 hrs (Figure 47).

165|Page



Z

0.51

0.4

0.3

SYNTHASE

0.1

COMPLEX | /ICITRATE

*kx

|

*k*x

=

0.0

<

0.44

0.3

SYNTHASE

0.1

COMPLEX Il /[CITRATE

0.0

T T T
Control Rotenone Control Rotenone

(n=9) (n=9) (n=9) (n=9)
24 hr 3 48hr

166 |Page

Conltrol Rotelnone Control Rotelnone
(n=7) (n=7) (n=4) (n=3)
24 hr 3 48 hr

B) C)
0.4 *kk 0.151
L w *Kkx
= =
= <
E 031 s
o4 5= 0107
— < =<9
=T o021 > T E
S <2 &
4
> W > < 005
= o
o 0.14 s
P o)
9 O
(@]
0.0 T T T 0.00 T T T
Control Rotenone Control Rotenone Control Rotenone Control Rotenone
(n=7) (n=7) (n=5) (n=8) (n=7) (n=7) (n=5) (n=8)
24 hr 3 48 hr 24 hr 3 48 hr

Figure 46 MRC complexes activities are expressed as a ratio to CS activity in
SHSY5Y cells treated with 100 nM of rotenone for 24 and 48 hrs. A. MRC complex
| activity B. MRC complex llI-lll activity C. MRC complex IV activity D. MRC complex II.
Error bars indicate SEM of (n= 3-9) of independent experiments; statistical analysis
was carried out using unpaired student’s t-test; significant differences: *p<0.05;
**n<0.005; ***p<0.0005.



Table 7 MRC complex I, lI-lll and IV activities are expressed as a ratio to CS activity in SHSY5Y cells treated with 100

nM of rotenone

Activity Rotenone-treated SH-SY5Y Rotenone-treated SH-SY5Y
Control Control
Cells Cells
Comblex | 0.40+0.01 0.28 + 0.01*** 0.37+0.01 0.23 + 0.01***
P (n=9) (n=9) (n=9) (n=9)
Complex 0.22+0.01 0.20+0.01 0.30+0.02 0.17 = 0.01***
[-111 (n=7) (n=7) (n=5) (n=8)
Complex IV 0.074 £ 0.004 0.075 £ 0.007 0.10 £ 0.002 0.075 = 0.005***
(k/mmol) (n=7) (n=7) (n=5) (n=8)
Comblex I 0.17+0.01 0.17+0.01 0.27 +£0.02 0.32 + 0.007
P (n=7) (n="7) (n= 4) (n=3)

Results represent as mean + SEM of (n= 3-9) of independent experiments.

***denotes a statistically significant decrease, compared to control value (***p < 0.0005).
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Figure 47 CS activity in SH-SY5Y cells treated with 100 nM of rotenone
for 24 and 48 hrs. Error bars indicate SEM of (n= 4-10) of independent
experiments; statistical analysis was carried out using unpaired student’s t-

test; significant differences: **p<0.005.
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4.4.2 Measurement of Cellular Energy Charge

To gain more insight into the mechanism of how MRC complex | inhibition
affects bioenergetics status over time, we assessed adenosine nucleotides,
the levels of which are very tightly regulated under normal physiological
conditions. Although there was no significant effect of rotenone on the
adenylate energy charge at 24 hr, it was significantly decreased after 48 hr
(p<0.0005) (Figure 48- A), compared to control cells. As would be expected a
decrease levels in ATP (p<0.0005) (Figure 48- B), were observed with parallel
increases in ADP (p<0.0005) (Figure 48- C), ATP/ADP ratio (p<0.0005)

(Figure 48- D), and AMP (p<0.005) (Figure 48- E).

169 |Page



A)
**k*
1.0 —
[J) i
o 0.8
-('C5 0.6
5 ¢
>
o 0.44
(&)
I 0.2
0.0 T T T
Control Rotenone Control Rotenone
(n=9) (n=7) (n=9) (n=9)
24 hr [ 48hr
D)
151
**x*k
§e]
T 104
o 10
o
2
a5
|_
<
0

170 |Page

T T T
Control Rotenone Control Rotenone

(n=9)

(n=7)

(n=9) (n=9)

24 hr

O 48hr

100+

80+

60+

40+

ATP (%)

**%k%*

E)

AMP (%)
s

T T T
Control Rotenone Control Rotenone

(n=9) (n=7) (n=9) (n=9)
24 hr 3 48hr
**

T T
Control Rotenone

(n=9)

(n=7)

T
Control Rotenone
(=9 (=9

24 hr

3 48 hr

O

**k*

Ny
o
]

ADP (%)
5 &

a1
1

Control Rotenone Control Rotenone
(=9  (n=7) (=9  (n=9)

24 hr [ 48hr

Figure 48 Adenine nucleotides status in SH-
SY5Y cells treated with 100 nM of rotenone for
24 and 48 hrs. A. Energy charge B. ATP C. ADP D.
ATP/ADP ratio E. AMP. The energy charge was
determined by the following equation:

EC= ([ATP] +0.5 [ADP])/([ATP] + [ADP] + [AMP]).
The value of ATP, ADP and AMP were expressed
as percentage of the adenine nucleotide pools. Error
bars indicate SEM of (n= 7-9) of independent
experiments; statistical analysis was carried out
using unpaired student's t-test; significant
differences: **p<0.005, ***p<0.0005.



4.4.3 Measurement of Coenzyme Q1o

Since the MRC complex IlI-lll activity is dependent upon the endogenous
CoQ1o availability (Hargreaves, 2003), we assessed the intercellular CQuo
level in SH-SYS5Y cells after exposure to rotenone for 24 and 48 hrs. Although
there was no significant change of rotenone on the intercellular CQuo level at
24 hr, it was significantly increased (80 %) after 48 hr (p<0.0005) when
expressed on a protein baseline (pmol/mg) (Figure 49). However, no
significant change was observed once CQuo levels were expressed as a ratio

to CS activity (Figure 50).
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Figure 49 CoQuo level in SH-SY5Y cells treated with 100 nM of rotenone
for 24 and 48 hrs. Error bars indicate SEM of (n = 9) of independent
experiments; statistical analysis was carried out using unpaired student’s t-

test; significant differences: ***p<0.0005.
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Figure 50 CoQuo level is expressed as a ratio to CS activity in SHSY5Y
cells treated with 100 nM of rotenone for 48 hr. Error bars indicate SEM of
(n = 6) of independent experiments; statistical analysis was carried out using

unpaired student’s t-test; there was no statistical differences
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4.4.4 Measurement of Reduced Glutathione (GSH)

Being a key antioxidant among other soluble antioxidants in the brain,
depletion in GSH status is also considered to be an early indicator of oxidative
stress (Jha et al., 2000). Hence, we measured the intracellular status of GSH
in rotenone-treated SH-SY5Y cells for 24 and 48 hrs. Following 24 hr
rotenone treatment, the intracellular GSH status was significantly upregulated
(up to 30 %) (p<0.005) compared to the control cells, whereas it was found to
be significantly depleted by (23%) (p<0.05) after 48 hr of exposure SH-SY5Y

cells to rotenone (Figure 51).
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Figure 51 GSH status in SH-SY5Y cells treated with 100 nM of rotenone
for 24 and 48 hrs. Error bars indicate SEM of (n= 5-6) of independent
experiments; statistical analysis was carried out using unpaired student’s t-

test; significant differences: *p<0.05, **p<0.005.
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4.5 Discussion

The MRC complex | deficiency causing oxidative stress has a potential
implication in patients with PD. In addition to the observation in the post-
mortem PD brains detailed in the previous chapter, it has been also shown in
some cases that multiple respiratory chain complex deficiencies have been
associated with complex | deficiency of inherited mitochondrial disorders. The
exact underlying mechanism of a multiple complex defect is not yet fully
elucidated. However, it has been hypothesized that impairment of MRC
complex | results in secondary oxidative damage to the other complexes. To
investigate this hypothesis, a model of MRC complex | deficiency was
assessed in neuron-like SH-SY5Y cells by treating cells with rotenone, an
inhibitor of MRC complex |. Exposure of SH-SY5Y cells to 100 nM of rotenone
for 24 and 48 hrs decreased cell viability by 30% and 50 % respectively, when
compared to the control. At this concentration, rotenone induced a 30%
inhibition of MRC complex | activity (p<0.0005) following 24 & 48 hrs of
rotenone treatment, a level of inhibition which has been frequent reported with
idiopathic PD patients. Additionally, the level of inhibition of MRC complex | in
this model was insufficient to compromise bioenergetics status as shown in
(Figure 45). Furthermore, evidence from our laboratory also showed that
partial MRC complex | inhibition using 100 nM of rotenone may enhance
mitochondrial ROS production (Aylett et al., 2013), suggesting that rotenone-
induced neuronal cell death could be as the result of oxidative damage rather

than a deficit in ATP level.

It is of note that a mild increase between controls measured at 24 and 48 hrs
is apparent in complex II-lll, 1V, and Il although assays of control and
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treatment samples were always performed in parallel on the same day with
the same batch of reagents (Figure 46). There are a number of possible
explanations for this such as slight variation in assay conditions, or increase in
cell number, emphasising the absolute need for an appropriate matched
control. Furthermore, it is worthy to emphasise that SH-SY5Y cell line is
cancerous in origin which may consequently affect its proliferation rate,
viability, metabolic and genetic properties (Xicoy et al.,, 2017). This could

further explain the variations between controls measured at 24 and 48 hrs.

The enzymatic results of the present study have also indicated that multiple
mtDNA-encoded MRC activities including MRC complex | (30% inhibition), II-
[l (40% inhibition) and IV (30 % inhibition) were significantly reduced after
prolonged exposure of neuronal cells to rotenone for 48 hrs (Figure 46 ), while
MRC complex Il which is entirely nuclear DNA encoded activity appeared to
be unaffected. These findings suggest that an increase in ROS production
resulting in oxidative stress could be a possible mechanism since mtDNA is
particularly susceptible to oxidative damage, unlike nDNA. As MRC complex |
is the major site of ROS production within mitochondria and is also encoded
by seven mtDNA genes, in comparison to other mitochondrial complexes, it

therefore has a proportionally high susceptibility to oxidative damage.

Furthermore, the present study has also showed the evidence for alterations
in the adenine nucleotide pool (ATP+ADP+AMP) together with energy charge
status after 48 hr of exposure SH-SY5Y cells to rotenone (Figure 47).
Consequently, increased the adenine nucleotides is also accompanied by

increased level of ATP/ADP ratio. This suggests that prolonged exposure of
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neurons to rotenone may lead to compromise bioenergetics status.
Furthermore, the 5° AMP-activated protein kinase (AMPK) may be stimulated
which consequently leads to enhanced glycolysis by phosphorylating
Phosphofructokinase-2 (PFK-2) (Wu and Wei, 2012).

GSH has a fundamental cellular redox function as a key antioxidant and has a
potential as an earliest indicator for oxidative stress. Subsequent studies
reported that the loss of GSH in substantia nigra pars compacta (SNpc) of PD
patients has been detected at the earliest stage of PD-related pathology, even
preceding a decreased in MRC complex | activity (Bharath et al., 2002). In
accord with the above study, depletion of GSH status has been demonstrated
to lead to MRC complex | inhibition and compromised energy levels in a
dopaminergic PC12 cell lines (Jha et al., 2000). Thus, we assessed the
neuronal GSH status in rotenone- treated cells, which was found to be
significantly increased up to (30%) following 24 hr rotenone treatment (Figure
50), indicating that may reflect an upregulation in the synthesis of GSH in
order to cope with increased oxidative stress. Similar observation was also
reported by (Zhu et al. 2007 and Duberley et al., 2014). The plausible cause
associated with the upregulation of neuronal GSH status in a partially inhibited
MRC | model is not fully understood. However, the possible explanation of this
upregulation may be as the result of the activation of the antioxidant response
element signalling pathway, nuclear factor-erythroid 2 related factor 2 (Nrf-2),
which is an important regulatory factor to enhance gene expression of cellular
antioxidant enzymes such as GSH biosynthesis (Harvey et al., 2009).
Interestingly, cells treated with rotenone for 48 hr were found to be

significantly decreased in GSH status (Figure 51), with a concomitant
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depletion in ATP level (p< 0.0005) (Figure 48), supporting the hypothesis that
oxidative stress may contribute to the pathophysiology of multiple MRC
deficiencies. As GSH biosynthesis is an ATP-dependent mechanism, the
OXPHOS pathway supplies the ATP for two- enzymatic steps involved in
GSH biosynthesis which in turn resists the capacity of oxidative stress by
neutralize free radicals. Accumulating evidence suggest that the loss of GSH
is associated with MRC defects. Thus, profound defect in OXPHOS
complexes-producing ATP may indirectly lead to reduced GSH biosynthesis
resulting in increased oxidative stress which consequently leads to neuronal

cell death.

A deficiency in intracellular CoQuo level has been reported in PD (Hargreaves
et al., 2008). Furthermore, since the MRC complex II-lll activity is dependent
upon the endogenous CoQio availability, the reduction in the combined
activity of MRC complex II-lll may have resulted from a decrease in either
CoQ:1o status or MRC complex Il activity. Therefore, we assessed the level of
endogenous CoQ1o in neuronal cells following exposure to rotenone. Despite
the reduction in MRC complex IlI-11l activity following 48 hr rotenone treatment,
there was a significant increase (p<0.0005) in neuronal CoQio level.
Although CoQ1o status was found to increase when expressed on a protein
baseline (pmol/mg), when expressed as a ratio to CS, the CoQ10/CS was
found to be comparable to the control. Therefore, this increase in CoQio
status may reflect an increase in mitochondrial enrichment of the cell.
However, more research into the precise cause of this finding is still
necessary before obtaining a definitive answer. Taken together, these findings

suggested that an alteration in neuronal CoQio status is unlikely to be
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responsible for the inhibition of MRC complex Il- 11l activity associated with the
exposure of neuronal cells to rotenone for 48 hr or post-mortem PD brain.
This suggestion is further supported by the study of INOS-expressing
astrocytes, showing that there was no a significant change in CoQuo level,

despite the reduction of MRC complex II-11I activity (Heales et al., 1999).

4.6 Conclusion

Exposure of SH-SY5Y cells to 100 nM of rotenone induced an approximate
(30%) significant inhibition of MRC complex | after 24 and 48 hrs. At 24 hr no
effect could be recorded in the other complexes. However at 48 hr, significant
inhibition of complex II-lll (40%) and complex IV (30%) activity was noted.
Additionally, bioenergetics and GSH status were compromised. It is
interesting to note that the activity of MRC complex Il which is entirely
encoded by nDNA appeared to be preserved in contrast to MRC complex I,
lll, and IV which are encoded by both mtDNA and nDNA. This cell-based
model, therefore, provides us insights into the underlying mechanism of
multiple MRC complexes deficiencies associated with persistent MRC
complex | deficiency in which could be exploited further for potential
therapeutic interventions aimed at attenuating oxidative stress-induced

multiple MRC complexes deficiencies.
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CHAPTER 5

Evaluation of the Efficacy of Antioxidants
on Mitochondrial Respiratory Chain
Dysfunction in a Neuronal Cell Model
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5.1 Background

Mitochondrial respiratory chain (MRC) complex | activity is considered to be
the rate-limiting step of the overall MRC activity and oxidative phosphorylation
pathways, and it is particularly susceptible to reactive oxygen species (ROS)-
mediated oxidative stress (Sharma et al.,, 2009). Furthermore, a defect in
MRC complex | activity is regarded as one of the major contributing factor to
several inherited and age-related mitochondrial disorders such as Parkinson’s
disease (PD) (see the chapter 1). Despite substantial efforts over the last
decades aiming to identify the underlying mechanism responsible for the
impairment of mitochondrial complex | activity, there is still currently no
effective treatment available to restore or delay the progression of
mitochondrial complex | defect. Based on recent studies focusing on the
underlying mechanism of mitochondrial dysfunction, it has become clear that
oxidative stress is a pathogenic factor in the aetiology of both inherited and
acquired mitochondrial disorders associated with MRC complex | defect (see

the chapter 1).

As was reviewed in the Chapter 1, to cope with increased free radicals
produced as by-products of aerobic respiration, the human body is endowed
with a number of enzymatic and non-enzymatic defence molecules,
collectively known as antioxidants, which both protect the cellular
biomolecules from the deleterious effects of free radical species. However,
any loss in antioxidant status may lead to the accumulation of free radicals
and resulting oxidative damage. Therefore, strategies to suppress oxidative
damage and enhance mitochondrial function by antioxidants may hold a
promising therapeutic intervention for patients with oxidative stress-associated
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mitochondrial disorders (reviewed by Al Shahrani et al., 2017). Amongst the
potential antioxidants available are ascorbate (vitamin C), a- tocopherol
(vitamin E), and glutathione (GSH), which are the most commonly used
antioxidants demonstrated to have their protective effects by alleviating

oxidative stress (Yai and Herb, 2007).

5.1.1 Ascorbic Acid (Vitamin C)

Vitamin C, particularly the reduced form, ascorbic acid (AA) or L-ascorbic
acid, is one of the water-soluble free radicals scavenger in the circulation (Yali
and Herb, 2007). However, vitamin C is a “double-edge sword” which can also
acts as prooxidant, particularly in the presence of redox-active metal ions
such as Fe*3and Cu?* (Carr and Frei, 1999). Additionally, vitamin C also acts
as an essential cofactor in the biosynthesis of collagen, carnitine, and
neurotransmitters (Chambial et al., 2013). This water soluble vitamin cannot
be endogenously synthesised by human due to the deficiency of
gulonolactone oxidase, an essential enzyme for AA biosynthesis (Chambial et
al., 2013). Thus, it is required to obtain from food or dietary supplements to
ensure appropriate amounts of this vitamin are available for biochemical
metabolism and protection.

Vitamin C is absorbed from the small intestine and has the ability to cross the
plasma membrane in its oxidized form (dehydroascorbic acid, DHA) via
glucose transporters. Once within cells, DHA is immediately reduced to
generate AA, which then in turn is available to functionally attenuate any free
radical-induced oxidative damage (Yai and Herb, 2007). Among all human
tissues, the highest concentration of AA is located in the brain with
concentrations in the range of 2-10 mM (Harrison and May, 2008). It is taken
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up by the brain via the sodium-dependent vitamin C transporter 2 (SVCT2)
which consequently leads to an accumulation of AA within neuronal cells
against a plasma concentration gradient (Harrison and May, 2008).

Vitamin C is also a potent reducing agent, which is capable of neutralizing
free radicals by donating high-energy electrons. Once acting as antioxidant,
vitamin C is converted into oxidized form and subsequently regenerated back
into AA by glutathione-dependent dehydroascorbate reductase (DHA
reductase), thereby enabling it to release further electrons (Rose and Bode,
1992). In addition to being a potent radical-scavenging antioxidant in the
circulatory system and cells, vitamin C also synergetically participates in
recycling vitamin E back into an active form (a-tocopherol) by reducing
tocopheroxyl radicals, thus enabling it to indirectly protect cellular membranes
and other hydrophobic compartments from peroxidation (Figure 52) (Traber
and Stevens, 2011). Additionally, vitamin C is independently maintained in a
reduced form (AA) by the action of the thiol-containing antioxidant, reduced

glutathione (GSH) (Figure 52) (Forman et al., 2008).

Oxidized glutathione Ascorbic acid (AA) Tocopheroxyl
NADPH (GSSG) radical
GSH reductase Glutathione Vitamin C Vitamin E
NADP*
Reduced glutathione Dehydroascorbic a-tocopherol
(GSH) acid (DHA)

Figure 52 Vitamin C acts as a powerful antioxidant alone or
synergistically with other free radical antioxidants, such as GSH and a-

tocopherol.
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5.1.2 a-Tocopherol and its Analogue

Vitamin E, in the form of a-tocopherol is a lipid-soluble antioxidant found in
biological membranes. Lipid peroxidation is considered to be one of major
consequences of free radical damage that occurs in most cellular membranes
(Traber and Stevens, 2011). This peroxidation occurs in three steps: initiation,
propagation, and termination. Under physiological condition, a-tocopherol acts
as a chain breaking antioxidant, which inhibits the propagation of autoxidation
of unsaturated lipids reaction (Burton et al., 1983). This occurs once a-
tocopherol transfers its a phenolic hydrogen (H*) to the lipid peroxyl radical
(LOO-) and converts it to a lipid hydroperoxide (LOOH). The tocopheroxyl
radical which is produced during this reaction, is relatively stable and thereby
insufficient to be able to initiate the lipid peroxidation again (Figure 53)

(Esterbauer et al., 1991).

LOO-+ a-tocopherol -OH — LOOH + a-tocopherol - O

Figure 53 The reaction which a-tocopherol terminates lipid peroxidation

reaction by scavenging the chain-carrying LOOe*

Several a-tocopherol analogues have also been shown to exert a potential
antioxidant effects against oxidative damage mediated by lipid oxidation.
Amongst the a-tocopherol analogues is Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid). Since it lacks the phytyl side chain,
Trolox shows some advantages as a water-soluble antioxidant. Thus, it is able
to incorporate easily into the lipid membrane without any solvent extraction

and co-evaporation processes (Lucio et al., 2009). Furthermore, although they
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are structurally different, a-tocopherol and Trolox share similar redox potential
(Lucio et al., 2009). With regards to the phenolic OH-group, the chemical
reactivity of a-tocopherol and Trolox are comparable (Naguib, 1998).

Therefore, they are functionally involved in lipid radicals scavenging.

5.1.3 Reduced Glutathione and its Analogue

As was pointed out in details in the chapter 1, the tripeptide reduced
glutathione (GSH) (y-glutamyl-L-cysteinyl-L-glycine), is an intracellular thiol-
containing water soluble antioxidant (Shahripour et al., 2014). In addition to it
is the vital antioxidant role, GSH also functions as a cofactors for other
antioxidant molecules including glutathione peroxidase (GPx, EC 1.11.1.9),
and thioredoxin (Trx) as well as maintaining vitamins C and E to be

functionally active (Birben et al., 2012).

As cysteine is a major component in GSH, it is hinders GSH passage to
across the blood brain barrier (BBB). Thus, the modified N-acetyl cysteine
(NAC) form, have been effectively utilized due to it is increased ability to
penetrate BBB (Farr et al., 2003). As such, this thiol antioxidant has also
demonstrated to restore GSH level thereby alleviating the free radicals-
induced oxidative damage (Kerksick and Willoughby, 2005). NAC is an
acetylated cysteine residue and precursor of GSH which exerts a profound
protective effect on cells against oxidative stress mainly by increasing the
availability of intercellular glutathione (Shahripour et al., 2014). The sulfur-
containing amino acid, cysteine is the rate-limiting substrate for GSH
biosynthesis which is taken up by cells through the alanine-serine-cysteine

(ASC) transporter. However, NAC is unique due to its ability to effectively
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deliver cysteine into the cell without the ubiquitous ASC transport system
(Sen, 1997). Upon entering the cell, the membrane-permeable cysteine
precursor, NAC rapidly releases cysteine via a hydrolysis reaction, which can
then serve as a precursor for GSH biosynthesis (Figure 54). The structures
and functions of the antioxidants ascorbate, Trolox and NAC are summarised

in (Table 8).

NAC

Hydrolysis

¥
Cysteine

Glutamate

ATP y-glutamylcysteine

\ synthetase

L
y-glutamylcysteine

Cell membrane

Glycine
ATP GSH synthetase

NADP* GSH
GSH reductase

NADPH GSSG

Figure 54 The potential mechanism of the membrane-permeable

cysteine precursor, N-acetylcysteine (NAC).
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Table 8 The structure and function of antioxidants ascorbate, Trolox and

NAC

Antioxidant

Ascorbate

Trolox

N-acetylcysteine
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Structure

OH

Function

A potent radical-scavenging
antioxidant in the
circulatory system in
addition to its connections
to antioxidants such as
vitamin E and GSH

a-tocopherol analogue
which is a cell-permeable
antioxidant that breaks the
lipid peroxidation chain
reactions in  biological
membranes

GSH analogue acts as free
radical scavenger by
increasing the intracellular
GSH status



5.2 Aims

Our pervious laboratory work have demonstrated that exposure SH-SY5Y
cells to 100 nM of rotenone enhanced the mitochondrial ROS production
(Aylett et al., 2013) Furthermore, the neuronal cell model detailed in chapter 4
provides us with insight into the underlying mechanism of multiple MRC
complexes deficiencies which could be exploited for early therapeutic
interventions aimed at attenuating defects in MRC complex | and its
progression to other complexes. Therefore, the aim of this chapter is to build
upon our previous works to evaluate and compare the effectiveness of
ascorbate, Trolox and NAC at limiting/reversing multiple MRC complexes as

consequence of rotenone treatment.

5.3 Methods

5.3.1 Cell Culture

SH-SY5Y cells were cultured as described in (Section 2.2) and were treated
with 100 nM of rotenone for 24 and 48 hrs after reaching confluence as

described in (Section 2.2.5).

5.3.2 Antioxidant Treatment

The antioxidant treatment concentrations of ascorbate, Trolox and NAC were
appropriately chosen for screening based on their efficacious non-toxic effects
as detailed in previous studies (Covarrubias-Pinto et al, 2015; Heales et al.,
1994; Monti et al., 2016).

On the day of the experiment, stock solution of the sodium salt of ascorbic

acid (ascobate; 10 mM), a-tocopherol analogue (Trolox; 5 mM), and the
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glutathione analogue N-acetylcysteine (NAC; 10 mM), and were freshly
prepared in sterile culture medium and filter sterilized (0.22uM). SH-SY5Y
cells were cultured as described in Section 2.2.4. After reaching confluence,
they were incubated with NAC, Trolox, and vitamin C at final concentrations of
500 uM, 500 uM and 1mM, respectively for 24 hrs after being pre-incubated
without (antioxidant controls) or with 200 nm of rotenone previously for 24 hrs.
Additionally, untreated and rotenone-treated SH-SY5Y cells were cultured for
48 hrs as appropriate controls. See (Figure 55) for further illustration of the

experimental design described above.

5.3.3 Mitochondrial Enzymatic Assays

MRC complexes (I-1V) activities as well as CS activity in SH-SY5Y cells were

determined spectrophotometrically at 30°C as described in (Section 2.5).

5.3.4 Statistical Analysis

Statistical analysis was carried out as described in (Section 2.7).
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Figure 55 Schematic underlying the experimental design for rotenone and antioxidants treatment
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5.4 Results

5.4.1 Evaluation of the Protective Effects of Ascorbate on
MRC Complex I, lI-lll and IV Activity

SH-SY5Y cells were treated for 24 hr with (1.0 mM) ascorbate, after being
exposed to rotenone for 24 hr. At the concentration tested, ascorbate was
able to completely restore MRC complex | activity from approximately (60% to
100 %) of control cells (p<0.05) (Figure 56-A). In addition to its potential
effect to restore the defective MRC complex | activity, ascorbate treatment
was similarly able to restore both MRC complex II-lll activity to 100% of
control cells (p<0.005) as well as MRC complex IV to (~100%) of control cells

(p<0.005) (Figure 56-B and C).
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5.4.2 Evaluation of the Protective Effects of Trolox on MRC

Complex I, lI-lll and 1V Activity

SH-SY5Y cells were treated for 24 hr with (500 uM) Trolox after being pre-
exposed to rotenone for 24 hr. As compared with rotenone-treated cells for 48
hr, Trolox treatment was able to significantly increase MRC complex | activity
by approximately (14 %) (p<0.05) (Figure 57-A), but was unable to exert
effect to the same order of magnitude to that of ascorbate. Although its effect
didn’t exhibit any significant improvement at restoring MRC II-lll activity,
Trolox was able to significantly increase MRC IV complex activity back to

approximately 100% of control cells (p< 0.0005) (Figure 57-B and C).
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5.4.3 Evaluation of the Protective Effects of NAC on MRC
Complex I, lI-lll and IV Activity

Following NAC treatment, a (20 %) increase above the rotenone effect was
noted for MRC complex | activity, but this finding did not reach statistical
significance (Figure 58-A). Although its antioxidant effects didn’t exhibit any
significant improvement at restoring MRC |II-lll activity (Figure 58-B), NAC
showed a significant restoration of MRC IV complex activity to approximately
100% of control cells (p<0.0005) (Figure 58-C). The protective effects of

ascorbate, Trolox and NAC on MRC activity are summarised in (Table 9).
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Table 9 The protective effects of ascorbate, Trolox and NAC on MRC activity in

MRC Activity*
(%)

rotenone-treated cells

Complex |

Rotenone-Ascorbate

Rotenone-Trolox

Rotenone-NAC

Complex
H-111

74.3 (114.3%)

Complex IV

100 80 (120.0%)
100 72.2 (}7.6%) 722 (Y7.6 %)
100 100 100

- The activities were expressed as a percent % of control cells.

- Numbers in brackets represent the increase in activity (%) due to the presence of the antioxidants.
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5.5 Discussion

Despite significant advances that have been made towards the diagnosis and
characterization of mitochondrial disorders, appropriate treatment still remains
an obstacle. Numerous therapeutic strategies have been proposed and
evaluated over the years with limited outcome. One therapeutic strategy that
may hold promise is to suppress oxidative damage and improve mitochondrial
function by the use of antioxidant molecules. With regards to PD, data
obtained from clinical trials failed to show any significant effects using
antioxidants such as coenzyme Qao, vitamin E, and creatine. However, it has
been reported that at the time of PD diagnosis, the majority of dopaminergic
neurons have been already lost (Bernheimer et al., 1973). Consequently, any
antioxidant interventions at this stage would be unable to prevent the
subsequent neuron death. This therefore suggests that antioxidant
intervention at early stage of PD would be needed to halt or slow down the
neurodegenerative process. Taken together, we aimed in this present study to
evaluate and compare the effects of the early intervention of three
antioxidants which have different structure and mechanisms of action,
including ascorbate, Trolox and NAC on MRC activity, employing a MRC
complex | deficient neuron model that has been previously described in
chapter 4.

In this screening study, SH-SY5Y cells treated with the above antioxidants at
the levels utilized in this study for 24 hrs failed to show any toxicity when
compared with untreated cells (Figure 56-58). The reduced form of vitamin C,

ascorbate, is one of the most popular used supplements due to its potent
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antioxidant activity. The ability of ascorbate to enhance mitochondrial function
has been demonstrated (Mandl et al., 2009).

The results of the present study have demonstrated that this hydrophilic
antioxidant fully restores the lowered activity of MRC complex | seen in cells
treated with rotenone. In a similar fashion, ascorbate was efficiently able to
restore MRC complex II-Ill and IV activities to 100% of control cells (p<0.005).
These findings corroborate the ideas of (Li et al.,, 2003), who showed that
rotenone-mediated apoptosis via increasing mitochondrial ROS levels was
almost fully blocked by ascorbate treatment, suggesting that ascorbate exerts
its anti-apoptotic effect via its ability to alleviate ROS accumulation. However,
whether this protective effect of ascorbate on complex | is due to its
antioxidant properties or its action on blocking the action of rotenone are still
elusive although likely to be a combination of both mechanism. It is apparent
however that the complete restoration of complex Il-11l and complex IV which
are unaffected by rotenone directly could be explained by an antioxidant
effect. Therefore, these results need to be interpreted with caution and further
work needed to fully elucidate the precise mechanism(s) of action.

In accordance with the present results, previous studies also have
demonstrated that ascorbate administration has protective effects on
fibroblasts from patients with Leigh syndrome caused by MRC complex |
deficiency (Saada, 2011). Additionally, oxidative stress-mediated cell death
was attenuated in fibroblasts of CoQuo-deficient patients harbouring mutations
in QoQ: after ascorbate administration (Lopez et al., 2010). In fibroblasts of
patients with defects in multiple MRC complexes, ascorbate treatment

significantly enhanced ATP levels, coinciding with a reduction of ROS
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production (Soiferman et al, 2014), suggesting that ascorbate acts as electron
donor to MRC complex IV activity in addition to its antioxidant properties. Our
enzymatic findings together with these above findings suggest that ascorbate
treatment might therefore provide a therapeutic option for mitochondrial
patients associated with oxidative stress. However, its beneficial effects
cannot be extrapolated to all mitochondrial patients.

The water-soluble a-tocopherol analogue, Trolox, is an antioxidant involved in
scavenging lipid peroxide radicals. The potential effects of Trolox in
augmenting mitochondrial dysfunction have been previously reported
(Blanchet et al., 2015). Thus, we have also studied the effects of Trolox on
the enzymatic activity of MRC complexes in the complex I-deficient neuron
model. SH-SY5Y cells treated with Trolox for 24 hrs were found to have
significantly enhanced MRC complex | activity by (14 %) (p<0.05) (Figure 57-
A), but was unable to exert a same effect level as ascorbate does. In contrast
to the MRC complex | finding, however, no significant evidence of Trolox
effect was observed on MRC complex lI-lll activity. Since a progressive
inhibition of MRC complex II-lll was observed in the previous chapter, among
other MRC complexes, it seems possible that this result in part be due to the
concentration of Trolox tested not being sufficient enough to attenuate MRC
complex lI-Ill deficiency. Therefore, further work is required to determine the
non-cytotoxic dose-dependent effect of Trolox.

In addition to its potential effect to recover the defective MRC complex |
enzymatic activity in rotenone-treated SH-SY5Y cells, the enzymatic results
demonstrated that a significant restoration of MRC IV complex activity to

(100%) of control cells upon treatment with Trolox. The findings observed in

199 |Page



this study are in agreement with those of the previous studies that have
examined the effect of Trolox on MRC activity. For instance, our laboratory
have demonstrated that Trolox markedly protects MRC complex IV against
endogenous NO-induced damage in astrocytes (Heales et al.,, 1994).
Furthermore, chronic administration of Trolox significantly enhanced the
activity of fully assembled MRC complex | in both healthy and patient
fibroblasts from a complex | nuclear gene defect (Distelmaier et al., 2009a).
This was accompanied by a restoration of mitochondrial membrane potential
and calcium homeostasis associated with complex | deficiency (Distelmaier et
al., 2009b). In PD models, Trolox markedly enhanced MRC complex | activity
in both PINK1- and DJ-1-deficiency in dopaminergic neuronal cells (Shim et
al., 2011). In the same study, Trolox was also found to enhance the activity of
MRC complex IV in PINK1- deficient but not in the DJ-1-deficient neuronal
cells. Taken together, these results suggest that Trolox may provide a
potential therapeutic intervention in patients with defects in MRC complex | or
IV activity.

The thiol antioxidant, NAC is the precursor of L-cysteine which in turn,
enhances the intercellular glutathione status. The potential effects of NAC as
an oxygen free radical scavenger has been extensively studied particularly in
age-related mitochondrial disorders (Shahripour et al.,, 2014). We further
investigated the protective effects of NAC on MRC enzymatic activity in SH-
SY5Y cells exposed to rotenone for 48 hrs. As shown in (Figure 58-A), pre-
treatment with antioxidant NAC for 24 hr increased MRC complex | by 20 %
as compared to cells treated with rotenone alone for 48 hrs, but this increase

was no statistically significant. Similarly to the effects observed with Trolex,
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there was no significant effect on MRC complex II-1ll after NAC treatment. The
weak impact of this thiol antioxidant on MRC complex II-1ll activity may be due
to insufficient concentration utilized in this study such that it was not efficient
enough to restore the activity of complex II-lll. Another possible explanation is
that there is a low bioavailability of NAC that limits its therapeutic usefulness
as pointed out in the previous studies (Hara et al., 2017). Thus, administration
of NAC over a long period of time at low concentrations could be an
alternative therapeutic strategy, which could be used to optimize its protective
effects (Ohnishi et al., 2014). Similarly to the effects of ascorbate and Trolox,
the results of this study also showed that NAC significantly enhanced the
activity of MRC complex IV activity. These findings are in agreement with
pervious findings that showed an increase in the activities of MRC complexes
I, and IV in age-related mitochondrial disorders models (Miquel et al., 1995;

Cocco et al., 2005; Kamboj and Sandhir, 2011).

5.6 Conclusion

From the results of this screening study it is possible to conclude that
ascorbate evoked a complete restoration of multiple MRC activity in rotenone-
treated SH-SY5Y cells. However, it is unlikely that this effect can be solely
attributed to an antioxidant effect and as such, multiple mechanisms are likely
to be responsible. Furthermore, the antioxidant effects of Trolox and NAC
enhanced the activity of both complex | and 1V, but not II-lll. Taken together,
ascorbate appears to be more effective than Trolox and NAC in alleviating
MRC complexes defects caused by rotenone treatment. Due to its efficacy at

multiple sites, it could be hypothesised that ascorbate may therefore provide
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an adjunctive therapeutic intervention for patients with mitochondrial
complexes defect when used in combination with other medication to slow
down mitochondrial damage caused by oxidative stress. However, ROS
threshold should also be considered as a parameter when selecting the
appropriate antioxidant for patients with mitochondrial disorders associated

with oxidative stress (reviewed by Al Shahrani et al., 2017).
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CHAPTER 6

Mitochondrial Cellular Respiration
Measurement Using High Resolution
Respirometry
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6.1 Background

The energy utilised from the passage of electrons the down mitochondrial
respiratory chain (MRC) is utilised to pump protons from the mitochondrial
matrix into the inner mitochondrial membrane space creating a proton motive
gradient which is then harnessed to drive ATP synthesis from inorganic
phosphate and ADP in process collectively known as oxidative
phosphorylation (OXPHOS) (Figure 59) (Smith et al., 2012). Although the
details concerning the conservation of this ATP production in cellular
respiration is still controversial, the chemiosmotic coupling hypothesis is
widely accepted as the plausible mechanism for the energy transfer
(Menéndez, 1996). This hypothesis was first postulated by the British
biochemist, Peter Mitchell who suggested that the hydrogen ions (H+)
facilitated by electron transfer are pumped out of the basic and negatively
charged mitochondrial matrix into the acidic and positively charged
intermembrane space through the MRC complexes patrticularly I, 1ll, and IV.
This then results in the creation of the proton-motive force (PMF) (also known
as chemiosmotic potential) which is harnessed by mitochondrial ATPase
enzyme, complex V, to phosphorylate ADP and inorganic phosphate to ATP

(Mitchell, 1961).
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Figure 59 The schematic diagram outlines the MRC and OXPHOS pathways with substrates (electron donors)
shown in rectangular box and inhibitors in circular box. CoQ, coenzyme Q; Cyt c, cytochrome c; TMPD, N,N,N’,N'-

tetramethyl-p-phenylenediamine.
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The major site of ATP synthesis is the inner mitochondrial membrane which
harbours a series of multi-subunit enzymes known as the MRC complexes. As
mentioned above, these complexes utilize the energy conserved in electron
passage to make ATP from ADP and inorganic phosphate. The transference
of a pair of electrons through the MRC complexes releases redox energy
which is sufficient to generate 3 ATP molecules. For instance, the donation of
a pair of electrons from one molecule of NADH which are ultimately accepted
by molecular oxygen creating a molecule of water, generates 3 ATP
molecules (Gautheron, 1984). Thus, the ratio between oxidation and
phosphorylation, recognized as (P:O) ratio, is 3:1. Furthermore, the passage
of electrons from FADH:2 to oxygen generates 2 ATP molecules, thus the P:O
ratio, is 2:1 (Gautheron, 1984). However, these P/O ratios of oxidative
phosphorylation have been modified over years to 2.4 and 1.5 respectively,

due to possibly proton leakage across the membrane (Hinkle, 2005).

The chemiosmotic coupling hypothesis was further supported by experiments
that utilized uncoupling which dissociated ATP synthesis and other energy-
dependent membrane functions from the process of electron transference in
the MRC (Hopfer et al., 1968). Therefore, in the presence of uncoupling
agents, electron transport in the MRC continues, but ATP is no longer
produced. Furthermore, the rate of electron transport which is evaluated by
the rate of oxygen consumption, is also stimulated in the presence uncoupling
agents (Lechner et al., 1970).

Isolation mitochondrial from cultured cells or animal tissues retain the ability to

carry out electron transport (Schagger, 2002). Currently, the process can be
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manipulated by adding exogenous substrates that donate electrons to the
MRC at different levels, or by the use of uncoupling agents as well as
inhibitors of the MRC enzymes (Barrientos et al., 2009). Since the final step of
MRC is the reduction oxygen molecule to water, the rate of the electron
transport in isolated mitochondria can be feasibly monitored by the
polarographic technique which is generally used to measure the oxygen
consumption rate. The latter technigue will be discussed in more detail in this

section.

6.1.1 Mitochondrial Respiration States

Chance and Williams introduced the polarographic technique to assess the
rate of MRC activity (Chance and Williams, 1956). They defined the
respiratory states according to the order of substrate(s) additions evaluated in
the isolated mitochondrial experiments. In a Subsequent study, Nicholls and
Ferguson modified those definitions, providing an alternative sequence of
substrate additions in their mitochondrial studies (Nicholls and Ferguson,
2002). Accordingly, the initial mitochondrial respiratory (State 1) refers to the
rate of oxygen consumption in mitochondria in the absence of any addition of
exogenous substrates or inhibitors. In (State 2), the O2 consumption rate is
increased following the addition of exogenous substrate(s) which can also can
reflect the rate of basal proton conductance (i.e., leak) in the absence of ADP.
The (State 3) refers to the stimulated respiratory rate following the addition of
a small amount of ADP. State 3 can be terminated by the addition of the ATP
synthase (complex V) inhibitor, oligomycin. State 3 respiration returns to
State 4 once all the ADP has been phosphorylated to ATP (Figure 60).

Furthermore, the respiratory control ratio (RCR) which is defined as ‘state
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3/state 4,’is often utilized as a parameter to indicate the coupling between
respiration and phosphorylation. The amount of ATP synthesized per
molecule of oxygen consumed by mitochondria, known as P/O ratio, is also
another parameter to evaluate the integrity of mitochondria function. This can
be calculated by measuring the decrease in oxygen concentration after the

addition of a known amount of ADP.
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Figure 60 An experimental example of polarographic oxygen
consumption showing mitochondrial respiration states upon addition of

substrates.

Several exogenous substrates (electron donors) can experimentally be
applied to initiate electron flow from the different enzyme complexes within the
MRC of isolated mitochondria (Figure 59). This allows the rate of oxygen
consumption to be assessed in the different regions of the MRC, allowing the
identification of possible impairment of electron transfer within the chain. For

instance, NADH-generating substrates including pyruvate, malate and
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glutamate feed electrons indirectly into MRC at the level of complex I.
Furthermore, FADH2-generating substrates such as succinate feed electrons
directly into the MRC at the level of complex II. Additionally, ascorbate and
N,N,N’,N'-tetramethyl-p-phenylenediamine (TMPD) also act as respiratory
substrates, donating electrons directly to complex IV via cytochrome c.
Moreover, mitochondrial respiratory rate can also be investigated using MRC
enzyme complex inhibitors, such as rotenone and antimycin A (Figure 59).
Following the addition of the inhibitor, exogenous substrates that act proximal
to the inhibited enzyme complex can then be added to initiate electron flow in
the MRC. For instance, if NADH is added to a suspension of isolated
mitochondria, electron transference proceeds with the concomitant
consumption of oxygen. If, however, the MRC complex | inhibitor, rotenone is
added to this suspension, electron flow is terminated which ultimately leads to
cessation of oxygen consumption. However, if succinate is then added to the
rotenone treated mitochondrial suspension, the complex | inhibition created by
rotenone is by-passed and electron transport and oxygen consumption will be
initiated again. Some common substrates, inhibitors, and uncouplers of the

MRC complexes are listed in (Table 10).
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Table 10 The most commonly used substrates, inhibitors, and

uncouplers of MRC function.

Name Classification Place of action
Rotenone Inhibitor
Malate Substrate
MRC Complex |
Glutamate Substrate
Pyruvate Substrate
Succinate Substrate MRC Complex II
Antimycin A Inhibitor MRC Complex llI

Oligomycin Inhibitor MRC Complex V

FCCP uncoupler Mitochondrial membrane

6.1.2 The Measurement of Mitochondrial Respiration

The rate of electron transference to molecular oxygen as a result of the
oxidative  phosphorylation (OXPHOS) pathway can be assayed
polarographically using a Clark oxygen electrode. The Clark electrode was
named after Dr. Leland Clark after its inventor in the mid-1960s
(Severinghaus and Astrup, 1986). It typically consists of a platinum cathode
and a silver or silver/silver chloride anode (Ag/AgCl), which are separated by
a potassium chloride (KCI) solution. The two-half cells are separated from

assay medium by a teflon membrane. As oxygen molecules move freely
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across the membrane, they are electrically reduced as a result of a constant
voltage (usually -0.6 V) applied between the electrodes, according to the
following equation:

O2+4e +4H"—> 2H20
This reduction subsequently creates an electrical current which is proportional
to the amount of oxygen in the solution. Thus, the rate of oxygen consumption
in a biological sample can therefore be estimated by calibrating a known

oxygen concentration to a particular voltage of electricity (Figure 61) (Lanza et

al., 2009).
Platinum cathode
Voltage ;. O;+4e +4H*—2H,0
Silver or silver/silver chloride — I— ,/
(anode/ reference) e, e
i 4
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~ . /
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Biological sample Teflon membrane

Figure 61 A schematic representation of Clark amperometric sensor for

determining dissolved Oz in biological sample.

There are a number of analytical techniqgues which are available for the
evaluation of mitochondrial function. These include the enzymatic MRC

complex assays, bioenergetics status, blue native polyacrylamide gel
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electrophoresis, oxygen-derived radical assays, and ATP synthesis assays
(Brand et al.,, 2011). Nevertheless, these analyses are destructive to
biological samples, and do not provide an estimate of the activity of the MRC
at the physiological level (Martin et al., 2012). As opposed to these analyses,
assessing mitochondrial respiration by polarography reflects the integrity of
mitochondria, which vyields a dynamic evaluation of metabolic rates
simultaneously in mammalian cells (Lanza et al.,, 2009). Furthermore,
mitochondrial respiration provides an integrated bridge between the enzyme
complexes and metabolic pathways, in contrast to evaluating activities of
isolated or linked MRC complex enzymes (Pesta and Gnaiger, 2012). To
date, the evaluation of integrated mitochondrial function has commonly relied
upon the conventional Clark-type oxygen electrode. Although the Clark-type
oxygen electrode is still less expensive and a widely accessible tool for the
assessment mitochondrial respiration, it nevertheless has notable limitations
and there are concerns in regards to its signal stability, resolution and
background noise (Martin et al., 2012). To this end, a variety of technologically
advanced Clark electrode systems were developed utilizing numerous other
materials and configurations. One such system in which mitochondrial oxygen
consumption can be accurately evaluated using high-resolution respirometry
(HHR) is the Oxygraph-2K® (O2k, Oroboros® instruments. Innsbruck. Austria)
(Figure 62).

Since its development in the mid-1990s, the O2k instrument has been utilized
for the assessment of mitochondrial respiration (Gnaiger et al., 1995).
Several features distinguish O2k from the traditional Clark-type oxygen

electrode. For example, O2k consists of two-parallel and independent glass
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chambers equipped with polarographic oxygen sensors (POS) which have the
ability to assess both oxygen concentration (nmol/ml) and oxygen flux rate
[pmol/(s*ml)] within each chamber in real time (Gnaiger, 2008). In addition to
requiring only small quantities of biological sample, the oxygen concentration
in each chamber can be kept constant throughout an experiment or until the
functional stability of the sample is impaired. Thus, it enables further
substrates, or uncouplers, or inhibitors to be applied. Furthermore, the limit for
oxygen flux rate detection in the O2k is 1.0 [pmol/(s*ml)], and the limit of
detection of oxygen concentration is less than 0.05 uM (Gnaiger, 2008). The
02k, therefore, provides a direct and convenient way to evaluate integrated

mitochondrial function.
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Figure 62 The Oxygraph-2K® (O2k) for high-resolution respirometry
(HRR) instrument. The Oxygraph respiratory system is appropriately
designed as two-parallel and independent glass chambers. The volume
capacity of each glass chamber is 2 ml. The chambers feature a large inner
diameter (16 mm), thereby yielding an effective space for sensors and light
conductor. Along with two glass chambers, Peltier temperature control are
placed into mineral-insulated copper block where the temperature in the range
of 2-50 °C is electronically maintained. In addition to titanium stopper, oxygen
level of mitochondria is simultaneously monitored by polarographic oxygen
sensors (POS) with a large (2-mm diameter) cathode, (POS is defined as
electrochemical sensor that measures dissolved oxygen in biological sample)
which are inserted into each glass chamber. To minimize fluid current which is
exposed by cathode, POS is inserted into each glass chamber in an angular
position allowing optimal stirring. In order to account for artefacts as a result of
oxygen diffusion, the electromagnetic polyetheretherketone (PEEK) stirrer
bars are applied as an alternative to conventional Teflon
(polytetrafluoroethylene, PTFE) stirrers. The image was adapted from
(Gnaiger, 2008).
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6.1.3 The Assessment of Integrated Mitochondrial Function in
Cultured Cells

The loss of the enzymatic MRC activity is intimately associated with age-
related disorders (see chapter 1). However, progress toward understanding of
these disorders has been hampered by methodologies employed to evaluate
the integrated mitochondrial function of the biological samples studied.
Therefore, the ability to evaluate oxygen consumption rate in cultured cells is
a decisive step forward for better elucidating the underlying mechanism of
cellular heterogeneity in these disorders thus ultimately leading to the
development of novel therapeutic strategies.

The measurement of mitochondrial oxygen consumption to study various
aspects of neuronal mitochondrial function has been previously reported
(Lesage et al., 2016; Zanellati et al., 2015; Cronin-Furman et al., 2013;
Nakamura et al.,, 2011). An early study using isolated mitochondria from
primary neuron and astrocyte cultures has highlighted the vulnerability of this
neural cell to mitochondrial energy impairment (Almeida and Medina, 1997),
providing a further evidence for the utility of oxygen consumption rate
determination in neuronal mitochondrial studies. However, mitochondrial
respiratory rates evaluated in intact cultured cells vary in comparison to rates
measured in isolated mitochondria (Gnaiger, 2008). For instance, the ADP-
stimulated rate (state 3) is not possible to evaluate in cultured cells since the
cell membrane is not permeable to ADP. Recently, O2k titration protocol was
developed by applying mitochondrial inhibitors and uncouplers to measure the
respiration rate in in intact cultured cells such as SH-SY5Y neuroblastoma
cells (Geoghegan et al., 2017; Boyle et al., 2012). Therefore, the development
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and evaluation of this protocol using O2k instrument could provide us an
effective way to assess the integrity of mitochondrial function in cultured SH-

SY5Y cells.

6.2 Aim

The aim of this chapter was to develop a step-wise titration protocol for the
02k instrument which will enable the assessment of integrated mitochondrial
function in cultured SH-SY5Y cells suspensions. This will serve as an
introduction to further studies which will assess mitochondrial dysfunction

using the cell-based model as previously described in chapter 4.

6.3 Methods
6.3.1 Cell culture

SH-SY5Y cells were passaged as describes in (Section 2.2.3). Once cells
reached the desired degree of confluency (80-90%), culture medium was
discarded and the flask washed once with Dulbecco's Phosphate Buffered
Saline (DPBS) without Ca?* and Mg?*. 2 ml of 0.25% trypsin-EDTA solution
was pipetted onto the adherent cells and incubated for two minutes at 37°C
and then diluted by adding 8 ml of fresh culture medium to deactivate the
trypsin. The cell suspension was collected and centrifuged for 5 minutes at
500x g. The supernatant was discarded and the cell pellet was re-suspended
at a density of 3 x 108 cells/ml in 6 ml of pre-warmed of Dulbecco’s modified
Eagle’s Medium (DMEM) supplemented with 1,000 mg/L D-glucose, L-
glutamine, 25 mM HEPES buffer, and 110 mg/L sodium pyruvate (Thermo
Fisher Scientific). Cells were then counted automatically by mixing 20 ul of

cell suspension with 20 pl of trypan blue using a Countess Automated Cell
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Counter (Invitrogen Ltd). The remaining cell suspension was utilized for high

resolution respirometry experiment.

6.3.2 Mitochondrial Cellular Respiration Measurement

Respiratory rate of neuronal cells was assessed by applying a
phosphorylation or coupling control protocol, as described by (Gnaiger, 2008)
with some modifications. This protocol simply evaluated the mitochondrial
respiration rate of a cultured SH-SY5Y cells suspension, and included the
following determinations:

1) Mitochondrial basal respiration,

2) Uncoupled respiratory capacity, and

3) Non-mitochondrial respiration
Furthermore, the main advantage of applying this protocol was that all
inhibitors and the uncouplers utilized in this protocol were freely permeable
via the cell membrane; and hence do not require cell membrane

permeabilization prior to initiate the experiment.

6.3.3 Analytical Protocol

At temperature of 37°C and stirring speed of 750 r.p.m, the two identical glass
chambers were filled with 2.2 ml of cell suspension at the density of 3 x 10°
cells/ml (see above section) after calibrating of oxygen concentration with the
POS at air saturation, corresponding to the oxygen solubility factor (Fwm,
accounts for the effect of the dissolved salt ions on oxygen solubility relative
to pure water) of (0.89) for culture media (Gnaiger, 2008). Further details

regarding the oxygen calibration is shown below in (Figure 63).
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The mitochondrial respiration rates in SH-SY5Y suspension was manually
performed by stepwise titration using a Hamilton microliter syringes (Hamilton,

Reno, Nevada, USA) as the following:
1. The basal respiration rate (routine respiration; [R]) state which reflects
the only physiological substrate conditions present in the culture media,

was initially monitored after a 10 minutes period as shown (Figure 64).
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Figure 64 The routine respiration; [R] state was evaluated after a 10
minutes period under SH-SY5Y cell media. Oxygen concentration
(nmol/ml) in the chamber is indicated as (blue plot; left Y-axis) and oxygen
flow rate is calculated as the negative time derivative obtained from the
measured of oxygen concentration and normalized to number of SH-SY5Y

cells [pmol/(s*Mill)] (red plot; right Y-axis).
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2. After addition of the final concentration of 2 ug/ml of oligomycin
(complex V inhibitor or ATP synthase inhibitor), leak respiration [L] state
was consequently induced which was consequently caused by the
compensation for the proton leak after the blockage of complex V by

oligomycin (Figure 65).
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Figure 65 The leak respiration [L] state was consequently induced after
inhibiting complex V. Oxygen concentration (nmol/ml) in the chamber is
indicated as (blue plot; left Y-axis) and oxygen flow rate is calculated as the
negative time derivative obtained from the measured of oxygen concentration
and normalized to number of SH-SY5Y cells [pmol/(s*Mill)] (red plot; right Y-

axis).
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3. The maximal of electron transfer rate (ETS; [E]) state at non-coupled
respiration of SH-SY5Y cells was achieved by a careful stepwise 0.5 yM
titration of the wuncoupler, carbonyl cyanide-(trifluoromethoxy)

phenylhydrazone (FCCP) as shown below in (Figure 66).
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Figure 66 The uncoupler FCCP enhanced respiration rate, which reflects
the maximal of electron transfer system (ETS; [E]) state. Oxygen
concentration (nmol/ml) in the chamber is indicated as (blue plot; left Y-axis)
and oxygen flow rate is calculated as the negative time derivative obtained

from the measured of oxygen concentration and normalized to number of SH-

SY5Y cells [pmol/(s*Mill)] (red plot; right Y-axis).

221 |Page



4. Non-mitochondrial respiration, also termed as residual oxygen
consumption (ROX) was ultimately induced by adding 0.5 pM of

rotenone (complex | inhibitor) (Figure 67).
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Figure 67 Rotenone blocks the mitochondrial respiration and induced
residual oxygen consumption (ROX) state after inhibits MRC complex I.
Oxygen concentration (nmol/ml) in the chamber is indicated as (blue plot; left
Y-axis) and oxygen flow rate is calculated as the negative time derivative
obtained from the measured of oxygen concentration and normalized to

number of SH-SY5Y cells [pmol/(s*Mill)] (red plot; right Y-axis).
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5. The endogenous respiratory rates were evaluated for each
mitochondrial state as an average value of the oxygen flux rate
[pmol/(s*Mill)]. In order to minimize the alterations in the volume of the
cell suspension loaded into electrode chambers, endogenous
respiration rates were eventually normalized to the number of cells
[pmol/(s*Mill)].  All mitochondrial states; R, L and E values were
corrected to ROX. The (Figure 68) Dbelow summarise
all the above information regarding mitochondrial respiration states in

the cultured SH-SY5Y cells suspension.
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Figure 68 Representative oxygraph traces of oxygen consumptions in

SH-SY5Y cells Oxygen concentration (nmol/ml) in the chamber is indicated

as (blue plot; left Y-axis) and oxygen flow rate is calculated as the negative

time derivative obtained from the measured of oxygen concentration and

normalized to number of SH-SY5Y cells [pmol/(s*Mill)] (red plot; right Y-axis).

Under physiological substrate conditions (no additives), routine state (R) was

evaluated after a 10 minutes period. Vertical lines are events for step-wise

titration of complex V inhibitor oligomycin, reducing cellular routine respiration

to uncoupled respiration, leak state (L); FCCP inducing respiration to

maximum capacity of the electron transport system (ETS or E), and inhibition

by complex | inhibitor rotenone, measuring the non-mitochondrial respiration ,

known as the residual oxygen consumption (ROX).
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6.3.4 Data Analysis

Oxygen concentration and oxygen flux were continuously recorded on line by

DatLab the DatLab 5 software (Oroboros Instruments, Innsbruck, Austria).

6.4 Results

Oxygen consumption rates in SH-SY5Y cells was investigated using a high
resolution respirometry (O2k). In a single analysis paradigm and after the
oxygen flow was normalized to the number of SH-SY5Y cells, the routine
respiration rate (R) was initially obtained with no added substrates or
inhibitors and respiratory flux in R state was 30.2 [pmol/(s*Mill)] (Figure 69).
Following the addition of oligomycin (MRC complex V inhibitor) which induced
an immediate inhibition of respiration, the Leak respiration (L) was found to be
33% of R (Figure 69). To obtain the maximal capacity of the electron transfer
system (ETS) a step-by-step titration with the uncoupler, FCCP was applied
and the induced maximum uncoupled respiratory rate was found to be 39.2
[pmol/(s*Mill)] (Figure 69). The Residual oxygen consumption (ROX) was
obtained following the inhibition of MRC complex | by the addition rotenone.
This ROX was found to be 10 % of R respiration, but 34 and ~ 7 % of rates L
and ETS, respectively (Figure 69). We subsequently corrected the obtained
mitochondrial respiration rates (R, L, and ETS) to the ROX (Figure 70). The
results of the determinations of the mitochondrial respiratory rates in the SH-

SY5Y cells are summarized in (Table 11).
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Figure 69 Mitochondrial respiration rates in cultured SH-SY5Y cells.

Results represent as mean + SEM of (n= 3) independent experiments.
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Figure 70 Mitochondrial respiration states in cultured SH-SY5Y cells

after corrected to residual oxygen consumption (ROX). Results represent

as mean + SEM of (n= 3) of independent experiments.
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Table 11 Mitochondrial respiratory rates in cultured SH-SY5Y cells

Addition Oz flow (pmol/s* million cells)
Routine (R) No 30.2+0.1
Leak (L) Oligomycin 105+1.3
ETS (E) FCCP 39.2+25
Residual oxygen Rotenone 3.3+x1.3
Consumption (ROX)

R-ROX - 27.0+x14

L-ROX - 7.2 +£0.08
E-ROX - 36.0+£2.8

- Results represent as mean + SEM of (n= 3) of independent experiments.

6.5 Discussion

Oxygen molecules play a crucial role in producing cellular energy via the MRC
and the oxidative phosphorylation pathways. Therefore, one of the main
purposes of this chapter was to extend our methodology regarding the
determination of mitochondrial oxygen consumption rates and to evaluate a
step-wise titration protocol for the assessment of integrated mitochondrial
function in cultured SH-SY5Y cells.

Although studies measuring individual MRC complex enzyme activity can
provide a wealth of information, it should be noted that optimised assays
operates under Vmax (the maximum rate of a reaction) which may not
necessarily occur under physiological conditions. Therefore, in this study,
highly advanced oxygen consumption measurements utilising small amounts
of cells provides an effective tool to assess the integrity of mitochondrial
function in SH-SY5Y cells. By successfully applying a step-wise titration

protocol including MRC complex inhibitors and uncouplers, we had the
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opportunity to evaluate the mitochondrial basal respiration, uncoupled
respiratory capacity as well as non-mitochondrial respiration. In the absence
of substrates and inhibitors, routine (R) respiration of SH-SY5Y cells was
assessed and found to be steady. ATP synthesis in neuronal-like cells was
blocked by adding complex V inhibitor and subsequently induced a noticeable
proton leak of about 33% of routine respiratory rate. Following a step-wise
serial titration of FCCP, our results demonstrated a maximum uncoupled
respiration (ETS) at the respiration flux of 39.2 [pmol/(s*Mill)]. This result
suggested that a high level of proton leak was dissipating the mitochondrial
proton gradient. Our finding also demonstrated that non-mitochondrial
respiration (ROX) detected after the complete inhibition of complex | activity
by rotenone addition (10 % of R respiration, but 34 and ~ 7 % of states L and
ETS, respectively), made little contribution to total respiratory rate. Few
comparable findings are published on cultured SH-SY5Y cells. The results of
the present study agree with those reported by (Boyle et al.,, 2012). For
instance, they found that ROX state was approximately 7% of ETS. Taken
together, this assay provides a standardized protocol for the assessment of
integrated mitochondrial function in cell-culture-based model systems. A
specific advantage of studying cultured cells is that the quantification of
mitochondrial respiration under physiological state (Routine, R) in response to
mitochondrial inhibitors or respiratory stimulators, avoids many of the potential
artefacts associated with isolated mitochondrial or cell permeabilization such
as alterations possibly in mitochondrial morphology (Jang and Javadov,
2018). The use of cultured cell studies also provides insights into the

underlying mechanism(s) of mitochondrial disorders. However, it is not
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possible to determine maximum OXPHOS capacity in cultured cells since
ADP is not freely permeable via the cell membrane (Gnaiger, 2008).
Furthermore, the accurate assessment of the activity of the MRC may not be
possible in cultured cells because several substrates are also not freely
permeable via the cell membrane (Gnaiger, 2008). Thus, cultured cells
require further step which is either isolation of mitochondria, or partially
permeabilized cell membrane using saponin or digitonin and optimal

incubation conditions (Saks et al., 1998; Kuznetsov et al., 2004).

6.6 Conclusion

The use of the O2K instrument together with step-wise protocol has enabled
us to gain information regarding the integrated mitochondrial function in
cultured SH-SY5Y cells under physiological condition. In this study, we had
the opportunity to evaluate the mitochondrial respiratory rate of cultured SH-
SY5Y cells suspension, including the mitochondrial basal respiration,
uncoupled respiratory capacity, and non-mitochondrial respiration. Based on
these promising results, further studies will be undertaken in which this
protocol will be utilised to study the rotenone-induced multiple mitochondrial
complexes deficiencies as described in chapter 4. Furthermore, the isolation
of intact functional mitochondria from SH-SY5Y cells based on the method of
(Almeida and Medina, 1997) to investigate the overall oxidative

phosphorylation (OXPHOS) system could be usefully explored in further work.
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CHAPTER 7

Development of an Accurate and Robust
Assay for Fibroblast Growth Factor-21
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7.1 Background

Mitochondrial disorders are generally thought to be one of the most common
inborn errors of metabolism (IEM) with a minimum birth prevalence of
approximately 1:5000, affecting heterogeneously multiple organs and tissues
at any age (Hargreaves et al., 2016). Disturbances to the mitochondrial
energy machinery, oxidative phosphorylation (OXPHOS) pathway, are
commonly referred to as mitochondrial disorders, and can be caused by
defects in genes of either the mtDNA or nDNA genes that encode the
OXPHOS complexes (Zeviani and Di Donato,2004)

A multidisciplinary laboratory analysis is required to evaluate patients with
suspected mitochondrial disorders in which biochemical analysis is often the
initial not non-invasive parameter to be evaluated. For instance, elevated
levels of lactic acid in serum, CSF or urine can be a useful biochemical
diagnostic indicator of mitochondrial diseases. However, some patients with
mitochondrial disease including mitochondrial DNA polymerase gamma
(POLG)-associated diseases, Leigh disease, Leber Hereditary Optic
Neuropathy (LHON) and Kearns-Sayre syndrome, may show either normal or
only mildly altered levels of lactate and pyruvate (Triepels et al., 1999).
Elevated plasma pyruvate may additionally result from the impairment of
pyruvate metabolic enzymes (Patel et al., 2012). Moreover, these
biochemical parameters may be elevated as the result of physiological
conditions such as improper specimen collection or inadequate handling. For
example, paediatric patients whose samples require prolonged time to acquire
during sample collection by venepuncture results in increased level of lactate

(Haas et al., 2008). For this reason, evaluation of lactate or pyruvate should
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therefore be used with an element of caution since normal levels are not
always able to confidently rule out mitochondrial diseases. Consistent with
this, the lactate: pyruvate ratio is another biochemical parameter used to help
diagnose mitochondrial diseases, since it reflects the cellular redox status
(NADH: NAD+), i.e. a decrease in the cellular redox status results in an
increase in the lactate: pyruvate ratio and vice versa (Debray et al., 2007).
Notably, the plasma lactate: pyruvate ratio always appears to be elevated in
encephalomyopathy disorders (Haas et al., 2008). Additionally, the elevation
of the lactate: pyruvate ratio may be secondary to severe liver failure
(Feldman et al., 2017).

Elevated alanine could also be used as a biochemical indicator, since it
reflects an accumulation in pyruvate levels. However, an increased plasma
alanine level could be secondary to other metabolic disorders such as
impairment of the pyruvate metabolic enzymes, pyruvate dehydrogenase
(PDH) or pyruvate carboxylase (PC) (Haas et al.,, 2008). Furthermore,
guantitative urinary organic acids such as TCA cycle intermediates and 3-
Methylglutaconic acid may be particularly elevated in patients with certain
mitochondrial disorders (Barshop, 2004; Gibson, 1999). Together with
acylcarnitine profiling, plasma free carnitine analysis may be useful in
detecting fatty acid oxidation defects (Haas et al., 2008). Similar to other
biochemical parameters which lack specificity, the elevation of creatine kinase
(CK), which is released as the result of muscle damage, may often occur in
patients with myopathic forms of mtDNA depletion syndrome (Suomalainen,
2013). The recent suggested biochemical biomarkers for mitochondrial

disease are summarized in (Table 12). It is worthy to emphasise that normal
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values for biochemical biomarkers don’t necessarily rule out the mitochondrial
diseases.

To date, there is still no first-line non-invasive diagnostic test available for
mitochondrial disorders, and as such, a wide range of biochemical surrogates
are required to make a definitive diagnosis. However, the starvation hormone,
fibroblast growth factor-21 (FGF-21) has been recently proposed as a
potential biomarker for mitochondrial disorders (Suomalainen et al., 2011),
although a thorough evaluation of its usefulness and careful validation of
analytical methods are required before it can be used extensively in the

clinical sitting.
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Table 12 Non-invasive biochemical parameters for evaluating mitochondrial disorders (MDs)

Biomarker Sample type le\(jlllgg n Differential diagnosis Reference(s)
Lactate PIasmg/CSF/ I or N !_lver fall_ure, drug toxicity, errors
Urine in collection and handling sample
Plasma/CSE/ Impairment of pyruvate m(_atabollc
Pyruvate ) Ior N enzymes, errors in collection and
Urine .
handling
Amino Acids Impairment of pyruvate metabolic (Haas et al., 2008)
Lactate /F_’yruvate Plasma/CSE Ior N enzymes, thla_lmlne deﬁmgncy,
ratio errors in collection and handling
Alanine Plasmfa/CSF/ I Impairment of pyruvate metabolic
Urine enzymes.
TCA cycle .
intermediates =l I Organic  acidaemias, = amino . _
. . : . (Suomalainen, 2011,
. : acidopathies, disorders in fatty .
Organic acids _ , o Wortmann et al., 2012;
3-Methylglutaconic . acid oxidation, glycogen storage,
. Urine 1 d | 2013)
acid and urea cycle
Free carnitine Plasma l Fatty acid oxidation defects,
Acylcarnitine _ primary carnitine deficiency, and (Haas et al., 2008)
AcyllFree carnitine Plasma I carnitine therapy
Enzyme Creatine kinase Plasma ] Muscle dystrophies (EI-Bohy and Wong,2005)

N, normal; § increased; Jdecreased.

234 |Page




FGF-21 is recognized as a member of fibroblast growth factors family. It is a
signal protein of 209 amino acids and appears to be highly conserved
between species. For example, human FGF-21 shares a 75% structural
identity to the mouse FGF-21 homologue (Nishimura et al., 2000). Unlike
most other growth factor members, FGF-21 acts in an endocrine manner
since it lacks a heparin-binding domain and is thereby released into the blood
stream (Itoh et al., 2010). FGF-21 is primarily found in the liver although very
low levels are additionally found in other tissues such as adipose tissue,
pancreas, and skeletal muscle (Tacer et al., 2010). This potent metabolic
regulator has unique metabolic actions on glucose and lipid metabolism. In
addition to its effects on glucose and lipid metabolism, it also plays dominant

roles in energy metabolism (Figure 71).
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Figure 71 The potential action of FGF-21 on glucose metabolism in
various organs and tissues. The figure was adapted from (Woo et al.,
2013).
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Notably, some metabolic actions of FGF-21 such as its ability to decrease
glucose levels, body weight, triglyceride levels, cholesterol levels, and
enhancing insulin resistance have been demonstrated when administered
therapeutically to both diabetic and obese mouse models (Kharitonenkov and
Adams, 2014; Woo et al., 2013; Iglesias et al., 2012). Favourable metabolic
effects of FGF-21 administration on glucose levels, body weight and lipid
levels have also been observed in type 2 diabetic patients (Gaich et al.,
2013). Furthermore, pharmacological administration of FGF-21 showed
improvements in cardiovascular risk profile biomarkers including a decrease
in low-density lipoprotein (LDL) “bad-cholesterol” and an increase in high-
density lipoprotein (HDL) “good-cholesterol” (Domouzoglou, et al., 2015).

Many experimental studies in humans and mice have indicated that FGF-21
can function as a myokine and is induced in skeletal muscle in response to

metabolic stress (Figure 72) (Itoh, 2014).

ER stress

Nutritional Mitochondrial
stress stress

Environmental Chemical
stress toxicity

Figure 72 FGF-21 acts as a novel regulator and adaptor against
physiological and pathological stress.
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Consistent with this, a recent study proposed that the link between
mitochondrial ROS production and the subsequent activation of activating
transcription factor 2 (ATF2) in the promoter region of the FGF21 gene
through the stimulation of mitogen activated protein kinase (P38 MAPK) in
myogenic cells. In this context, the myogenic factor (MyoD) appears to be
needed for the induction of FGF21 gene transcription (Figure 73) (Ribas et al.,

2014).

\ FGF21 Gene promoter }

!

FGF21 Protein

Figure 73 The putative mechanism of the induction of FGF-21 protein in
response to the mitochondrial stress stimuli in muscle cells. The figure

was adapted from (Ribas et al., 2014).
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FGF-21-was first associated with MRC-deficient muscle after being
characterized in Deletor (a mutation in TWNK encoding the Twinkle
mitochondrial DNA helicase) mice-induced with mitochondrial myopathy. In
this study, progressive accumulation of large-scale mtDNA deletions were
observed in mice muscle along with negative and positive histochemical
staining for cytochrome oxidase (COX) and succinic dehydrogenase (SDH) in
muscle fibres, respectively (Suomalainen et al., 1992; Tyynismaa et al., 2005;
Tyynismaa et al., 2010). In the fed state, increased FGF-21 levels were
subsequently detected in both muscle fibers, and blood of mice with deficient
MRC due to a pseudo-starvation response. Interestingly, once these mice
were treated with the ketogenic diet, a reduction of FGF-21 level was
accompanied by a parallel improvement in the structure and function of their
mitochondria (Ahola-Erkkila et al., 2010). Subsequently, a follow on from this
animal study has been translated successfully into the clinical diagnostic
setting and measurement made with highly specificity and sensitivity have
demonstrated increased FGF-21 levels in patients with neuromuscular
disorders resulting from mitochondrial dysfunction (Suomalainen et al., 2011).
Taking these findings into consideration, it can be hypothesised that FGF-21
may have the potential to be utilized as a sensitive and selective non-invasive

biomarker for mitochondrial diseases.
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7.2 Aims

The FGF-21 may potentially serve as a sensitive indicator for mitochondrial
disorders and thereby prioritise patients for invasive muscle biopsies. As
such, the main aim of this chapter is to
0] Validate the reliability of a commercially available FGF-21 Sandwich
ELISA assay
(i) Apply this analytical technique to evaluate serum FGF-21 levels in
paediatric and adult patients.
(i)  Attempt quantification of FGF-21 levels in neuronal cells under
conditions of rotenone induced MRC defect as described previously

in chapter 4.

7.3 Methods

7.3.1 Background

The Sandwich Enzyme-Linked ImmunoSorbent Assay (ELISA) offers a highly
sensitive and robust technique capable of detecting and quantitating the
amount of analyte antigen in an unknown sample. The Sandwich ELISA
basically relies on quantifying a particular antigen of interest between two
layers of antibody pairs (capture and detection antibodies) (Figure 74)
(Suleyman, 2015). It also has the practical advantage over many ELISA
techniques in that it provides high affinity and specificity as two layers of

antibody pairs are used to detect the target antigen (Sakamoto et al., 2018).
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Figure 74 A typical Sandwich ELISA assay. HPR, Horseradish peroxidase;
TMB, 3,3’,5,5-Tetramethylbenzidine.

7.3.2 Patient Samples

Anonymised Patient serum samples were collected from the Chemical
Pathology Laboratory at Great Ormond Street Hospital for Children (London,
UK) and the Neurometabolic Unit at the National Hospital for Neurology and
Neurosurgery (London, UK) and stored at -80°C until assayed. Briefly, serum
was separated by allowing blood to clot for 15 minutes at room temperature,

followed by centrifugation at 3,000x g for 15 minutes at +4°C.
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7.3.3 Analytical Procedure

The fibroblast growth factor-21 (FGF-21) human ELISA kit was purchased
from (BioVendor, Brno, Czech Republic), and the assay was performed,
according to the manufacturer’s instructions. Prior to assay, ELISA reagents
and serum samples were allowed to equilibrate to room temperature. In
duplicate, 100 pl of known standards, quality controls, and diluted samples
were added into a 96-well microtiter plate pre-coated with polyclonal anti-
human FGF-21 antibody. The microtiter plate was sealed and incubated at
room temperature for 1 hr on a microtiter plate shaker. Each well was then
washed three times with 250 pl of washing solution. After washing, 100 ul of
biotin labelled antibody was added and then incubated with coated FGF-21 for
1 hr at room temperature on a microtiter plate shaker. After the incubation
time, each well was again washed three times with 250 pl of washing solution.
100 pl Streptavidin- Horseradish peroxidase (HRP) conjugate enzyme was
then pipetted into the wells and incubated for 30 mins at room temperature on
a microtiter plate shaker. After a final washing step, 3,3,5,5-
Tetramethylbenzidine (TMB) substrate solution was added and the plate was
placed in a dark box to avoid light exposure for 15 min at room temperature.
In order to stop development colour, 100 ul of stop solution was finally added.
The absorbance of each well was then measured using an ELISA microplate
reader (MRX TC Revelation, Dynex Technologies Limited, UK) at a 450 nm.
To determine the FGF-21 concentration in the unknown samples, a standard
curve was created by plotting on the y-axis against known standard amounts
on the x-axis. Unknown amounts in the samples were then estimated from the

line of best fit.
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7.3.4 Statistical Analysis

All statistical analyses were performed using Graphpad Prism 4 software
(Graphpad Software Inc. San Diego, CA, USA). All results obtained were
expressed as mean + standard error of the mean (SEM). Non-parametric t-
test, Mann-Whitney U test was performed for statistical comparison of FGF-21
levels between patients and controls. Spearman rank correlation analysis was
performed to examine the relation of FGF21 levels to age and biochemical

parameters. In all cases p < 0.05 was considered to be statistically significant.
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7.4 Results

7.4.1 Validation Process

To investigate whether the FGF-21 ELISA assay is a reliable marker for
mitochondrial dysfunction, we set up a validation process of the Human FGF-
21 ELISA kit with a sensitivity lower limit of 7 pg/ml and specific for human
(see Appendix; Sectionl and 2 for further details about validation process). In
each run, the standard curve of human FGF-21 was performed and appeared

to be highly linear (Typically, r2 = 0.9986) (Figure 75).

R2 =0.9986

Absorbance (450 nm)
N

0 500 1000 1500 2000 2500

Human FGF-21 Concentration (pg/ml)

Figure 75 The standard curve for the FGF-21 ELISA assay showing the

plot of FGF-21 standard concentration against absorbance at 450 nm.
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The two most important aspects for any analytical method validation are
precision and accuracy. The precision of an analytical method determines
how closely two or more measurements are to each other, whilst accuracy
determines how closely a measured value is to a true or actual value. The
intra-assay and inter-assay were employed to evaluate the precision of the
ELISA assay. We analysed in terms of intra-assay validation by assaying
eight replicates of two serum samples of known concentration within one run.
The percentage of coefficient of variance (CV %) of the intra-assay precision
for the two serum samples was 3.7% and 3.6% (Table 13). Furthermore, the
percentage of coefficient of variance (CV %) of inter-assay precision was
5.1% after analysis of three replicates of one pooled serum sample of known

concentration in separate runs (Table 14).

Table 13 Two serum samples of known concentration were assayed on

one plate to assess intra-assay precision of Human FGF-21 ELISA assay

Sample 1 2

n 8 8
Mean (pg/ml) 690.6 1402
SD (pg/ml) 25.75 51.17

CV % 3.73 3.65
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Table 14 Pooled serum sample of known concentration was assayed on

different plates to assess inter-assay precision of Human FGF-21 ELISA

assay
Sample | 1 | 1
n 3 3
Mean (pg/ml) 417 341.2
SD (pg/ml) 10.11 17
CV% 242 5.39

Average Inter- Assay Precision CV%

5.1

The linearity of dilution and spike recovery are the most widely used tools for
the validation of analytical techniques. Thus, the linearity of dilution was
evaluated by serially diluting samples with dilution buffer and showed a high
linearity with correlation coefficients of 0.99 (Figure 76). With regards to the
accuracy of the ELISA assay, two serum samples were spiked with known
concentration of human FGF-21 and recovery values of 90% and 89% were

measured (Table 15).
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Figure 76 The standard curve for dilution of serum sample. The sample

was serially diluted with dilution buffer and assayed. The FGF-21 values

appeared to be highly linear (r°=0.9986).

Table 15 Two serum samples were spiked with known concentration of

human fibroblast growth factor (FGF-21) and assayed

Sample Observed (pg/ml)  Expected (pg/ml)  Recovery O/E (%)
346.5 -
1
887.01 986.5 90
417 -
2
941.06 1057 89
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We assessed serum samples from 39 paediatric patients with non-
mitochondrial disorders (disease controls), and 30 paediatric patients, with the
hypothesis that they may be expected to have raised FGF-21 levels. The
mean of FGF-21 concentrations in disease control serum (age, gender and
clinical manifestation of patients not yet identified), was 512 (SEM 71) pg/ml,
(reference range: 44-1515 pg/ml), while the mean of FGF-21 concentrations
in patients with suspected mitochondrial disorders (MD) was 2100 (SEM 475)

pg/ml (Figure 77).

15000+ * K,k
I= m
S, 10000- m Controls
RS-
a Patients with
L 5000- . suspected MD
O m =
L
;ﬁ-_
01—=
Controls Patients
(n=39) (n=30)

Figure 77 Serum FGF-21 levels (pg/ml) in both disease controls and
patients with suspected MD. Error bars indicate SEM; statistical analysis
was carried out using Mann-Whitney U test; significant differences:
***n<0.0005.
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7.4.2 The Induction of FGF21 in Mitochondrial Disorders

Patients

We assessed serum levels of FGF21 in 66 paediatric patients. Of these, 63
patients had genetically confirmed mitochondrial disease and 3 patients in
whom the basis of their disorder has not yet been identified. Based on their
genetic mitochondrial defects, 63 paediatric patients were categorized into
seven groups as shown in (Table 16). The serum FGF21 concentration was
significantly increased by 7-fold in patients with mtDNA maintenance defects
(3438 [SEM 948] pg/mL vs 512 [71] pg/mL; p<0-05; figure 78), whereas in
other genetically confirmed patients levels appeared to be slightly elevated,
compared to disease controls, although this difference was not significant
(Figure 78 ). However, patients with defects in coenzyme Q synthesis
(ADCK4) (246 [116] pg/ml; not significant; figure 78) and riboflavin transporter
(SLC52A3) had slightly reduced (422 [51] pg/ml; figure 78) FGF-21 levels.
Furthermore, we assessed FGF21 levels in 38 adult patients (7 adults—3 with
a genetic confirmed diagnosis, 2 with typical clinical diagnosis of
mitochondrial disease and one dystonia patient, while the other patients
haven’t been identified yet (Figure 79). Patients with genetically and clinically
confirmed mitochondrial diseases showed significantly higher FGF21 levels
(3188 [SEM 793] pg/mL vs 512 [71] pg/mL; p<0-0005; figure 80). Similarly,
FGF21 was induced in a dystonia patient (>1515 pg/ml) (Figure 79).
Furthermore, 27 adult patients had levels within the established reference

range, whereas 5 patients were less than 44 pg/ml (Figure 79).
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Table 16 Paediatric patients with genetically confirmed mitochondrial

disease

Disease group

PDH deficiency
OXPHOS subunit &
assembly factor defects

MtDNA maintenance
defects

Mitochondrial translation
defects

Coenzyme Q synthesis
defects

Mitochondrial import &
membrane lipid &
homeostasis defects

Riboflavin transporter
disorders
Total
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Gene

defect
PDHA1
MT-ND1

MT-ND6
NDUFV1
BCSI1L
MT-CO1
SURF1
MT-ATP6
POLG

TK2
RRM2B
TYMP
MT-TL1

MT-TK
MtDNA
deletion
MTO1
ELAC1
SARS2
C12o0rf65
RMND1
LRPPRC
PNPT1
ADCK4

IBAS7
SLC25A22
SLC25A26
SERAC1
AGK
CLPP
SLC52A3

30 genes

No.
samples
4
1
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Figure 78 FGF-21 levels in paediatric patients
with genetically confirmed mitochondrial
disease. Results for patients with mitochondrial
disorders are separated shown by particular
genetic groups. Error bars indicate SEM;
statistical analysis was carried out using Mann-

Whitney U test; significant differences: *p<0.05.
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Figure 79 A Flow chart illustrates the serum level of FGF-21 in 38 adult patients. RR; reference range
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Figure 80 FGF-21 levels in adult patients genetically and clinically
diagnosed with mitochondrial disease. Error bars indicate SEM; statistical
analysis was carried out using Mann-Whitney U test; significant differences:
**%n<0.0005.
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7.4.3 Association between FGF21 Levels and Age and
Biochemical Parameters in Peadiatric Patients with

Genetically Confirmed Mitochondrial Disease

There was no significant correlation observed between serum FGF-21 levels
and ages (r= -0.15, p= 0.20; figure 81). However, serum FGF-21 levels were
shown to be significantly correlated with classical mitochondrial biomarkers,
lactate (r= 0.36, p<0.005; figure 82), and CK (r= 0.31, p <0.05; figure 83 ), but
no correlation was noted between FGF-21 levels and alanine (r= -0.007, p=
0.095, figure 84). Furthermore, liver function enzymes, particularly alanine
aminotransferase (ALT) exhibited a significant correlation with FGF-21 levels
(r= 0.42, p= <0.005; Figure 85), but not with alkaline phosphatase (ALP) (r=
0.14, p= 0.32 ; figure 86). Although FGF-21 levels were showed to be
inversely correlated with creatinine (r= - 0.30, p<0.05; figure 87), they were
not significantly correlated with urea (r= -0.10, p= 0.45; figure 88) or glucose

(r=0.13, p= 0.41, figure 89).
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Figure 81 Correlation between serum FGF-21 levels (pg/ml) and age
(days) in paediatric patients with genetically confirmed mitochondrial
disease (n= 63). Ages were plotted against FGF-21 levels. Line indicates the
calculated linear correlation curve. Statistical analysis was carried out using
Spearman’s rank correlation coefficient (r); there is no significant correlation

between ages and FGF-21 levels.
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Figure 82 Correlation between serum FGF-21 levels (pg/ml) and lactate
levels (mmol/L) in paediatric patients with genetically confirmed
mitochondrial disease (n= 60). Serum FGF-21 levels were plotted against
lactate levels. Line indicates the calculated linear correlation curve. Statistical
analysis was carried out using Spearman’s rank correlation coefficient (r);

there is significant correlation (p< 0.005) between FGF-21 and lactate levels.
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Figure 83 Correlation between serum FGF-21 levels (pg/ml) and CK
levels (U/L) in paediatric patients with genetically confirmed
mitochondrial disease (n= 50). Serum FGF-21 levels were plotted against
CK levels. Line indicates the calculated linear correlation curve. Statistical
analysis was carried out using Spearman’s rank correlation coefficient (r);

there is significant correlation (p< 0.05) between FGF-21 and CK levels.
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Figure 84 Correlation between serum FGF-21 levels (pg/ml) and alanine

levels (pmol/L)

in paediatric patients with genetically confirmed

mitochondrial disease (n= 49). Serum FGF-21 levels were plotted against

alanine levels. Line indicates the calculated linear correlation curve. Statistical

analysis was carried out using Spearman’s rank correlation coefficient (r);

there is no significant correlation between FGF-21 and alanine levels.
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Figure 85 Correlation between serum FGF-21 levels (pg/ml) and ALT
levels (U/L) in paediatric patients with genetically confirmed
mitochondrial disease (n= 57). Serum FGF-21 levels were plotted against
ALT levels. Line indicates the calculated linear correlation curve. Statistical
analysis was carried out using Spearman’s rank correlation coefficient (r);

there is significant correlation (p < 0.005) between FGF-21 and ALT levels.
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Figure 86 Correlation between serum FGF-21 levels (pg/ml) and ALP
levels (U/L) in paediatric patients with genetically confirmed
mitochondrial disease (n= 51). Serum FGF-21 levels were plotted against
ALP levels. Line indicates the calculated linear correlation curve. Statistical
analysis was carried out using Spearman’s rank correlation coefficient (r);

there is no significant correlation between FGF-21 and ALP levels.
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Figure 87 Correlation between serum FGF-21 levels (pg/ml) and
creatinine levels (pmol/L) in paediatric patients with genetically
confirmed mitochondrial disease (nh= 58). Serum FGF-21 levels were
plotted against creatinine levels. Line indicates the calculated linear
correlation curve. Statistical analysis was carried out using Spearman’s rank
correlation coefficient (r); there is significant correlation (p < 0.05) between

FGF-21 and creatinine levels.
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Figure 88 Correlation between serum FGF-21 levels (pg/ml) urea levels
(mmol/L) in paediatric patients with genetically confirmed mitochondrial
disease (n= 50). Serum FGF-21 levels were plotted against urea levels. Line
indicates the calculated linear correlation curve. Statistical analysis was
carried out using Spearman’s rank correlation coefficient (r); there is no

significant correlation between FGF-21 and urea levels.
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Figure 89 Correlation between serum FGF-21 levels (pg/ml) glucose
levels (mmol/L) in paediatric patients with genetically confirmed
mitochondrial disease (n= 40). Serum FGF-21 levels were plotted against
glucose levels. Line indicates the calculated linear correlation curve.
Statistical analysis was carried out using Spearman’s rank correlation
coefficient (r); there is no significant correlation between FGF-21 and glucose

levels.
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7.5 Discussion

Since the clinical manifestation for patients with mitochondrial disease varies
considerably, mitochondrial diseases are still challenging for clinicians to
obtain an accurate diagnosis. Despite there being numerous of laboratory
diagnostic tests available, including biochemical assays, histological
examination, and DNA genetic analysis for mitochondrial disorders, muscle
biopsy remains a gold standard diagnostic tool for patients with suspected
mitochondrial disorders due to the variability of sensitivity of serum
biomarkers. Nevertheless, the muscle biopsy is an invasive procedure that
requires both surgical technique and anesthesia.

In a retrospective diagnostic study conducted by (Suomalainen et al., 2011), it
was concluded that a hormone- like cytokine, FGF-21, could serve as a
potential first-line biomarker for mitochondrial diseases using a sandwich
ELISA assay. A great advantage of FGF-21 as a biomarker is that as well as
being a non-invasive tool, may be a more specific biomarker which can be
assayed with a high degree of sensitivity, when compared to classical serum
biomarkers such as lactate, pyruvate and CK.

In this thesis, the focus of attention also was to initially validate the human
FGF-21 sandwich ELISA as a mitochondrial biomarker assay. Firstly, the
assay appears to demonstrate high sensitivity and linearity. Following
regression analysis, the standard curve of human FGF-21 showed high
correlation (r’= 0.9986) with a reliable detection range of 7 to 2000 pg/ml
(Figure 75). Moreover, the precision of the ELISA assay was validated and
the results obtained were consistent with those reported by the manufacturer

(4.0 pg/ml).
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Furthermore, linearity dilution of serum sample and spike recovery were
evaluated. Serial dilutions of serum sample ranged from 1:2 to 1:8 and
revealed high linearity, indicating that no potential interference in the serum
samples was observed. Consistent with this finding, the recovery of two
spiked serum samples were estimated to be 90% and 89% and were deemed
acceptable since recovery values fall in the globally accepted ranges of 80-
120 % (Andreasson et al., 2015). In our ELISA validation, reference serum
values obtained showed comparable values to those in a previous study (Fu
et al., 2014).

To ascertain the usefulness of this analytical assay for clinical practice, we
assessed 66 paediatric and 38 adult patient samples. Amongst genetically
confirmed mitochondrial disease in paediatric patients, circulating FGF-21
levels were significantly higher with mtDNA maintenance defects patients
(p<0.05) (Figure 78), which are consistent with previous study (Lehtonen et
al., 2016). In addition to mtDNA maintenance defects, it has been proposed
that FGF-21 could be a signature biomarker for mitochondrial translation
rather than in patients with defects either in MRC subunits or assembly factors
(Lehtonen et al., 2016). However, patients with mitochondrial translation
defects exhibited to be slightly elevated in the FGF21 circulation, although this
difference did not appear to be significant (Figure 78). Additionally, a slight
reduction in FGF-21 levels was noted in patients with defects in cofactor
synthesis (ADCK4) and riboflavin transporter (SLC52A3) (Figure 78), although
the significance of this finding needs to be verified in a larger number of

patient samples before any significance can be tested.
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In this study, we further applied the FGF-21 Sandwich ELISA assay to adult
patients who had been either clinically or genetically diagnosed with
mitochondrial diseases, and showed higher levels of FGF-21 in their serum
(p<0.0005) (Figure 80). Additionally, FGF-21 was found to be elevated in a
patient with dystonia (muscle disorder), suggesting that the FGF-21 may also
be induced by skeletal muscle dysfunction, thereby supporting the findings
from several other previous studies (Suomalainen et al., 1992; Ribas et al.,
2013 ; Itoh, 2014). Nevertheless, this finding should be interpreted with
caution due to small sample size (Figure 79). FGF-21 was also found to be
low in five adult patients (Figure 79), although no conclusion can be drawn
regarding this finding in the absence of any confirmed diagnosis.

In addition to the variability in serum, FGF-21 levels was observed among
paediatric patients with genetically confirmed mitochondrial diseases not to be
correlated with age, further supporting a previous study of mitochondrial
patients (Suomalainen et al., 2011). An assessment of association between
classical mitochondrial biomarkers with serum FGF-21 levels showed that
lactate levels were significantly correlated with FGF-21 levels (Figure 82).
However, it has been noted in mitochondrial patients that slightly elevated or
even normal lactate levels may be accompanied by higher levels of FGF-21
(Suomalainen et al., 2011), suggesting that lactate lacks specificity as a
mitochondrial biomarker. In addition, variation in lactate levels could be due to
errors in collection, sample handling or assay technique. Furthermore, CK
which is an established biomarker for muscle damage, has been additionally
suggested to play a role as a mitochondrial biomarker. It was shown to be

significantly correlated with increased FGF-21 levels. Although it has been
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suggested that alanine may also serve as a biomarker for mitochondrial
disease, our results failed to demonstrate any correlation between its serum
levels and that of FGF-21.

Of note, FGF-21 is expressed predominately in hepatocytes in the fasting
state (So and Leung, 2016). Thus, an elevation of circulating FGF-21 levels
has also been suggested as a biomarker for liver damage. It has been
reported that circulating levels of FGF-21 increased significantly in patients
with non-alcoholic fatty liver disease (NAFLD) (Zhu et al., 2016). Therefore,
we need to gain further insight into the relationship between FGF-21 levels
and liver enzymes to ascertain whether the increased FGF-21 levels result as
a consequence of muscle-manifesting mitochondrial diseases or liver
damage. In this study, results showed that FGF-21 levels significantly
correlated with ALT, but not with ALP, indicating that elevated of serum FGF-
21 levels, which also correlated well with CK, could possibly be explained as a
result of muscle damage but rather than liver damage.

Previous clinical studies furthermore indicated that increased FGF-21 plasma
levels were observed patients with renal dysfunction, the levels of which
additionally correlated with the renal function biomarker, creatinine (Stein et
al., 2009; Lin et al., 2011). However, paediatric mitochondrial patients showed
a significant inverse correlation between FGF-21 levels and creatinine.
Moreover, urea, another metabolite used to assess renal function test, was
also shown not to be correlated with FGF-21 levels. Taken together, these
findings suggested that the association between the loss of creatinine function
and FGF-21 level, but not with that of urea could be possibly related to muscle

conditions.
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Being an effective therapeutic agent as an antidiabetic target, FGF-21 has
also been suggested as a potential biomarker for obesity-related metabolic
disorders (So and Leung, 2016). Several studies showed evidence of
increased levels of FGF-21 in obese (Zhang et al., 2008; Fisher et al., 2010;
Reinehr et al.; 2012) and diabetic (Chavez et al., 2009; Xiao et al., 2012; So et
al., 2013) humans and animal models. In contrast, our findings showed that
there was no evidence of any relationship between FGF21 and glucose levels
in paediatric mitochondrial patients.

FGF-21 has been reported to be expressed in the brain and can be
synthesised by neurons and glia cells (Johanna Makela et al., 2014).
Additionally, FGF21 is able to cross the blood brain barrier by simple diffusion
which is further supported by detecting FGF-21 levels in human cerebrospinal
fluid (Hsuchou et al., 2007; Tan et al., 2011). In SH-SY5Y cells model, FGF-
21 exhibited neuroprotective effects against oxidative damage, mediated by
an increased activity of the peroxisome proliferator activated receptor y co-
activator 1a (PGC1-a) and resulted in improved of mitochondrial biogenesis
and antioxidant enzymes activities (Mékela et al., 2014). Based on these
observations, we attempted to measure FGF-21 levels in SH-SY5Y cells
model. However after repeated attempts, we were unable to detect any FGF-
21 signal. This could be explained by a number of possible reasons such as a
lack of sensitivity of the kit to measure very low levels of the target antigen,
produced by a limited number of cells in cell culture, the inability of these
particular neuroblastoma cells in culture to produce FGF21 in any appreciable

amount, or possibly due to a component in the culture medium interfering with
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the assay. Clearly, further research will be required to optimize and develop

new FGF21 assays more suited for cell culture applications.

7.6 Conclusions

Based on the results, it can be concluded that the human FGF-21 ELISA
assay appears to be a reliable and reproducible method and potentially useful
clinically as part of the diagnostic algorithm for the evaluation of patients
with mitochondrial disorders. Although some variations were observed in
FGF-21 levels among patients with mitochondrial diseases, it seems that
FGF-21 has a great potential as a biomarker as well as a monitor of the
progression of mitochondrial disorders. Further work should therefore be
directed towards evaluating levels in a larger cohort of patients with confirmed

diagnoses of mitochondrial disease.
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CHAPTER 8

General Discussion, Conclusion and
Further Work
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8.1 Discussion

As was reviewed in the chapter 1 of this thesis, mitochondria can be
thought of as the main energy supply of the living cell. Among all living cells,
neurons are critically dependent upon the availability and correct functioning
of mitochondria (Cobley et al., 2018). If these organelles begin to fail then the
ability of the neurons to carry out their normal activity can consequently
become compromised. Of note, impairment of mitochondrial function has
been potentially implicated to be a contributing factor in the pathophysiology
of a number of inherited disorders as well as more common
neurodegenerative disorders such as Parkinson’s disease (PD) (Hayashi and
Cortopassi, 2015) (Stewart and Heales,2003).

Evidence is now emerging that increased generation of mitochondrial reactive
oxygen or nitrogen species (ROS/RNS), resulting in oxidative damage, may
cause mitochondrial damage. Although mitochondrial respiratory chain (MRC)
complexes, particularly complex | and Ill, are major mitochondrial ROS
production, MRC complexes are among the systems that can potentially be
affected by oxidative damage (Bolafios and Heales, 2010). Furthermore,
when this damage has occurred, a self-propagating cycle of events can ensue
leading to further MRC complexes damage, ROS, and alteration of
intracellular antioxidants such as reduced glutathione (GSH). This sequence
of events may lead ultimately to neuronal cell death (Keane et al., 2011).
Additionally, it is worth emphasising that the loss of MRC complex activity
doesn’t necessarily equate to a failure of the mitochondrial ATP pathway, i.e.
a specific threshold of compromised activity has to be exceeded 50%

inhibition before ATP synthesis is affected (Davey et al., 1998).
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It has previously been demonstrated in a range of in vitro and in vivo models
that increased oxidative stress, within the central nervous system (CNS) can
lead to mitochondrial damage at the level of the MRC complexes (Guo et al.,
2013). In view of all that has been mentioned so far, the overall aim of this
thesis was therefore to ascertain the biochemical events that occurs upon
persistent loss of MRC complex | activity and its progression to other
complexes, in conjunction with bioenergetic, cofactor (CoQ1o0), and antioxidant
(GSH) status. This could ultimately leads to the identification of new
pathogenic mechanisms and potentially new therapeutic approaches for
common neurodegenerative disorders such as PD

Despite the precise mechanism associated with neurodegeneration of PD not
yet having been fully elucidated, the inhibition of MRC complexes activities,
particularly, the ROS- generator MRC complex | has been invoked as a
potential contributor to the pathophysiology of PD. Since it was firstly
demonstrated in 1989, the loss of MRC complex | activity has provided the
biochemical tie between neurotoxin MPP+ and idiopathic Parkinsonism
(Schapira et al., 1989). Subsequent studies were undertaken to elucidate the
cause of MRC complex | deficiency in the aetiology of PD. As such, early
studies focused on the anatomic and disease specificity of the MRC complex |
deficiency in PD. Using post-mortem brain, MRC complex | deficiency has
been detected in the substantia nigra (SN) (Schapira et al., 1989), the frontal
lobe and the striatum (Mizuno et al., 1990) as well as in frontal cortex of PD
patients (Parker et al., 2008). Furthermore, a deficit in MRC complex | activity
appears to be systematic, affecting multiple tissues (Schapira, 2008). In

addition to MRC damage which plays a crucial role in the pathogenesis of PD,
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its closely relationship with the other pathogenic factor— the aggregation of a-
synuclein— has been evidently demonstrated (Rocha et al.,, 2018).
Nevertheless, whether the defect in MRC activity precedes the a-synuclein
pathology is still less understood. In chapter 3 of this thesis, MRC enzyme
complex activities were therefore evaluated in PD post-mortem brain with
different a-synuclein pathological severity, and a number of key findings were

documented, as summarised in (Table 17).
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Table 17 MRC complex I, ll-lll and IV inhibitions in post-mortem PD brain regions with different pathological severity

The PD post-mortem brain regions with different pathological severity
MRC(';(;“V“V Frontal Cortex | Parietal Cortex | Parahippocampus | Temporal Cortex
0
Complex | No change 40% 26% 63%
Comﬁllex No change No change No change 74%
Complex IV 0
(kinmol) No change No change No change 33%
Complex Il No change
(- . -
Pathologically Unaffected Mild Pathology Moderate Pathology
- MRC complex I, lI-lll and IV inhibitions were expressed as a percent % of brain control
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Furthermore, the most interesting result to emerge from the data is that the
moderately affected brain region, the putamen, shows multiple MRC deficiencies.
Similar defects have been also reported in various tissues of PD patients
(Schapira, 1994; Mizuno et al., 1989; Parker et al., 1989; Shoffner et al., 1991;
Bindoff et al., 1991). Furthermore, it has been also shown in some cases that
multiple respiratory chain complex deficiencies have been associated with
inherited mitochondrial disorders (Mayr et al.,, 2015). However, whether the
multiple complexes defect observed in the putamen is the result of the brain
region itself or the duration of the disorder is not fully understood. In order to gain
insight into the mechanism associated with multiple complex defects in the
putamen, the next chapter then utilized SH-SY5Y cells to characterize the effect
of rotenone induced MRC complex | deficiency upon the activity of the other
MRC complexes at 24 and 48 hrs. At the level of inhibition which has been
frequent reported with idiopathic PD patients, 100 nM of rotenone partially
induced MRC complex | deficiency. Furthermore, this partial inhibition did not
result any significant ATP depletion. Nevertheless, it may be sufficient to
increase ROS production in agreement with previous our laboratory work (Aylett
et al., 2013), suggesting that rotenone-induced neuronal cell death could be as
the result of oxidative damage rather than a deficit in ATP level (Sherer et al.,
2003). These findings also may address the question as to whether the inhibition
of MRC complex | in PD might be a consequence of neuronal cell death.

Furthermore, the enzymatic results of MRC have indicated the evidence of

multiple mtDNA-encoded complexes deficiencies after 48 hrs of rotenone
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treatment. Similarly to pathologically moderated brain region, putamen, the
activity of MRC complex Il, which is entirely encoded by nuclear DNA also
appeared to be preserved. The results of MRC I, IlI-Ill and IV activities in

rotenone-treated cells for 24 and 48 hrs are summarised in (Table 18).

Table 18 MRC complex I, lI-lll and IV inhibitions in SHSY5Y cells treated
with 100 nM of rotenone for 24 and 48 hrs

MRC Activity
(%) 24 hr
Complex | 30%
Comﬁllex No change 40%
Complex IV 0
(k/nmol) No change 30%
Complex Il No change
MRC complex I, ll-lll and IV inhibitions were expressed as a percent % of

control cells.

At the level of the MRC complexes, these findings observed in this chapter mirror
to that seen in moderate affected brain region, putamen (chapter 3). There are
several possible explanations for these findings which may be explained by the
concept that an increase in ROS production resulting in oxidative stress could be
a possible mechanism since mtDNA is particularly susceptible to oxidative
damage, unlike nDNA. As MRC complex | is the major site of ROS production

within mitochondria and is also encoded by seven mtDNA genes, in comparison
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to other mitochondrial complexes, it therefore has a proportionally high
susceptibility to oxidative damage. During this vicious cycle of damage, the
accumulation of mtDNA lesions results in a deficit in MRC function, which in turn,
leads to further elevation of cellular ROS level, and ultimately cell damage
(reviewed by Al Shahrani et al., 2017). This is also supported by the observations
in human brain tissues from PD patients where an increased level of the DNA
oxidation product, 8-hydroxy-deoxyguanosine (8-OHdG) have been reported.
(Alam et al., 1997). Intriguingly, impairment of mitochondrial phospholipid CL
content and mitochondrial aconitase enzyme have been linked to mtDNA
instability, suggesting another possible mechanism that the dysfunctional MRC
encoded by mtDNA may be the consequence of oxidative damage (reviewed by
Al Shahrani et al., 2017). Therefore, the crucial roles of mitochondrial CL content
and aconitase enzyme in maintaining MRC function require to be investigated in
this model.

Furthermore, It is interesting to note that GSH status was found to be significantly
increased up to (30%) following 24 hr rotenone treatment indicating that may
reflect an upregulation in the synthesis of GSH in order to cope with increased
oxidative stress. Similar observation was also previously reported by (Zhu et al.
2007; Duberley et al., 2014). The plausible cause associated with the
upregulation of neuronal GSH status in a partially inhibited MRC | model is not
fully understood. However, the possible explanation of this upregulation may be
as the result of the activation of the antioxidant response element signalling

pathway, nuclear factor-erythroid 2 related factor 2 (Nrf-2), which is an important
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regulatory factor to enhance gene expression of cellular antioxidant enzymes
such as GSH biosynthesis (Harvey et al., 2009). However, more research into
the precise cause of the upregulation of neuronal GSH status is still necessary
before obtaining a definitive answer. It must also be noted that the intriguing
relationship between GSG status and MRC activity. A Study by (Vasquez et al.,
2001) have demonstrated that a loss of cellular GSH leads to an upregulation of
the MRC complex | activity. The authors proposed that oxidative stress could
lead to enhance the expression of the mitochondrial complex | enzyme.

In this chapter, the mechanism of how MRC complex deficiency affects energy
charge, GSH, and CoQ1o status over time was also carried out. The key findings
were documented, as summarised in (Table 19). Taken together, the cell-based
model provides evidence that persistent MRC complex | deficiency could lead to
multiple complexes defects along with biochemical alterations in bioenergetics

and GSH status (Figure 90).
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Table 19 Summarised of key findings of energy charge, CoQ10 and GSH

status upon exposure SH-SY5Y cells to 100 nM of rotenone for 24 and 48

hrs

Biochemical Parameter

24 hr

Energy Charge

No change

GSH T |
CoQuo

Expressed as pmol/mg protein No change T
et No change No change

Expressed as aratio to CS activity
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ﬁ The Exposure of Neuronal Cells to 100 nM of rotenone h

Short-Term exposure (24 hrs)

ative

Figure 90 Summarised of the biochemical consequences associated with short and long-terms exposure to 100 nM of
rotenone-induced MRC complex | deficiency. In this cell based-model, rotenone-treated (100 nM; 24-48 hrs) SH-SY5Y cells

Long-Term exposure (48 hrs)

induced a significant inhibition of complex I. At 24 hrs (short-term exposure) no effect was observed on the other complexes.

Moreover, the GSH status was significantly upregulated. However at 48 hrs (long-term exposure), multiple complexes defect was
noted, but the activity of complex Il appeared to preserved. Additionally, bioenergetics and glutathione status were compromised.
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Additionally, bioenergetics and glutathione status were compromised.
Despite significant advances being made towards the diagnosis and
characterization of mitochondrial disorders, appropriate therapy to halt or slow
the disorder progression remains an obstacle. As mentioned above, the
neuronal cell model presented in chapter 4 provides us with insight into the
underlying mechanism of multiple MRC complexes deficiencies which could
be exploited for potential therapeutic interventions to convey protection
towards mitochondria and thereby protecting neuronal cell. A potential
strategy for reversing the effects of mitochondrial damage could be through
suppression of oxidative stress and improvement of mitochondrial function by
the use of antioxidant molecules. Therefore, chapter 5 of this thesis sheds
new light on the effectiveness of ascorbate, Trolox and NAC at
limiting/reversing multiple MRC complexes deficiencies following 48 hrs
rotenone treatment. Due to its multiple antioxidant properties, ascorbate
evoked a complete restoration of multiple MRC activity in rotenone-treated
SH-SY5Y cells. However, it is unlikely that this effect can be solely attributed
to an antioxidant effect and as such, multiple mechanisms are likely to be
responsible. However, the antioxidant effects of Trolox and NAC enhanced
the activity of both MRC complex | and 1V, but not II-lII.

Despite the considerable scientific evidence that has accumulated to support
the use of these antioxidants, many patients with either inherited or acquired
mitochondrial disorders have shown variable clinical improvements when
administered with theses antioxidants alone (El-Hattab et al., 2017; Enns,
2014, 2017; Dias et al., 2013). Nevertheless, it could be postulated that in

combination, a cocktail antioxidant therapy may effectively improve clinical
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and biochemical features in patients with mitochondrial disease, particularly if
they target various pathogenetic sites, to an extent not observed previously
with an individual antioxidant molecule (Viscomi et al., 2015; Schapira, 2008).
Recently, mitochondrial-targeted antioxidants (MTAS), such as mitoquinone
(MitoQ) and mitotocopherol (MitoVitE), have become attractive therapeutic
agents in the treatment of mitochondrial disease associated with oxidative
stress (Smith et al., 2008; Ross et al., 2005). These well-established agents,
MTAs are known to easily cross cellular membranes and attain the target of
mitochondrial ROS sites, providing additional protective effects against
deleterious effects of mitochondrial oxidative damage (Jin et al.,, 2014).
Furthermore, in its various forms, the ketogenic diet (KD) has been recently
proposed as a potential therapeutic therapy for mitochondrial associated with
neurological disorders particularly, epilepsy (Kossoff and Hartman, 2012). The
KD mechanism of action with regards to how the diet exerts its efficacy is not
fully understood. However, considerable evidence exists suggesting that the
KD efficacy may occur, in part, as result of stimulation of mitochondrial
biogenesis. Recently, our laboratory has also revealed that decanoic acid
(C10) which is a component of the medium chain triglyceride KD, enhances
mitochondrial biogenesis and improves the activity of MRC complex | as well
as antioxidant levels in SH-SY5Y cells (Hughes et al., 2014). Additionally,
exposure of fibroblast cells derived from MRC complex I-deficient patients to
C10 have showed various beneficial effects in some cases (Kanabus et al.,
2016). With regards to PD, Unified Parkinson's Disease Rating Scale
(UPDRS) scores improved by 43 % in five PD patients on the KD for 28 days

when conducted in an uncontrolled study (Vanitallie et al., 2005). This
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suggests that the KD could be helpful as possible a therapeutic approach for
inherited and acquired mitochondrial disorders. However, these therapeutic
approaches mentioned above need to be further conducted in double blind,
randomized, placebo-controlled clinical trials with large sample size to
evaluate their long-term clinical efficacy and safety as potential therapeutic
treatments for mitochondrial disorders.

From the previous discussion, it is obvious that the assessment of neuronal
mitochondrial function is a decisive step forward for better elucidating the
underlying mechanism of PD, thus ultimately leading to the development of
novel therapeutic strategies. Given this, an integrated approach to assess the
integrated mitochondrial function are in demand. As such, an approach in
which mitochondrial oxygen consumption can be accurately evaluated using
high-resolution respirometry (HHR) using the Oxygraph-2K® (O2k) instrument
was developed.

As was pointed out in the introduction to chapter 6, mitochondrial
respiratory rates evaluated in intact cultured cells differ comparison to rates
measured in isolated mitochondria. For instance, the ADP-stimulated rate
(state 3) is not possible to evaluate in cultured cells since the cell membrane
is not permeable to ADP. However, the use of the real-time O2K instrument
together with a step-wise protocol by applying mitochondrial inhibitors (eg,
oligomycin and rotenone) and un uncoupler (FCCP) has enabled us to gain
information (i.e. oxygen consumption) regarding the integrated mitochondrial
function in cultured SH-SY5Y cells (see chapter 6 ). In this chapter, we also
had the opportunity to evaluate the mitochondrial respiratory rate of cultured

SH-SY5Y cells, including the basal respiration, proton leak, maximum
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respiration and non-mitochondrial respiration rates. The development and
evaluation of this technique has set the scene to allow subsequent further
work in which this protocol can be utilised to study the neuronal cell model as
described previously in chapter 4 to gain a better understanding of the
changes that occur in mitochondrial function as whole as opposed to changes
to the individual complexes measured in isolation. The isolation of intact
functional mitochondria from SH-SY5Y cells to investigate the overall
oxidative phosphorylation (OXPHOS) system could be usefully explored in
further work.

To date, there is still no first-line non-invasive biomarker test available for
mitochondrial disorders, and as such, a wide range of biochemical surrogates
are required to make a definitive diagnosis and monitor the therapeutic
interventions. However, the stress hormone, fibroblast growth factor-21 (FGF-
21) has been recently proposed as a potential biomarker for mitochondrial
disorders. In chapter 7 of this thesis, the focus of attention therefore was to
initially validate the human FGF-21 sandwich ELISA as a mitochondrial
biomarker assay. Overall, although some variations were observed in FGF21
levels among patients with mitochondrial diseases, it seems that FGF-21 has
a potential as a biomarker as well as a monitor of the progression of
mitochondrial disorders. Nevertheless, there are some principal challenges
that should be considered. At present, there are many commercial ELISA
kits available for quantitation of FGF-21 in serum samples such as Biovender,
Abcam, Biomatik, AssayPro, and Nordic BioSite which are not validated for
clinical implementation. Furthermore, studies have indicated that lot-to-lot and

manufacturer-to-manufacturer variability of calibrators and reagents occur in
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all currently available kits (Suomalainen, (2013). Additionally, our experience
throughout the validation process showed that lot-to-lot variability exists even
within the same kit (Biovender). Although all available ELISA kits ostensibly
serve to quantitate FGF-21 levels, the literature indicates variation even within
the reference range of healthy subjects. Thus, improving manufacturing
procedures to enhance the specificity, limit of detection, monoclonal
antibodies as well as the reduction of the lot to lot variability may be required
to meet the high diagnostic standards.

Furthermore, several studies have found that circulating levels of FGF-21
increased also in obesity-related metabolic disorders and non-alcoholic fatty
liver disease (NAFLD). In fact, these non- mitochondrial disorders are not
basically associated with muscle weakness and hence could not complicate
the utilization of FGF-21 as a biomarker in diagnostics of muscle-manifesting
mitochondrial disorders. Additionally, patients who are associated with these
metabolic syndromes are possibly a heterogeneous group, characteristically
without confirmed genetic diagnosis, and thus could include patients with
mitochondrial disorders (Suomalainen, 2013). Further studies in well-
characterized patient materials are required for further investigation to gain
knowledge, whether other physiological or pathological conditions consistently
linked with increased level of FGF-21 occur. These conditions should be
therefore considered as differential diagnoses, when using FGF-21 as a
biomarker in lab diagnosis of mitochondrial disorders.

Although several lines of evidence suggest that FGF-21 may have the
potential to be utilized in clinical practice as a sensitive non-invasive

biomarker for mitochondrial diseases, muscle biopsy remains a gold
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diagnostic tool. Thus, patients with high level of FGF-21 in their serum could
be possibly forwarded to muscle sampling, as their muscle genetic,
biochemistry, and histology is likely to be more informative for their conditions.
Conversely, patients with low level of FGF-21 are less likely to have a muscle-
manifesting mitochondrial disease and therefore they could be forwarded to
other diagnostic tests rather than for muscle biopsy (Suomalainen, 2013).

Furthermore, the recognition that oxidative stress and mitochondrial
impairment has a potential role in the pathophysiology of PD has yielded
means to test the hypothesis that the stress hormone, FGF-21 and its
expression in brain cells, might be useful as a surrogate biomarker for PD. In
this context, we attempted to evaluate the effect of compromised neuronal
mitochondrial function on FGF-21 levels utilizing SH-SY5Y cells model.
Nonetheless, we were unable to detect any FGF-21 signal. The reason for this
finding is not completely clear, but it is possibly due to the lack of sensitivity of
the ELISA kit to measure very low levels of the target antigen or the inability of
SH-SY5Y cells in culture to produce FGF21 in any appreciable amount. Thus,
a reasonable approach to tackle this issue could be to optimize and develop

new FGF21 assays more suited for cell culture applications.
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8.2 Conclusion

This thesis has investigated the biochemical consequences of MRC complex |
deficiency. Based on the observation that multiple complexes deficiencies
where noted in the moderate affected brain region of PD patients, SH-SY5Y
cell was therefore employed to study the effect of rotenone induced MRC
complex | deficiency upon the activity of the other complexes. This cell-based
model provides evidence that persistent MRC complex | deficiency may lead
to secondary loss of other complexes, potentially involving loss of GSH and
reduction energy charge. This model not only provides a possible approach to
study the biochemical consequences of complex | deficiency in acquired
adult-onset neurodegenerative disorders such as PD, but it also could be
potentially applicable to study these biochemical consequences in an
inherited mitochondrial disorder as well as monitoring therapeutic
interventions. As such, the early intervention of three antioxidants including
ascorbate, Trolox and NAC were evaluated employing this cell-based model.
In this study, ascorbate appears to be more effective than Trolox and NAC in
alleviating MRC complexes defects caused by rotenone treatment.
Furthermore, using an O2K instrument and applying a step-wise titration
protocol including the use of MRC complex inhibitors and uncouplers has
enabled us to develop an approach to assess the integrated mitochondrial
function in cultured SH-SY5Y cells which could also be useful for investigating
mitochondrial dysfunction as well as monitoring treatments.

In order to limit the need for an invasive muscle biopsy, FGF-21 is being
evaluated as a potential biomarker since it has been suggested that it may act

as a useful and reliable tool for the identification and monitoring of patients
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with suspected mitochondrial disorder. Although a number of promising and
interesting findings have been presented in this thesis which can help provide
new insights into possible mechanistic events associated with the loss of
MRC complex 1 activity, further studies will no doubt enhance our
understanding better and potentially contribute towards the development of a
diagnostic biomarker as well as novel therapeutic strategies aimed at slowing

down disease progression.

8.3 Further work

This thesis has raised many questions and highlighted many issues that
require further investigation. Therefore, it would be interesting that further

studies be carried out in the following areas:

8.3.1 Neuronal Cell Model

As was shown in the chapter 4, the earliest indicator for oxidative stress, GSH
was depleted following rotenone treatment for 48 hrs with a concomitant
depletion in ATP levels. With regards to the latter, it is uncertain whether this
depletion occurs as a result of decreased energy status (required for GSH
biosynthesis) or due to elevated ROS levels. Further experimental
investigations are therefore needed to analyse the mitochondrial ROS
generation in this model.

As mentioned previously (chapter 1), mitochondrial CL plays a crucial role in
aspects of maintaining and stabilizing the functional properties of the
mitochondrial complexes and their assembly into supercomplexes.
Considerably more studies will need to be carried out to study the effects of

CL content and supercomplexes upon MRC activity. Another possible study
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of future research would be also to investigate the potential implication of
mitochondrial acontiase enzyme on MRC function as was pointed out in
(chapter 1) that the loss of mitochondrial aconitase activity has been linked to
mitochondrial oxidative damage that results in reduced the MRC activity as
was reviewed in chapter 1.

Furthermore, the most interesting result to emerge from the data is that
multiple mtDNA encoded complexes impairments are seen in post-mortem
putamen (chapter 3) and rotenone- treated cells at 48 hrs (chapter 4). Thus,
the quantification of mtDNA content would be worthwhile. Furthermore, this
cell-based model used undifferentiated cell and that may not be suitable
model for studying pathological events in a chronic and progressive disorder
such as PD. Due to the onset of replicative senescence, undifferentiated
neuronal cells cannot be cultured or even treated with neurotoxin for a
sufficiently long period of time (Constantinescu et al.,, 2007). Therefore,
neuronal differentiation to a neuronal-like state would be interesting to
establish a suitable chronic neuronal cell model. Additionally further
investigation into the potential involvement of glial (astrocytes) cells with
regards to influencing (positively or negatively) neuronal to oxidative stress
and availability of antioxidants. Furthermore, with the advent of induced
pluripotent stem cells (iPSC) technologies being developed, it is now possible
to accurately model a-synucleinopathies with induced pluripotent stem cells
(iPSC)-derived neurons. This technique will increase our understanding
regarding the underlying mechanism of PD at early stages, thus potentially
leading to identify new therapeutic targets (Singh et al., 2017). Therefore,

further investigation into this advanced technique would be of interest.
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8.3.2 Antioxidant Treatments

We have observed that ascorbate is an effective antioxidant at restoring
normal activity of multiple MRC. Moreover, the antioxidant effects of Trolox
and NAC enhanced the activity of both complex | and IV, but complex II-1ll
was still compromised. It would be therefore interesting to investigate higher
concentrations of Trolox and NAC to ascertain whether MRC complex II-1ll
activity can be restored to normal levels.

To further strengthen this study, the mitochondrial ROS generation, energy
charge status, and the intracellular level of GSH investigation could be carried
out to assess the mitochondrial function upon antioxidants treatment.
Additionally further investigation into the pharmacological efficacy of FGF21
analogue (e.g. LY2405319) and the effect of KD therapy at limiting/reversing

multiple MRC complexes deficiencies would be of interest.

8.3.3 The Measurement of Mitochondrial Respiration Using
02K

The use of the O2K instrument together with a step-wise protocol has enabled
us to gain information regarding the integrated mitochondrial function in
cultured SH-SY5Y cells under physiological conditions. A natural progression
of this work therefore is to apply this protocol to assess the integrated
mitochondrial function in the neuronal cell model as well as following
antioxidants and FGF21 analogue interventions. Another interesting study of
future work would be the isolation of intact functional mitochondria from
cultured SH-SY5Y cells based on the method of (Almeida and Medina, 1997),

to allow the application of various mitochondrial substrates, thus leading to
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yield further genuine information regarding the oxidative phosphorylation

(OXPHOS) system.

8.3.4 FGF-21

Based on the results, it seems that FGF-21 may have the potential to be
utilized as non-invasive biomarker for mitochondrial diseases. To be
implemented in clinical practice, however, further work should be directed
towards evaluating levels in a larger cohort of patients with confirmed
diagnoses of mitochondrial disease so that it could provide more definitive
evidence. Furthermore, another interesting application of this biomarker would
be to measure FGF-21 concentration on CSF sample from patients with early
stage of PD. Additionally, optimizing and developing a cell culture FGF21
ELISA kit would be interesting to study the effects of FGF-21 upon

compromised neuronal mitochondrial function.
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Appendix

Section 1

Validation FGF-21 kit agreement and team

Title: Validation of an enzyme linked immunosorbent assay (ELISA) kit for the

measurement of human fibroblast growth factor (FGF-21). A potentially useful

biomarker for the investigation of patients with mitochondrial disease.

Number: V10

Proposal: The human fibroblast growth factor (FGF-21) ELISA kit will be
validated in the Clinical Immunology Laboratory. FGF-21 is a potent metabolic
regulator, and it potentially serves as a sensitive indicator for mitochondrial
disorders. Serum or plasm will be used to assess FGF-21. This will be
achieved by using enzyme linked immunosorbent assay. It is anticipated that
this test will provide us with a useful and reliable tool for the identification and
monitoring of patients with suspected mitochondrial disorders. It has the
potential to limit the need for invasive muscle biopsies. Additionally,
assessment of FGF-21 could be offered as a test by Laboratory Medicine at
GOSH. This would support the nationally commissioned mitochondrial

service and provide a new avenue of external income for the Trust.
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Agreed by Head of Department: Name: Signature:

Where possible, all evaluations should be undertaken by a team of at least

two people to provide continuity, cover for sickness and other absences.

Team Role Name Signature

Primary Investigator Simon Heales

Secondary Investigator | lain Hargreaves
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Section 2

Validation FGF-21 Plan

o Title: Validation of an enzyme linked immunosorbent assay (ELISA) kit for
the measurement of human fibroblast growth factor (FGF-21). A potentially
useful biomarker for the investigation of patients with mitochondrial

disease.

o Introduction:

The human fibroblast growth factor (FGF-21) ELISA kit will be validated in the
Clinical Immunology Laboratory. FGF-21 is a potent metabolic regulator, and
it potentially serves as a sensitive indicator for mitochondrial disorders. Serum
will be used to assess FGF-21. This will be achieved by using enzyme linked
immunosorbent assay. It is anticipated that this test will provide us with a
useful and reliable tool for the identification and monitoring of patients with
suspected mitochondrial disorders. It has the potential to limit the need for
invasive muscle biopsies. Additionally, assessment of FGF-21 could be
offered as a test by Laboratory Medicine at GOSH. This would support the
nationally commissioned mitochondrial service and provide a new avenue of

external income for the Trust.

o Aim:

The main aim is to validate the reliability of ELISA kit for the determination of
FGF-21 concentration in human serum by evaluating the following

parameters:
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o Reference range.
o Limit of assay (linearity).
o Precision.
= Intra-assay (Within-Run).

= Inter-assay (Run-to-Run).

o Stability of samples.

o Accuracy.

o Start/ actual finish date:

June -2015

o Location:

This validation will take place at the Clinical Immunology Laboratory, Great

Ormond Street Hospital.

o Description of the method:
The Sandwich Enzyme- Linked ImmunoSorbent Assay (ELISA) is sensitive
and reliable tool for measuring the antigen concentration between two layers

of antibodies (i.e. capture and detection antibody) in unknown serum.
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o Procedural Risk assessment:

PROCEDURE

Human FGF-21 ELISA

Immunoassay

Procedure Details
The measurement of serum Fibroblast Growth Factor-21 (FGF-21) by Enzyme

Substances Used Type of Hazard HAZARD EXPOSURE RISK
CAT. POTENTIAL NO
M| L|H|M]|L
Human serum Biohazard ACDP 2 X X 1
Biotin Labeled | Harmful/Irritant X X 1
antibody
Strepavidin HRP Harmful/lrritant X X 1
Conjugate
Standards and QC | Harmful/lrritant X X 1
Biohazard
Wash solution Harmful/Irritant X X 1
Concentrate
Substrate Solution | Harmful/Irritant
X X 1
Stop Solution Harmful/lrritant
Other kit contents - X X 1
MilliRo water - X X 1
1% Virkon Irritant X X 1
PPE and Nitrile Gloves/ Laboratory Coat
other Avoid heat and contact with acids.
controls
Spillage/ | Biohazards: Use 1% Virkon or Virkon powder and dispose of into
Disposal | autoclave bag
Chemicals: Dilute as much as possible with water, wash away
down the sink or mop up with paper towels or unisafe and place for
incineration.
Do not pour large amounts down the sink as this maybe
environmentally damaging.
Accidents | Eyes: Irrigate immediately with water for at least 10 minutes
Skin: Wash with soap and rinse site immediately with water
Mouth: Rinse out mouth immediately with water
Lungs: Remove to fresh air immediately
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Additional | Plate Washer: When operating, ensure plastic guard is in place to
hazards protect from moving/dispensing arm.

Plate Reader: Take care not to trap fingers in the plate reader
when inserting plate to read.

Electrical: Electrical safety checks are made annually thought the
Estates department or are covered by a service contract. In case of
an electrical emergency, push the red button situated on the wall.
This will cut off the current to the room.

Discontinue working if you feel ill or unstable. Always inform
the first aid officer or seek medical advice after an accident.

Refer to COSHH file, Health and Safety Policy and General Risk assessment

for more information.

o Detailed description of how aims will be assessed:

o Reference range: it will be determined by assaying at least 50 normal
samples from different sex and age groups. To identify the increased level,
we will also evaluate at least 10 pediatric samples that are expected to

have a raised FGF-21 level.

o Limit of assay (linearity): serum samples will be diluted in a serial two

fold steps with dilution buffer and assayed.

o Precision.
* Intra-assay (Within-Run): it will be evaluated by running 2 serum

samples 8 times within the same run.

* Inter-assay (Run-to-Run): it will be evaluated by running 2 serum

samples 6 times on different days.
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o Stability of samples: all serum samples will be stored at -70 °C until
assayed. However, serum samples will be assayed during unseparated at

room temperature, and separated at 4 °C.

o Accuracy: two serum samples will be spiked with a known concentration

of standard and assayed.

= How investigators will be trained or have been trained:

| have been trained for a year in Clinical Laboratory Department at Armed
Forces Hospitals, Southern Region, Saudi Arabia. This Laboratory
Department has been accredited by College of American Pathologists (CAP)

and | have successfully completed this training program.

o Resources required and how sourced and financed.
o The equipment and lab consumables will be provided by The Immunology

and Virology Laboratories, Great Ormond Street Hospital.

o The kit components was supplied by Cambridge Bioscience Ltd, Munro

House, Trafalgar way, Bar Hill, Cambridge, CB23 8SQ. The price of this kit

is 528.30 GBP and is funded under the research grant.

o The Immunology Laboratory will set up a timetable in order for me to be

able to assay all samples at a convenient time for them.

354 |Page



o Time line for plan:

First run Wednesday 22-07-15
Second run Wednesday 29-07-15
Third run Wednesday 05-08-15
Forth run Wednesday 12-08-15
Fifth run Wednesday 19-08-15
Sixth run Wednesday 26-08-15

o References:

o Denise Walshe, Kimberly Gilmour, (2013). ISOP34 Validation and

Verification Policy.

o BioVender Research and Diagnostic Products. Human FGF-21 ELISA.

o Suomalainen, A., Elo, J., et all (2011). FGF-21 as a biomarker for muscle-
manifesting mitochondrial respiratory chain deficiencies: A diagnostic
study. The Lancet Neurology, 10(9), 806-818.
http://dx.doi.org/10.1016/S1474-4422(11)70155-7
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o Acceptance Criteria:

Performance Qualification (PQ)

Description of | Acceptance Criteria | Results Comments Sign/Date
test Include action
taken for any
unexpected results

Run 50 normal | All values to be Pass/
serum samples | within calibration Fail
from different range 30-1920
sex and age pg/ml.
groups
Run 10 serum | All values to be Pass/
pediatric higher than 1920 Fail
samples that pg/ml.
are expected to
have a raised
FGF-21 level
Serum samples | All values to be Pass/
will be diluted shown a linear. Fail
in a serial two
fold steps with
dilution buffer.
Run 2 serum Produces an Pass/
samples 8 acceptable CV for Fail
times within the | intra assay
same run. precision.

CV to be + 10%
Run 2 serum Produces an Pass/
samples 6 acceptable CV for Fail
times on inter assay
different days. | precision.

CV to be + 10%
serum samples | No decline in Pass/
will be assayed | concentration Fail
during (10%) of FGF21 will
unseparated at | be observed in
RT, and serum samples.
separated
at4 °C.
Two serum All values to be Pass/
samples will be | recovered within Fail
spiked with a 80-120%.
known

concentration
of standard and
assayed.
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o Expected completion date: From time line.

Agreed by Head of Department: Name:

Signature:

Where possible, all evaluations should be undertaken by a team of at least

two people to provide continuity, cover for sickness and other absences.

Team Role

Name

Signature

Primary Investigator

Simon Heales

Secondary Investigator

lain Hargreaves

Lab Manager

Denise Walshe

Section Lead

Elizabeth Ralph

PhD Student

Mesfer Al Shahrani
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Published Conference Abstracts Related to this

Thesis

% Scientific Meeting Entitled, “Chemical Biology Approaches to
Assessing and Modulating Mitochondria” was Held at Royal
Society Centre, Chicheley Hall, Buckinghamshire, UK. 26-27
September 2016.

Poster 1: “Evidence of Mitochondrial Respiratory Chain Dysfunction
Associated with Pathological Changes in The Early Stage of Parkinson’s
Disease”.

Mesfer Al Shahrani, Sandrine C. Wauters, Christina E. Murray, lain P.

Hargreaves, Simon R. Heales, Sonia Gandhi.

Poster 2: “The Biochemical Investigation of Mitochondrial respiratory Chain
Disorders”.
Mesfer Al Shahrani, lain P. Hargreaves, Simon R. Heales

< The 20%" edition of the International Conference on “Oxidative
Stress Reduction, Redox Homeostasis and Antioxidants” was
held at University Pierre et Marie Curie, Paris, France. June 25-26
June 2018.

Oral Presentation: “Biochemical Consequences of Complex | Deficiency “

Mesfer Al Shahrani, Michael Orford, Simon Heales.
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Published Review Articles Related to this Thesis

% Al Shahrani, M.; Heales, S.; Hargreaves, I.; Orford, M. Oxidative
Stress: Mechanistic Insights into Inherited Mitochondrial Disorders and
Parkinson’s Disease. J. Clin. Med. 2017, 6, 100.

% Hargreaves, I.; Al Shahrani, M.; Wainwright, L.; Heales, S. Drug-
Induced Mitochondrial Toxicity. Drug Saf. 2016, 39, 661-674
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Abstract: Oxidative stress arises when cellular antioxidant defences become overwhelmed by
a surplus generation of reactive oxygen species (ROS). Once this occurs, many cellular biomolecules
such as DNA, lipids, and proteins become susceptible to free radical-induced oxidative damage, and
this may consequently lead to cellular and ultimately tissue and organ dysfunction. Mitochondria,
as well as being a source of ROS, are vulnerable to oxidative stress-induced damage with a number
of key biomolecules being the target of oxidative damage by free radicals, including membrane
phospholipids, respiratory chain complexes, proteins, and mitochondrial DNA (mt DNA). As a result,
a deficit in cellular energy status may occur along with increased electron leakage and partial
reduction of oxygen. This in turn may lead to a further increase in ROS production. Oxidative
damage to certain mitochondrial biomolecules has been associated with, and implicated in the
pathophysiology of a number of diseases. It is the purpose of this review to discuss the impact of such
oxidative stress and subsequent damage by reviewing our current knowledge of the pathophysiology
of several inherited mitochondrial disorders together with our understanding of perturbations
observed in the more commonly acquired neurodegenerative disorders such as Parkinson’s disease
(PD). Furthermore, the potential use and feasibility of antioxidant therapies as an adjunct to lower
the accumulation of damaging oxidative species and hence slow disease progression will also
be discussed.

Keywords: mitochondria; oxidative stress; reactive oxygen species; antioxidant

1. Introduction

Up to 90% of cellular metabolic energy is generated by mitochondria via the oxidative
phosphorylation pathway [1]. In concert with glycolysis, the tricarboxylic acid (TCA) cycle additionally
generates a small amount of energy via substrate level phosphorylation, although the vast proportion
of metabolic energy is harnessed via the generation of reducing power and subsequent donation of
high energy electron pairs through the electron carriers NADH and FADH?2, which ultimately feed
directly into mitochondrial respiratory chain (MRC). The MRC is composed of four multi-subunit
proteins; complex I (NADH: ubiquinone reductase; EC 1.6.5.3), complex II (succinate: ubiquinone
reductase; EC 1.3.5.1), complex III (ubiquinol: cytochrome c reductase; EC 1.10.2.2), and complex IV
(cytochrome c oxidase; EC 1.9.3.1) [2], each of which contain a variety of cofactors such as hemes,
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flavins, and iron-sulphur clusters. In addition to these redox cofactors, two mobile electron carriers,
namely coenzyme Q1o (ubiquinone) and cytochrome c are involved in transferring electrons between
the complexes. As a result of the passage of electrons between chains, protons are pumped out of
the mitochondrial matrix and into the intermembrane space, creating a proton-motive force. It is the
subsequent dissipation of these protons through the mitochondrial ATPase enzyme which results in
the direct phosphorylation of ADP to ATP [3].

It has been well established that the formation of reactive oxygen species (ROS) is a significant
component produced during the generation of ATP. Under normal conditions, approximately 1% of
total oxygen utilized by the MRC is converted to ROS, although under pathological conditions this
may increase dramatically. Mitochondrial ROS, particularly in the form of the superoxide radical (O*2)
is mostly generated either in the matrix from complex I or both in the intermembrane space and matrix
from complex III [4]. Mitochondria are additionally a site of nitric oxide (NO) synthesis which in
turn may form the peroxynitrite ion (ONOO™) when NO reacts with O*2, leading to the generation
of equally undesirable reactive nitrogen species (RNS) [5]. O*2 is rapidly removed by conversion
to hydrogen peroxide (H,O,) either by a manganese-dependent superoxide dismutase (Mn-SOD)
or a copper, zinc-dependent superoxide dismutase (Cu, Zn-SOD), and then ultimately reduced to
water by glutathione peroxidase (GPx) utilizing the active and reduced form of glutathione (GSH)
as a cofactor (Figure 1) [6,7]. A large number of biomolecules have over the years been recognised
as potent antioxidants. GSH itself, besides being a cofactor for the enzymatic antioxidant GPx, also
serves as non-enzymatic antioxidant by directly removing free radicals as well as other oxidative
agents [7]. Similarly, other powerful non-enzymatic antioxidants known to act as potent free radical
scavengers include ascorbate (vitamin C) [8], a-tocopherol (vitamin E) [9], ubiquinol-10, the reduced
form coenzyme Qg [10], a-lipoic acid (ALA) [11], and carotenoids (B-carotene) [12].
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Figure 1. A schematic underlies the pathway of mitochondrial free radical generation and their
enzymatic antioxidant defences. The mitochondrial O is subsequently converted to H,O, either
by manganese-dependent superoxide dismutase (Mn-SOD) or copper, zinc-dependent superoxide
dismutase (Cu, Zn-SOD), and then ultimately reduced to water by glutathione peroxidase (GPx).

It is the uncontrolled or overproduction of ROS (oxidative stress) or RNS (nitrosative stress)
which can indiscriminately cause damage to cellular molecules, including DNA, proteins and
lipids [13]. Furthermore, it is believed that the accumulation of these free radical species, resulting in
oxidative/nitrosative stress, could lead to impaired MRC function and this in turn may be a major
contributory factor to the pathophysiology of various inherited and acquired disorders [14,15].

In this review, the potential impact of oxidative stress and subsequent molecular and cellular
damage will be discussed, including lessons learnt from our knowledge of the pathophysiology



J. Clin. Med. 2017, 6, 100 30f17

of a number of inherited mitochondrial disorders together with our growing understanding of
perturbations observed in the more commonly acquired neurodegenerative disorders. Furthermore,
we will consider the potential use of antioxidant therapies as an adjunct to standard pharmacological
care as a means to limit free radical accumulation and thereby attempt to slow disease progression.

2. Inherited Mitochondrial Disorders

2.1. Inherited Mitochondrial DNA (mtDNA) Disorders

Inherited mitochondrial disorders are generally believed to be one of the most common inborn
errors of metabolism, with an overall birth prevalence of about 1:5000 [3], with those resulting
from mitochondrial DNA (mtDNA) mutations estimated at about 1:8000 [16]. Furthermore, mtDNA
mutations are rare in children, accounting for less than 10% of all mitochondrial disorders affecting
infants [17]. At least 200 pathogenic point mutations affecting the mtDNA-encoded MRC complexes
L III, and IV as well as tRNAs have recently been reported [18]. In comparison with nuclear-DNA
(nDNA), mtDNA is particularly vulnerable to oxidative damage since it lacks protective histones and
has limited repair mechanisms, as well as being located in close proximity to the MRC which is known
to be the major source of ROS generation in the cell [19,20]. Therefore, mtDNA has a potentially higher
mutation rate than nDNA. A unifying hypothesis, known as “mitochondrial catastrophe”, postulates
that the accumulation of mtDNA lesions results in a decline in MRC function, which in turn, leads to
the generation of further ROS, and eventually cell death [21]. This phenomenon therefore provides an
insightful working hypothesis that oxidative stress could be considered as a major cause of rather than
as a consequence of mtDNA disorders.

Leber’s hereditary optic neuropathy (LHON) (OMIM 540000) is one of the most well-known
inherited mtDNA disorders. It is caused in most cases by three mtDNA point mutations within MRC
complex I subunits [22] and results predominantly in visual loss as the main clinical feature [23].
The aetiology of oxidative stress in the mechanism of LHON disorder has been described [24,25]. It is
worth emphasizing that MRC complex I is one of the major sources of ROS generation, predominately
in the form of Oz, and it is this reactive species that is implicated to have significant effects in some,
if not all of LHON disorders [26]. The inhibition of MRC complex I causes a significant increase in
oxidative stress, which in turn promotes apoptosis and cell death. [27]. A recent study of patients
with LHON demonstrated an increase in plasma free radical formation as well as a reduction in
antioxidant levels compared to controls [28]. In addition to a reduction of MRC complex I activity and
consequential increased O levels, increases in protein carbonyl, and lipid peroxidation have also
been reported in mutant mitochondrially encoded NADH dehydrogenase 6 (MT-ND6) subunit of MRC
complex I. However, the mitochondrial antioxidant enzymes Mn-SOD and GPX were not altered in
this study, suggesting that the mutation threshold might not be significant [29]. Interestingly, increased
lipid peroxidation and raised levels of the potent oxidant hydroxyl radical (OH®) together with an
elevation in the activity of both Mn-SOD and Cu, Zn-SOD have also been observed [30]. Consistent
with this, increased levels of chemical ROS markers have been demonstrated in LHON neurons [31]
as well as the marker of oxidative DNA damage, 8-hydroxy-2'-deoxyguanosine (8-OHDG), being
elevated in white blood cells of LHON patients [32]. It should be further noted that in addition to
endogenous ROS production, exogenous ROS sources such as those contained in tobacco smoke
have also been linked to the onset of LHON disorders [33], thereby strengthening the evidence of
ROS-mediated events.

2.2. An Inherited Mitochondrial Lipid Disorder

Barth syndrome (BTHS) (OMIM 302060), is a rare X-linked genetic disorder, characterized by
cardiomyopathy, neutropenia, skeletal weakness, and growth disorders [34]. In fact, it has been
previously described as a mitochondrial disorder as BTHS patients show symptoms consistent with
known mitochondrial disorders [35]. It is mainly caused by a mutation in the tafazzin (TAZ) gene,
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which encodes a putative enzyme acyltransferase, an enzyme largely responsible for enzymatic
remodelling of cardiolipin (CL) [36]. CL is a phospholipid component found exclusively within the
inner mitochondrial membrane (IMM) and constitutes approximately 25% of the total lipid contents
in mitochondria [37]. It plays a crucial role in aspects of maintaining the functional properties of
mitochondrial components [38]. For example, it is required for the enhancement of the enzymatic
function of the MRC complexes following CL binding [39] and its molecular interaction with all
individual respiratory complexes is necessary for their assembly into super-complexes [40]. CL also
plays an essential role in the retention of cytochrome ¢ which protects against apoptosis [41].

The biochemical findings following MRC enzyme studies in 1983 by Barth together with other
groups have indicated evidence of multiple MRC defects [42]. However, results are somewhat
conflicting, suggesting the possibility that primary MRC deficiency may result in a secondary loss of
other MRC activities. This latter possibility was previously been investigated in human astrocytoma
cells by Hargreaves et al. in 2007 where a pharmacologically-induced MRC complex IV deficiency was
found to result in a secondary loss of MRC complex II-III activity due to the progressive nature of
MRC defects [43]. Interestingly, loss of CL content has been associated with mtDNA instability [44]
suggesting another possible mechanism that the dysfunctional MRC encoded by mtDNA may be the
consequence of oxidative damage as mtDNA structurally lacks protective histones [45]. Increased
ROS levels have evidently been implicated in the TAZ mutation seen in cardiomyopathy which is
a hallmark clinical feature of BTHS syndrome [46]. It is worth highlighting that CL is a susceptible
target for oxidative damage for the following reasons: (1) CL has a naturally high unsaturated content,
which is easily attacked by free radical species; (2) It is involved in the structural assembly of the MRC,
a major intracellular site for ROS production; and (3) In addition to CL peroxidation, calcium-mediated
detachment of cytochrome ¢ from CL is induced by generating further ROS levels and this results in
apoptotic cell death.

2.3. An Inherited Mitochondrial Protein Disorder

Friedreich ataxia (FRDA) (OMIM 229300), is a progressive neurodegenerative disorder with
an autosomal recessive mode of inheritance, affecting roughly 1:50,000 live births [47]. In addition to
neuronal injury in the dorsal root ganglia (DRG) and sensory peripheral nerves, FRDA patients also
manifest with non-neurological symptoms including diabetes, cardiomegaly, and muscle weakness [48].
FRDA is caused by a GAA expansion in the frataxin gene, the product of which is predominantly
located in mitochondria [49]. The exact role of the frataxin protein is not yet fully understood.
However, it has been proposed to play crucial roles primarily in regulating iron machinery, and
functioning as a mitochondrial Fe-S cluster chaperone [50,51]. In this regard, increased iron capacity
and the loss of activity of mitochondrial Fe-S cluster-containing enzymes has been observed in FRDA
patients, highlighting the important function of frataxin in iron metabolism [47,49,52]. In addition
to its well-established role in iron metabolism, frataxin can protect against iron-mediated oxidative
stress [53]. In a previous study, exposure of fibroblast obtained from patients with FRDA to ferrous
ions and HyO; reduced the viability of the cells compared to control patients [54]. The most direct
evidence of the critical function of frataxin in protecting against oxidative stress however comes from
the observation of a combined reduction in activity of nuclear factor E2-related factor 2 (Nrf2) and
GSH levels in the YG8R mouse model of FRDA [55]. In contrast, an increased resistance to oxidative
stress induced by the overexpression of mitochondrial frataxin has been reported in Drosophila [56].
Since the discovery of the gene in 1996, dysfunction of mitochondrial Fe-S cluster-containing enzymes
including MRC complexes I and III as well as aconitase resulting in oxidative stress has been found to
make a major contribution to the pathophysiology of FRDA [57].

Aconitase (EC 4.2.1.3) is a multi-domain enzyme, containing a closely associated iron—-sulphur
cluster, and exists in two slightly different structural forms: an active [4Fe-4S]?* and an inactive
[3Fe-4S]'* cluster [58]. The active form of aconitase is highly sensitive to oxidation by the superoxide
anion, which in turn, converts it to the inactive form. This oxidation reaction is accompanied
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by the release of a ferrous ion, which subsequently contributes to the generation of OH® via the
Fenton reaction [59]. As a consequence, oxidative damage to mtDNA, lipids, and proteins may
occur [60]. Since the aconitase enzyme is susceptible to direct attack by free radicals, it has been
recognized as an oxidative stress marker in mitochondria, suggesting it may function as a mitochondrial
redox sensor [61]. Aconitase exists in two isoenzyme forms in mammalian cells: the mitochondrial
aconitase (m-aconitase), and cytosolic aconitase (c-aconitase), which both enzymatically catalyse the
isomerization of citrate to isocitrate. In addition to its role in the TCA cycle, c-aconitase, also known as
iron-responsive protein-1 (IRP1) additionally performs a dual role in the regulation of iron homeostasis
through binding to iron-responsive elements (IREs) and controlling cellular iron levels [62]. Despite the
m-aconitase being identical in function (with 25% sequence homology identity) to that of c-aconitase,
it is clearly not recognized to have role as an IRP [63]. However, the brain is highly dependent on
m-aconitase activity [64], and is regulated by a 5'IRE in its mRNA [65]. As a consequence of inactivation
of m-aconitase; neurons could be highly vulnerable to free radical attack and subsequent iron overload,
resulting in a dramatic increase in oxidative stress [66]. Due to its important role in TCA cycle energy
metabolism, dysfunction of aconitase may consequently lead to TCA cycle impairment, a deficit in
MRC activity, and a decline in ATP production, which in turn, could lead to subsequent accumulation
of ROS generation, and resultant oxidative damage (Figure 2) [67].

m-aconitase m-aconitase
(active) (inactive)
2+ 2+
4Fe-4S 3Fe-4S
l Complex I or Oy
Complex IIT -
Q\/ Fe2t Fe¥
0, >—<
H,0, OH" +OH"

Figure 2. A potential mechanism for the oxidative inactivation of m-aconitase by mitochondrial O.
This oxidation reaction is accompanied by the release of a ferrous ion, which subsequently contributes
to the generation of OH® via Fenton reaction. This scenario could consequently lead to an impairment
of tricarboxylic acid (TCA) cycle capacity, a deficit in mitochondrial respiratory chain (MRC) activity,
and a decline in ATP production, which in turn, leads to further oxidative damage.

3. Parkinson’s Disease (PD)

PD is a chronic and progressive neurological disorder. It is currently ranked as the second most
common neuromuscular disorder after Alzheimer’s disease, affecting roughly 1% of people almost
exclusively in the over 60 age group [68]. Furthermore, the male sex is particularly susceptible to
this disorder, with larger proportion of men being affected than women [69]. Clinically, PD patients
commonly experience motor symptoms such as bradykinesia, tremor (particularly in the hands and/or
arms), muscle stiffness (rigidity), and postural instability [70]. During later stages of the disorder,
non-motor symptoms may manifest such as depression, sleep disturbances, anxiety, constipation,
and in some cases dementia. Despite receiving intensive research interest over several decades and in
particular with a large focus on the mechanistic aspects of PD, the exact aetiological mechanism is still
poorly understood. Under normal conditions, the neurotransmitter dopamine (DA) is produced in the
substantia nigra pars compacta (SNpc). However, a typical and major characteristic feature of PD is
a significant depletion in its levels. The formation of intracytoplasmic eosinophilic inclusions, known
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as Lewy bodies (LBs), is another pathological sign of PD observed in a majority, but not all PD cases [71].
For several decades, it was postulated that PD is likely caused by environmental factors, until 1997
when the autosomal dominant mutation in the alpha-synculein (SNKA) gene was discovered [72].
Since this discovery, at least five other mutant genes that are linked to familial PD, including parkin,
PTEN-induced putative kinase 1 (PINK1), DJ-1, High temperature requirement protein A2 (HTRA2),
and leucine-rich-repeat kinase 2 (LRRK2) have also been identified [73]. These gene products appear to
be in part localized to mitochondria and therefore may contribute towards mitochondrial dysfunction
and oxidative stress [73].

Evidence of MRC dysfunction in PD emerged in the early 1980s following the intravenous
injection of 1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine (MPTP) by drug abusers, producing the
neurotoxin 1-methyl-4-phenylpyridinium (MPP*) via the monoamine oxidase-B (MAO-B) enzyme,
which consequently induced Parkinson-like symptoms [72]. Similarly, in animal models, rats and
primates were shown to share Parkinson-like symptoms following the administration of MPTP [74].
In parallel with MPTP, a chronic low-dose infusion of rotenone to rats additionally induced similar
features of Parkinson disorders [75]. Taken together, these MRC complex I inhibitors have become
widely used to create PD models to investigate the pathogenesis and therapeutic approaches for
this disorder. Further studies conducted to support the role of mitochondrial dysfunctions have
shown strong links to the aetiopathogenesis of PD. Studies of post-mortem PD patient brain tissue
demonstrated MRC complex I deficiency in the substantia nigra and frontal cortex [76]. Consistent with
these findings, MRC complex I deficiency was also shown in platelets [77] and skeletal muscle [78]
from individuals with PD. In this context, it seems that a reduction of MRC complex I activity is
systemic, thereby simultaneously affecting many tissues. In addition to a decrease in the activity of
MRC complex I, a reduction in MRC complex III activity was further demonstrated in lymphocytes and
platelets in patients with PD [79]. Remarkably, loss of MRC complex III activity may contribute to the
impairment in function of MRC complex I since the stability of MRC complex I is evidently dependent
on a correctly assembled MRC complex III [80]. Taken together, inhibition of MRC complex I and III
can have devastating consequences, leading to excessive free radical species generation, oxidative
stress and subsequent depletion of ATP levels, elevated intracellular calcium levels, excitotoxicity, and
ultimately enhanced cell death (Figure 3) [81].

Rotenone or MPP*
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Figure 3. A schematic showing the role of mitochondrial dysfunction in the pathogenesis of Parkinson’s
disease (PD). Neurotoxins, such as rotenone or 1-methyl-4-phenylpyridinium (MPP*) elicit MRC
complex I deficiency, and subsequently generate reactive oxygen species (ROS), reducing levels
of the antioxidant glutathione (GSH), with resulting oxidative stress. Oxidative stress induces
mitochondrial permeability by transiently opening a pore, which subsequently causes depolarization
of the mitochondrial membrane potential. These events ultimately lead to neural cell death via the
release of pro-apoptotic mitochondrial proteins, including cytochrome ¢ and apoptosis-initiating factor.
DA: dopamine.
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Any discussion would be incomplete without a reference to the interplay of iron and its
contribution to mitochondrial dysfunction. Amongst all transition metals, iron is considered to be the
most abundant metal in the brain, predominately in the basal ganglia [82]. It significantly contributes
to the proper functioning of neurotransmitters, myelination, and mitochondria [83,84]. Brain iron
metabolism is primarily regulated by transferrin and ferritin [85]. It is commonly conjugated into
iron-sulphur clusters in many proteins, which have the potential ability to accept or donate electrons,
particularly in the MRC pathway [86]. The evidence supporting the alteration of the iron metabolism
in the neuropathology of PD is also overwhelming [87-90]. In fact, the potential mitochondrial ROS
toxicity due to a defect in MRC complex I activity has been widely demonstrated in PD models [91].
Nevertheless, the exact mechanism of whether an enhanced production of ROS-induced neuronal
injury is yet to be fully elucidated. Neurotoxins such the product of MPTP metabolism, commonly
used to create PD models [72,75,91], have been utilized to demonstrate the potential harmful effects
of the inactivation m-aconitase and high amounts of iron content on dopaminergic neurons [92].
In mice, this neurotoxin has been linked to the inactivation of m-aconitase, an increase in iron content,
and a depletion of DA level [93].

It appears that excess ROS production is a common denominator of these cascades. Iron and
iron derivatives contribute to the generation of the most active OH® via the Fenton reaction, which
in conjunction with DA autoxidation may further enhance oxidative stress, leading to degeneration
of dopaminergic neurons (Figure 4) [94-96]. Post-mortem brain tissue from PD patients exhibited
accumulation of iron content, which together with a reduction in the glutathione redox ratio of reduced
glutathione/oxidized glutathione (GSH/GSSG) is a potential indicator of oxidative stress [96,97].
In the glutathione-depleted Agshl cell model, on the other hand, the mitochondrial (Fe-S) cluster was
unaffected, suggesting that m-aconitase is resistant to oxidative stress [98]. Furthermore, accumulation
of iron was found to potentiate LB formation in the substantia nigra of PD patients, supporting the
link between iron-mediated oxidative stress and the degeneration of dopaminergic neurons in PD [99].
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Figure 4. A potential mechanism of dopamine metabolism and OH® radical formation in the striatum of
PD patients as a consequence of iron accumulation and decline in GSH levels. DDC: dopa decarboxylase;
3,4 DOPAL: 3 ,4-dihydroxyphenylacetaldehyde.

4. The Role of Antioxidants in the Prevention of Oxidative Damage

Despite extensive research to elucidate the underlying mechanism of mitochondrial dysfunction
in various conditions, there is no currently satisfactory treatment available. According to our recent
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understanding and knowledge regarding the mechanisms of mitochondrial dysfunction, it is however
without doubt that mitochondrial free radical-induced oxidative damage is a plausible pathogenic
facilitator in both inherited and acquired mitochondrial disorders. Alleviation of ROS/RNS free
radical-mediated oxidative stress and increased availability of ATP by antioxidants could be effective
therapeutic approaches to restore mitochondrial function, or at least to limit the progression of
symptoms in a tremendous number of patients with mitochondrial dysfunction.

To limit free radical-induced oxidative stress, the human body is endowed with a variety of
enzymatic and non-enzymatic antioxidant defence mechanisms. The two major antioxidants that
protect the cell from ROS and RNS are GSH and coenzyme Q1 [10,100,101]. By cooperative actions,
the primary function of the antioxidants is to scavenge and eliminate harmful ROS/RNS free radicals,
thereby minimizing or delaying mitochondrial damage and enhancing mitochondrial bioenergetics.

4.1. Glutathione (GSH)

The tripeptide GSH, is a major intracellular thiol-dependent antioxidant, which protects the
cellular components from free radical-induced oxidative damage [102]. Consequently, a compromised
cellular GSH status results in increased production of ROS and RNS [100,101]. Despite being
predominantly localised in the cytosol, GSH is also present in other intracellular organelles including,
mitochondria, the nucleus, and the endoplasmic reticulum [102]. It exists in two forms: a reduced
(GSH) and oxidized disulphide form (GSSG), with the ratio of reduced to oxidized forms being a key
indicator of OS. In addition to its vital antioxidant role, GSH also serves as a substrate for other
antioxidant defences including GPx, glutaredoxin (GRX), and thioredoxin (Trx) as well as maintaining
vitamins C and E to be functionally active [7]. Accumulating evidence suggests that the depletion of
GSH is associated with MRC defects [103,104]. The reduction of MRC complex I activity, followed by
a depletion in GSH, has been reported previously [105]. Interestingly, results from our group have
recently shown that GSH levels were significantly decreased in skeletal muscle from patients with
MRC defects, compared to the control group [106]. Furthermore, patients with multiple MRC defects
exhibited marked reductions in GSH levels, suggesting that oxidative stress may contribute to the
pathophysiology of MRC disorders. In neurological disorders, particularly PD, it is thought that GSH
depletion could be an early common event in PD pathogenesis before any significant impairment of
MRC complex I and iron metabolism occur [107]. With regards to the latter however, it is uncertain
whether this depletion occurs as a consequence of decreased ATP availability (required for GSH
biosynthesis) or is due to increased ROS levels. Thus, the replenishment of cellular GSH could hold
a promising therapeutic avenue for patients with inherited or acquired mitochondrial disorders. In rat
brain, the GSH ethyl ester (GEE) derivative has been subcutaneously administered to enhance GSH
levels. However, elevated brain levels were only evident post-administration directly to the left
cerebral ventricle [108]. Furthermore, following co-administration with neurotoxin MPP*, GGE has
been demonstrated to partially protect dopaminergic neuron against neurotoxicity. However, complete
protection was only achieved only after pre-treating with GEE [108]. As cysteine is a major component
in GSH, it hinders GSH passage across the blood-brain barrier (BBB). For this reason, the modified
N-acetyl cysteine (NAC) form, has been effectively utilized due to it is increased ability to penetrate
the BBB [109]. As such, it has also been shown to restore GSH level and consequently ameliorate
free radical-induced oxidative stress [110]. Encouragingly, lesions in dopaminergic tissue have been
reduced by approximately 30%, following administration with NAC, suggesting it is able to provide
neuroprotection [111].

4.2. Coenzyme Qig

For many years, the clinical use of coenzyme Qj( or ubiquinone and its quinone analogues has
been proven to be effective for treatment of mitochondrial disorders due to their capacity to augment
electron transfer in the MRC, increase ATP, and enhance mitochondrial antioxidant activity, which in
turn, can ameliorate the harmful effects of ROS [112]. In addition to its function as an electron carrier
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in the MRC pathway, Coenzyme Qg also serves as a powerful free radical-scavenging antioxidant.
The reduced ubiquinol form of coenzyme Q1 serves this function [113].

The therapeutic potential of coenzyme Qg in the treatment of mitochondrial disorders took
the spotlight in 1985 after Ogashara and colleagues reported sustained improvements in the clinical
phenotype of patients with Kearns—Sayre syndrome (KSS) following administration with coenzyme
Q1o [114]. More recently, Maldergem also reported that coenzyme Qg therapy was beneficial to two
sisters diagnosed with Leigh’s encephalopathy [115]. Remarkably, the beneficial effects of CoQ; in
two patients with KSS and hypoparathyroidism were also shown to help maintain calcium levels in
the serum of both patients, suggesting that treatment with coenzyme Qg restored the capacity of
calcitriol, a hormone located in the mitochondria of proximal renal tubules [116]. Some degree of
sustained improvement has been noted with some patients whose clinical features can be associated
with mitochondrial disorders, such as ataxia, muscle stiffness, and exercise intolerance following
implementation of coenzyme Q¢ therapy [114]. Despite the oral coenzyme Qo supplementation being
significantly effective in patients with all forms of coenzyme Q¢ deficiency, it has been shown to be
only partially effective in patients who present with neurological symptoms, suggesting that these
sequelae may be somewhat refractory to coenzyme Q; supplementation [117]. The efficacy of the
synthetic ubiquinone analogues such as idebenone has been reported in patients with mitochondrial
disorders including, LOHN, FRDA, and MELAS (mitochondrial encephalomyopathy, lactic acidosis
and stroke like episodes) [118,119]. It has also been recommended that patients with deficient levels
of coenzyme Qg should be given coenzyme Qg supplementation rather than idebenone since the
synthetic analogue is not a potential replacement for coenzyme Qg in the MRC [120]. However,
in addition to its beneficial effects, idebenone may reduce MRC complex I activity, thereby affecting
the mitochondrial bioenergetics function [121]. Hence, further clinical studies regarding the overall
benefits of idebenone need to be conducted to address this issue.

Both the impairment of mitochondrial function and oxidative stress have been potentially linked
to neurodegenerative pathogenesis, particularly in PD. Strategies to enhance mitochondrial function
and suppress oxidative stress may therefore contribute to the development of novel therapies for
PD. As coenzyme Qg performs two roles, one in mitochondrial energy metabolism and the other as
a free-radical scavenger, low levels of coenzyme Q19 may therefore result in the impairment of the MRC
activities as well as in the accumulation of ROS levels, and thereby contribute towards the pathogenesis
of PD. Coenzyme Qqo deficiency associated with PD has been previously described [122,123].
A reduction in coenzyme Qg level was demonstrated in the plasma [124] and platelets [125] in
patients with PD, thereby suggesting that systemic effects may be important. For the first time,
a UK study demonstrated that coenzyme Qg levels were lower in the brain cortex of patients with
PD [123]. The neuroprotective role of coenzyme Qg has also been investigated in both animal and
human cell models [126-128]. Using in vitro models of PD, coenzyme Q1 has been reported to protect
dopaminergic neurons against neurotoxin-induced PD symptoms using either rotenone, paraquat or
MPP* [129]. Another study has shown that coenzyme Qg treatment improved both MRC complex I
and complex IV activities in skin fibroblast from PD patients [128]. To investigate the neuroprotective
potential of coenzyme Q; treatment in PD, 80 patients with early stage PD were randomly allocated to
participate in a 16-month multicentre clinical trial [130]. Results showed that participants who received
high doses of coenzyme Qi had a large improvement in their motor functions, whilst lower doses
only provided mild benefits. It was therefore concluded that the beneficial effect of coenzyme Qqg
treatment may contribute to a reduction in the progression of PD.

4.3. Other Antioxidants

There is a considerable body of scientific literature which focuses on the beneficial effects of
other antioxidants, including vitamins C and E, creatine, a-lipoic acid, urate, melatonin, and their
derivatives as potential mediators in treating mitochondrial disorders [131-134]. Many patients with
mitochondrial dysfunction, however, have not shown any significant clinical improvements when
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treated with theses antioxidants alone. However, it could be hypothesized that in combination,
a cocktail therapy may improve mitochondrial conditions to an extent not seen previously with a single
antioxidant agent. Several recent studies have also demonstrated some initial promise in the use of
mitochondrial-targeted antioxidants with different modes of action to provide additional beneficial
effects, such as mitoquinone (MitoQQ) and mitotocopherol (MitoVitE) [135]. However, these compounds
need to be further investigated to evaluate their full efficacy and safety as potential therapeutic
treatments for mitochondrial disorders.

4.4. Ketogneic Diet (KD)

The KD, in its various forms, has successfully been used to treat patients with pharmacoresistant
epilepsy [136-138]. Whilst the exact mechanism with regards to how the diet exerts its efficacy is not
known, there is growing evidence that, in part, this may occur as result of stimulation of mitochondrial
biogenesis [139]. This raises the possibility of use in patients with acquired and inherited mitochondrial
disorders. Recently, we have shown that a component of the medium chain triglyceride KD, decanoic
acid (C10), stimulates mitochondrial biogenesis and increases MRC complex I activity and antioxidant
status in neuronal cells [140]. Furthermore, cells from patients with MRC complex I deficiency have, in
some cases, been shown to respond positively to C10 exposure [141].

5. Conclusion Remarks

As highlighted in this review, free radical-induced oxidative damage to the biomolecules of the
mitochondria are intrinsically linked to the pathophysiology of a number of disorders (see summary
in Figure 5). Despite the number of markers available to determine evidence of oxidative stress
together with its pathological consequences, few clinical centres as yet include the determination of
this parameter as part of the diagnostic algorithm of patient evaluation. Furthermore, in view of the
vulnerability of mitochondrial biomolecules to oxidative damage by ROS or RNS, therapeutic strategies
should be targeted the free radical threshold [13] and the molecular structure targeted by these radicals.
Recent advances using mitochondrial-targeted antioxidants and dietary modification may hold
potential promise to provide therapeutic benefit for patients with oxidative stress-associated disorders.
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Figure 5. A summary of oxidative stress-induced mitochondrial damage is a common mechanistic
link in the pathogenesis of inherited mitochondrial disorders and PD. CL: cardiolipin; mtDNA:
mitochondrial DNA.
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ROS Reactive oxygen species

PD Parkinson’s disease

MRC Mitochondrial respiratory chain
GPx Glutathione peroxidase

GSH Reduced glutathione

CL Cardiolipin

mtDNA Mitochondrial DNA

LHON Leber’s hereditary optic neuropathy

BTHS Barth syndrome

FRDA Friedreich ataxia

MPTP 1-methyl-4-phenyl-1,2,3 4-tetrahydropyridine
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