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Abstract

Reactive oxygen species (ROS) derived damage and accompanying oxidative stress have
been identified in a number of pathological conditions. As a result, antioxidant supplementation
has been increasingly investigated to reduce ROS and inhibit the accumulation of oxidative
damage. Tiron, 4,5-Dihydroxy-1,3-benzenedisulfonic acid disodium salt monohydrate, is a
synthetic vitamin E analogue first characterised in 1964. Described chemically as a spin trap,
Tiron has also been considered a superoxide scavenger and previously shown to alleviate

oxidative stress to a high degree in human skin cells.

This thesis aimed to evaluate the use of Tiron comparatively to protect against ROS-induced
damage in three different human immortalised cell lines. Renal proximal epithelial tubular
(HKC-8), bronchial epithelial cells (BEAS-2B) and astroglial (SVGp12) cells were pre-treated
with Tiron for 24 hours prior to the induction of ROS with H>O; or an optimised physiological
method through exposure to high glucose or hypoxia. Protection against ROS-induced
damage in all models was assessed through the measurement of ROS, mitochondrial DNA
(mtDNA) strand breaks and malondialdehyde (MDA) concentration. The effects of prolonged
exposure to Tiron, co-treatment at the time of ROS induction and Tiron’s influence on Nrf2

protein expression were also investigated.

Tiron pre-treatment was significantly protective against ROS-induced mtDNA strand breaks,
significantly reduced ROS and MDA levels and was independent of the Nrf2 pathway in all cell
lines. Co-treatment with Tiron was also significantly protective in HKC-8 and BEAS-2B cells.
However, prolonged supplementation with Tiron led to a significant increase in Nrf2 protein

expression across all cell lines, providing some insight into its mechanism.

Overall, this thesis demonstrates a promising use for Tiron supplementation in the protection
against ROS damage, building upon previously published literature of Tiron’s use as a ROS
reducing agent. The finding that Tiron consistently offered significantly high degrees of
protection independent of cell type and pre- or co-treatment methods in models of both direct
and physiologically-induced ROS indicates the therapeutic potential of this ROS reducing
agent. Further studies are now required to support the use of Tiron in disease-specific models

before clinical translation.
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Chapter 1 — Introduction

1.1 General Introduction

Reactive oxygen species (ROS) are volatile free radicals containing one or more unpaired
electrons in their outer electron shell, rendering them reactive (Li et al. 2013, Halliwell 2013).
Under normal physiological conditions, ROS are involved in a variety of homeostatic actions
including signal transduction, regulation of redox, cell growth and phagocytic activity.
However, exposure to high concentrations of ROS can be causative of oxidative stress,
defined as the imbalance between ROS concentration and the antioxidant defence system
(Bullén et al. 2015).

Oxidative stress can have a significant effect on biological systems that are integral to
signalling and homeostasis and can be identified by numerous biomarkers. These include
oxidation products of DNA, lipid peroxidation by-products, or a reduction of antioxidant enzyme
activity (Bickers and Athar 2006); resultant damage has been attributed to the
aetiopathogenesis of numerous diseases and has also been identified as a carcinogenic
catalyst (Pisoschi and Pop 2015, Waypa et al. 2016).

There is a comprehensive evolutionary defence system in operation to protect the body
against oxidative stress. This system utilises endogenous antioxidants to reduce and quench
ROS (Plotnikov et al. 2013). Without exogenous inducers, 2-5% of O is converted into ROS,
which is well managed by host antioxidants (Umeno et al. 2017). However, exposure to
ultraviolet radiation (UVR), environmental toxins and ROS-inducing pharmaceuticals, just to
name afew, can lead to ROS generation beyond manageable limits (Birch-Machin et al. 2013).
This can result in a cascade of detrimental effects including those detailed above as well as
biological signal disruption and stimulation of the inflammatory response (Birch-Machin et al.
2013, Bullén et al. 2015). Therefore, there is increasing interest in the prevention of ROS-
induced damage and disease, with ROS being identified within the pathology of diseases
including chronic pulmonary obstructive disorder (COPD) and diabetes mellitus (DM). As
such, there is interest in the exploitation of exogenous antioxidant supplementation to combat

this, such as with the water-soluble ROS reducing agent Tiron.
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1.2 The Formation of Reactive Oxygen Species (ROS)

1.2.1 Formation of ROS within the Mitochondria

Incomplete or partial reduction of molecular O» within the mitochondria leads to the production
of O, metabolites such as the superoxide anion (O2+), hydroxyl (OH-), peroxide (O2-%*) and
hydrogen peroxide (H202). The aforementioned metabolites are collectively termed ROS
(Camello Almaraz et al. 2006). O, is the most commonly described ROS in this field and is a
precursor for other ROS including OH-, H,O, and peroxyl radicals (LOO-) (Carocho and
Ferreira 2013). The incomplete reduction of O largely occurs within the mitochondria as a
result of insufficient oxidative phosphorylation (OXPHOS) and electron ‘leakage’ from the

electron transport chain (ETC) during aerobic respiration (Chen et al. 2007).

The mitochondrion is an organelle responsible for the majority of cellular O, consumption and
are functionally associated with the generation of adenosine triphosphate (ATP) through
OXPHOS, first identified in 1961 (Mitchell 1961, Mitchell 2011, Li et al. 2013). The transfer of
carbon through the tricarboxylic acid (TCA) cycle oxidises reduced nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH;) to NAD* and FAD* and
facilitates the passage of electrons through the ETC via four complexes (I-1V) (Vendelbo and
Nair 2011). The passage of electrons prompts proton release into the intermembrane space
of the mitochondrion by complexes I, lll and 1V, creating a proton gradient to permit ATP
synthase to produce ATP at complex V through a series of reduction and oxidation reactions,

defined as chemiosmotic theory (Vendelbo and Nair 2011).

Electron passage through the ETC (Figure 1.1) is facilitated by the transporter coenzyme
ubiquinone, sourced at complex I. Alongside NADH oxidation, coenzyme Q, also known as
ubiquinone, is reduced to ubiquinol through the binding of two electrons at the quinone binding
site (Pryde and Hirst 2011, Waypa et al. 2016). The newly formed ubiguinol then migrates to
deposit two electrons at a time at the quinol binding site in complex Ill. Here, one electron is
transferred to the Rieske iron-sulphur protein (RISP) of complex Il before passage to complex
IV. The second electron is typically removed by B cytochromes, capable of relegating

ubiquinone back into the membrane (Waypa et al. 2016).
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Figure 1.1. The electron transport chain (ETC) during oxidative phosphorylation
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(OXPHQOS). Taking place in the mitochondrial inner membrane, electrons are transported
along a proton gradient, resulting in the release of hydrogen ions (H"), through complexes | to
IV and the oxidation of nicotinamide adenine dinucleotide (NADH to NAD") and flavin adenine
dinucleotide (FADH; to FAD). The energy generated through this proton gradient results in the
production of adenosine triphosphate (ATP) at complex V by phosphorylation of adenosine
diphosphate (ADP). Original figure, adapted from (Chen et al. 2007, Vendelbo and Nair 2011).

The production of Oz by complex | has been postulated as the predominant source of ROS
in the ETC. However, the activities of all complexes have been shown to contribute to the
generation of ROS (Kussmaul and Hirst 2006, Chong et al. 2014). Complex Ill has also been
identified as a key contributor to the formation of ROS and the effects on cell signalling (Chong
et al. 2014, Forkink et al. 2015, Thummasorn et al. 2018).

H.0- is formed following the protonation, or proton transfer of O, as a result of the addition
of an electron to Oz~ (Murphy 2009). O, itself is dismutated, a process of simultaneous
reduction and oxidation to H,O; by the antioxidant enzyme superoxide dismutase (SOD),
which is freely available in the mitochondrial membrane and intermembrane space. This has
led to the characterisation of H.O, as a mitochondria-formed ROS. O has a short half-life
and cannot successfully reach the mitochondrial outer membrane without conversion to
peroxynitrite, limiting its influence as a signalling molecule and has therefore been superseded
by the more stable and available H>O- in the study and induction of ROS and associated
effects across published research (Clément and Pervaiz 2001, Gough and Cotter 2011, Li et

al. 2013). However, the mitochondria are not the only source of ROS physiologically.

24



0, + electron (¢") + HY —— HO,"’ ———— H*+0,"

Oxidative
H,0p =———— OH" + OH- Stress
Fenton
Reaction
OH  +e + H*
More ROS
Fe2* + H,0, DNA Damage

Lipid Peroxidation
Protein Oxidation
Inflammation
Fe® + OH" + OH-

Carcinogenesis

Ageing

Cellular
dysfunction
and mutation

Neurodegeneration

Diabetes

Renal Disease Chronic inflammation

Figure 1.2. Overview of the formation of reactive oxygen species (ROS) and potential
consequences. The leakage of electrons (e’) and generation of hydrogen ions (H") from the
electron transport chain (ETC) result in the production of a hydroperoxyl radical (HO--) which
can further induce the formation of ROS such as superoxide (O»-) and hydrogen peroxide
(H202). H,O, can lead to the production of hydroxyl radicals (OH-) directly or through
interaction with ferrous (Fe®") ions, through the Fenton reaction and resulting in the production
of ferric (Fe®) cations and OH-. Together, these contribute to an environment of oxidative
stress, which can form more ROS and also lead to DNA damage, lipid peroxidation, protein
oxidation and inflammation, all of which have been attributed to cellular dysfunction, mutation
and within disease pathologies. Original figure, adapted from (Murphy 2009, Vendelbo and
Nair 2011, Pryde and Hirst 2011).

1.2.2 Formation of ROS Outside of the Mitochondria

1.2.2.1 The Fenton Reaction

With the majority of endogenous ROS sourced from the mitochondria, additional ROS
produced outside of this are capable of augmenting physiological concentrations. Free radical
production catalysed by transition metals was first reported by Dr H.J.H Fenton in 1876 (Kanti

Das et al. 2015). The Fenton reaction, defined as the reaction between transition metals and
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H.O, with a ferrous iron (Fe?*) catalyst, is favoured thermodynamically due to H.O, having a
higher reduction potential compared with other aqueous iron molecules (Figure 1.2) (Li et al.
2014, Zhou et al. 2016). Reactions also occur with ligands containing a ferric cation (Fe®")
however these are unfavourable in comparison. A biological example of the Fenton reaction
involves the oxidation of haem; haem within haemoglobin contains Fe?* which in the presence

of Oz can produce Oz~ and haem-Fe3** (Angelelli et al. 2005).

To facilitate the Fenton reaction, H>O. crosses cellular membranes to react with transition
metals; leading to ROS formation, particularly OH-, which can lead to the re-reduction of O
and H;0O,, creating a cycle of ROS regeneration (Thomas et al. 2009). The OH- radical is a
highly aggressive molecule, responsible for widespread oxidative damage within the body.
The generation of ROS via the Fenton reaction has been implicated in the development of
neurodegenerative diseases such as Alzheimer’s disease (AD) (Smith et al. 1997, Lim et al.
2007). However, due to their high reactivity, these radicals have a short life span and are
utilised further in hydrogen abstraction and transfer of electrons (Bossmann et al. 2004). Other
metals including copper, zinc and aluminium are also capable of facilitating the Fenton
reaction to generate OH-. However, whether the Fenton reaction is capable of forming
anything other than OH- is uncertain and it is also frequently referred to as iron catalysed H.O-
decomposition (Mantzavinos 2003, Barreiro et al. 2007). Additional to this, ROS can be
sourced pathologically in stress conditions including hyperglycaemia and hypoxia.

1.2.2.2 Glucose

Hyperglycaemia, defined as high concentrations of glucose, is symptomatic of the metabolic
disorder diabetes mellitus (DM) and has been found to cause oxidative stress both directly
and through its production of ROS. (Han et al. 2005, Shokrzadeh et al. 2016, Zhai and Wang
2017). The induction of oxidative stress and ROS as a result of hyperglycaemia has been
hypothesised to be due to increased activity across multiple mechanisms including the polyol
pathway, protein kinase C (PKC), hexosamine pathway and augmented formation of
advanced glycation end-products (AGEs) (Figure 1.3) (Evans et al. 2003, Ceriello and Motz
2004). These four mechanisms can induce oxidative stress and the associated damage, and
are commonly associated with the development of secondary diabetic complications such as
diabetic kidney disease and augment the risk of cardiovascular disease (Kachhawa et al.
2017).
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Figure 1.3 A schematic summarising the role of hyperglycaemia in the induction of
reactive oxygen species (ROS) and resultant damage. Elevated concentrations of
glucose result in the generation of ROS through increases in sorbitol, resulting in the
oxidation of nicotinamide adenine dinucleotide phosphate (NADPH to NADP) and reduction
of nicotinamide adenine dinucleotide (NAD* to NADH), advanced glycation end products,
hexosamine from glucosamine-6-phosphate, protein kinase C through formation of
Diacylglycerol and NADH reduction as well as the citric acid (TCA) cycle. This production of
ROS contributes to oxidative stress and the induction of related damage. Original figure,
adapted from (Ceriello and Motz 2004, Buse 2006, Giacco and Brownlee 2010, Williamson
and Ido 2012, Prasad and Dhar 2014).

The polyol pathway facilitates the formation of sorbitol following glucose reduction in the
presence of NADPH (nicotinamide adenine dinucleotide phosphate) and aldose reductase,
found specifically in the kidney as well as the heart (Williamson and Ido 2012). Under normal
physiological conditions, this pathway utilises little glucose in the production of sorbitol, with
glycolysis being the dominant metabolic pathway (Mathebula 2015). Any sorbitol formed in
this pathway is oxidised to fructose by sorbitol dehydrogenase, instigating the reduction of
NAD* to NADH, which can be readily oxidised within ETC at complex I, facilitating the
formation of ATP but also contributing to ROS formation after NADH has been translocated
from the cytoplasm to the mitochondria (Turrens 2003, Williamson and Ido 2012, Luo et al.
2015). During hyperglycaemia, hexokinase over saturates the glycolytic pathway, leading to
enhanced activity of the polyol pathway and resulting in elevated sorbitol and NADH

production, increasing the production of O and other ROS within the ETC through NADH
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oxidisation to NAD"* (Berrone et al. 2006, Giacco and Brownlee 2010, Williamson and Ido
2012). This has been shown in isolated bovine heart mitochondria where NADH oxidation
induced O (Pryde and Hirst 2011) and supported in a type 1 diabetes (T1D) rat model where
complex | activity was increased correlated with ROS formation (Raza et al. 2011). In addition
to this, increases in the sorbitol pathway also lead to a decrease in NADPH which is utilised
in the regeneration of glutathione, a ROS scavenger. Thus any decrease in NADPH reduces
glutathione levels, resulting in increased ROS levels and oxidative stress as a result of polyol
pathway activation (Chung et al. 2003, Obrosova 2005, Giacco and Brownlee 2010). This has
been shown in cardiomyocytes treatment with high glucose concentrations, where NADPH
oxidase (NOX) catalytic activity increased the oxidation of NADP* from NADPH, producing a
O by-product and depleting NADPH and glutathione levels (Balteau et al. 2011).

The production of AGEs involves the non-enzymatic glycation of protein amino acids resulting
in Schiff bases through the Maillard reaction, a reaction between amino acids and carbonyl
containing sugars such as glucose (Prasad and Dhar 2014). These Schiff bases can be
rearranged spontaneously to form Amadori products as well as early glycation products, which
can undergo auto-oxidation to form AGEs or reactive carbonyls capable of altering protein
structure, increasing lipid oxidation and modifying the extracellular matrix (Du et al. 2003, Han
et al. 2005). AGEs are irreversible and their accumulation can increase occupation of
macrophage AGE-cellular receptors, increasing inflammation (Sinha et al. 2013, Jin et al.
2015). ROS are generated as by-products of AGE formation as a result of increased NOX
activity following binding to receptor of AGE (RAGE), alongside cytokines and other mediators
of inflammation themselves generating ROS, further compromising health (Hakim and
Pflueger 2010, Guimaraes et al. 2010). AGEs are also capable of impairing mitochondrial
function through ETC inhibition, promoting electron leakage and O+ formation (Li et al. 2016).
The diverse array of damage that can occur as a result of AGE production makes targeting
these and associated intermediates, in addition to treatment of hyperglycaemia, an attractive

prospect (Palsamy and Subramanian 2011).

An increase in the hexosamine pathway can also augment ROS during hyperglycaemia
through O+ production. This occurs from the conversion of fructose-6-phosphate to
N-acetylglucosamine-6-phosphate, facilitated by glutamine:fructose-6-phosphate
amidotransferase (GFAT), and leads to the eventual formation of uridine diphosphate
N-acetylglucosamine (UDP-GIcNAc) (Kaneto et al. 2001). This can inhibit GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) and enzymes integral to the ETC, as well as
reduce NADPH synthesis reducing endogenous antioxidant availability (Sinha et al. 2013).

UDP-GIcNAc is an intracellular signalling molecule which initiates the formation of
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glycoprotein, glycolipids and proteoglycans. Some glycosylation products formed in this
pathway contribute to post-translational protein modification including within insulin receptor
substrates, adding to the theory that flux within the hexosamine pathway can increase insulin
resistance (Kaneto et al. 2001, Buse 2006). Formation of glucosamine-6-phosphate leads to
inhibition of the pentose phosphate pathway, vital in the regeneration of glutathione, and thus
reduces the endogenous ROS defence (Buse 2006). It has been shown that hyperglycaemia-
induced mitochondrial O»--augmentation can inhibit GAPDH and upregulate the hexosamine
pathway (Du et al. 2000). Like the polyol pathway, hyperglycaemia induction of the
hexosamine pathway does not directly produce ROS but contributes to the accumulation of
ROS-induced damage through the reduction of NADPH (Kaneto et al. 2001, Evans et al. 2003,
Buse 2006).

Finally, induction of PKC has also been associated with hyperglycaemia. This is an extensively
evidenced pathway, with activation apparent across all tissues during hyperglycaemia
(Geraldes and King 2010). Activation of PKC can occur as a result of increased glucose
concentrations as well as increased ROS and AGE availability, both directly and indirectly as
a result of hyperglycaemia. However, enhanced PKC activation during hyperglycaemia has
been attributed to elevated diacylglycerol (DAG) levels, found to increase ROS production
through NOX activity (Inoguchi et al. 2000, Giacco and Brownlee 2010). ROS production has
been previously linked to glucose stimulated PKC activation with inhibition of PKC and DAG
shown to reduce ROS in vitro (Lee et al. 2004, Ramana et al. 2005). As well as
hyperglycaemia, other cellular stressors such as hypoxia are also found to elevate ROS

production physiologically.

1.2.2.3 Hypoxia

Hypoxia is a state of abnormally low concentrations of O, and is accommodated for in the first
instance by altering metabolism to enhance the breakdown of glycogen into glucose through
the hypoxia inducible factor (HIF)-1a induced upregulation of glycolytic enzymes (Callapina et
al. 2005, Ten and Starkov 2012). This adaptability maintains glycolysis whilst also decreasing
the rate of RNA and protein synthesis to allow ATP to meet energy demands until O» supply
is restored (Ten and Starkov 2012, Terraneo et al. 2017). However, a consequence of hypoxia
is increased acidosis, therefore function may only be sustained for a short period before

damage occurs.

Under normal conditions, HIF-1a is rapidly targeted for degradation by proline hydroxylase
(PHD), which hydroxylates the proline residues of HIF-1a to hydroxyproline. The new
hydroxyproline residues permit binding to the von Hippel-Lindau tumour suppressor protein
(pVHL) and facilitates degradation of HIF-1a by ubiquitination (Van Welden et al. 2017, Zhou
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et al. 2017). Hydroxylation of HIF-a asparaginyl residues by factor inhibiting HIF-1 (FIH)
further inhibits binding of the cyclic adenosine monophosphate(AMP)-response element
binding (CREB) binding protein (CBP) and histone acetyltransferase p300 (CBP/p300)
transcription co-activators, which facilitates HIF-1a binding to DNA at the hypoxia response
element (HRE) (De Saedeleer et al. 2012, Van Welden et al. 2017, Zhou et al. 2017).

During hypoxia, proline hydroxylase does not oxidise the proline residues, thus inhibiting
cytosolic ubiquitination of HIF-1a. As a result, HIF-1a accumulates, translocates to the nucleus
and forms a heterodimer with the constitutively expressed and metabolically stable HIF-13
and CBP/p300 (Figure 1.4) (Dewitz et al. 2017, Van Welden et al. 2017). This stabilises
HIF-1a, promotes binding at the HRE and initiates transcription of genes integral to promoting
cell survival including vascular endothelial growth factor (VEGF) and erythropoietin, involved
in angiogenesis and erythropoiesis respectively (Keitzmann and Gorlach 2005, Ren et al.
2008, Jiang et al. 2012, Zhou et al. 2017). Glucose transportation, facilitated by glucose
transporters (GLUT), is rate limiting in glucose metabolism. Therefore, to maintain adequate
energy provision GLUT and glycolytic enzymes are also upregulated in response to hypoxia.
The upregulation of GLUT1 specifically by HIF-1a in response to hypoxia has been
demonstrated in mouse chondrocytes (Ren et al. 2008), human placental choriocarcinoma
cells (Baumann et al. 2007) and human colon carcinoma (HCT116) cells (Lu et al. 2016).
HIF-1a stabilisation also upregulates glycolytic enzymes, including hexokinase and pyruvate
kinase, the latter of which is capable of facilitating HIF-1a transcriptional activity by
metabolising pyruvate to lactate, inhibiting PHD activity (De Saedeleer et al. 2012) and
supported by HIF-1a knockdown models demonstrating reduced glycolysis and increased

apoptosis in human synovial fibroblasts (Del Rey et al. 2017).

Due to the decrease in O, during hypoxia, it would be anticipated that ROS formation would
be hindered by decreased mitochondrial activity. However, paradoxically, oxidative stress can
be augmented in conditions of just 1.5% O, (Waypa et al. 2016). ROS generation as a result
of hypoxia has been well documented, with heavy involvement of complex Il and the ROS
produced sufficient to stabilise HIF-1a (Chandel et al. 2000, Enomoto et al. 2002, Kietzmann
and Goarlach 2005). ROS have also been found to stabilised HIF-1a through inhibition of PHD
activity shown with exogeneous H>O, (10 pM) supplementation in vitro in human
hepatocellular carcinoma (Hep3B) cells (Pan et al. 2007). The production of ROS within
hypoxia has also been suggested to be dependent on the availability of nitric oxide (NO). NO
has been found to nitrosylate HIF-1a cysteine 533 residues within the oxygen-dependent
degradation domain, which also hosts its proline residues, preventing its pVHL binding and
subsequent degradation within a murine breast tumour model (Li et al. 2007). Similarly,

inhibition of NO synthases and ROS generation with ascorbic acid has been found to reduce
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HIF-1a accumulation in normoxia, the term used to describe normal levels of O, experienced

within tissue or blood but also atmospheric O; (Quintero et al. 2006).
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Figure 1.4 A summary of hypoxia-inducible factor (HIF)-7Ta action in both normoxia and
hypoxia. During normoxia, HIF-1a’s proline (P) and asparaginyl (A) residues are hydroxylated
by proline hydroxylase (PHD) and factor inhibiting HIF-1 (FIH) respectively, with the latter
inhibiting HIF-7a binding to cyclic adenosine monophosphate-response element binding
binding protein and histone acetyltransferase p300 (CRB/p300) transcription co-activators.
Following hydroxylation, von Hippel-Lindau tumour suppressor protein (pVHL) forms a
complex with HIF-1a and targets it for ubiquitination. During hypoxia, PHD and FIH are
inhibited, permitting HIF-7a to accumulate and translocate to the nucleus where it forms a
heterodimer with HIF-18 and CRP/p300, binding to the hypoxia response element (HRE) and
facilitating transcription of survival promoting genes. Original figure adapted from (Ren et al.
2008, De Saedeleer et al. 2012, Van Weldon et al. 2017).

Failure to restore O, results in a loss of ATP, increased calcium and AMP and disruption of
the cellular ion gradient leading to the production of endothelial nitric oxide synthase (eNOS)
and ROS (Farrukh et al. 2014). Deprivation of O, is particularly problematic in two organs, the
lungs and the brain. Within the brain, hypoxia causes damage to the blood brain barrier (BBB)
and initiates an inflammatory response, leading to the production of more BBB damaging ROS

(Lochhead et al. 2010). Furthermore, hypoxia in the lungs is characteristic of a number of
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pulmonary pathologies, including COPD, and in acute situations induces inflammation,

oedema and increased pressure in the pulmonary artery (Araneda and Tuesta 2012).

Hypoxia also has an interdependent relationship with inflammation which underlies the
majority of oxidative stress induced damage. An example of this is the use of inflammatory
cytokines to stabilise HIF (Jiang et al. 2010). Activation of HIF also leads to apoptosis inhibition
within neutrophils, increasing ROS production rather than damaged cell elimination (Bartels
et al. 2013). Equally, inflamed tissues or lesions can become hypoxic themselves leading to
an increase in inflammatory mediator recruitment and ROS production (Eltzschig and
Carmeliet 2011). With the resultant generation of ROS during hypoxia, this too could be
targeted alongside restoring O, concentrations. Reduction of ROS could therefore limit

hypoxic complications and potentially improve prognosis.

1.2.2.4 Inflammation

The process of inflammation involves a cycle of continuous ROS production, with the first
example of ROS being produced by macrophages and neutrophils, which are the first line of
defence in response to tissue injury or pathogen invasion. Resting neutrophils, monocytes and
macrophages consume varied amounts of O, with macrophages consuming the most due to
a higher number of mitochondria (Ogawa et al. 2008, Castaneda et al. 2017). When recruited,
inflammatory mediators such as macrophages and neutrophils increase their O, uptake
markedly and experience a ‘respiratory burst’ of up to 20 times their resting consumption. This
results in more OXPHQOS, increasing O2- and consequential ROS production (Castaneda et
al. 2017).

Inflammation is regulated to cease following pathogen or insult removal and successful tissue
repair. However, if the inflammation process is prolonged, often through the loss of redox
homeostasis and moderate concentrations of ROS, this can lead to chronic inflammation and
accretion of ROS production (Oberg et al. 2004, Khansari et al. 2009, Richter et al. 2015).
This can lead to redox imbalance and exacerbate oxidative stress, capable of overwhelming
host antioxidant defence mechanisms (Reuter et al. 2010). As a result, more molecular
damage is accumulated, jeopardising genomic stability and triggering cell apoptosis to restore
homeostasis and prevent tumorigenesis (Palmai-Pallag and Bachrati 2014). Not only does
chronic inflammation increase ROS, it also reduces DNA repair efficiency and diminishes
mitochondrial respiration and functionality, leading to the accumulation of DNA damage
(Palmai-Pallag and Bachrati 2014). When cells enter apoptosis or necrosis, DNA fragments
are released into circulation and are recognised by the immune response to be cleared. Failure
to remove this debris and further accumulation of cell-free DNA perpetuates the immune

response (Palmai-Pallag and Bachrati 2014, Ozaki et al. 2015). Chronic inflammation can also
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increase the susceptibility of the host to autoimmune, cardiovascular, pulmonary and
neurodegenerative diseases as well as some cancers (Reuter et al. 2010). As a result, the
involvement of ROS within inflammation could be a therapeutic target, particularly when
combined with existing interventions. ROS reducing agent supplementation could be
protective in cases of prolonged or unnecessary inflammatory response; this has been
demonstrated in both an in vitro and in vivo model of sepsis, characterised by inflammation

and resulting in organ dysfunction (Kong et al. 2011, Lowes et al. 2013).

1.3 Consequences of ROS and Oxidative Stress

1.3.1 DNA Damage

1.3.1.1 Types of DNA Damage

It has been estimated that a cell can encounter up to 100,000 ROS attacks daily (Godic et al.
2014). These attacks can be induced by endogenous and exogenous ROS, creating an
environment of oxidative stress. This can be due to either or both decreased antioxidant
concentration and activity through mutation or absence from dietary intake, or increased
production of ROS through inflammation, xenobiotic and environmental exposure (Shokolenko
et al. 2009, Andreyev et al. 2015). The extent of damage is dependent on cell age, cell cycle
phase, state of differentiation, mechanisms of DNA repair and its antioxidant capacity (Ramos-

Espinosa et al. 2012).

ROS-induced DNA damage ranges from oxidative modification of nucleotides, to generation
of abasic sites forming isolated and clustered DNA lesions with both single strand (SSB) and
double strand breaks (DSB) within DNA (Chang et al. 2007, Ricci et al. 2008, Tatsch et al.
2015). These events can be catalysed through elevated ROS, due to inflammation or
exogenous influence and are summarised in Figure 1.5 (Shokolenko et al. 2009, da Silva
2016).

In the first instance, damage to DNA halts the process of replication until the damage can be
repaired. Isolated DNA lesions and abasic sites are repaired by the base excision repair
pathway (BER) (Bohgaki et al. 2010, Kim and He 2014). The nucleotide excision repair
pathway (NER) is responsible for the removal of strand crosslinks and clustered lesions
through employment of the global genome repair sub pathway. This pathway repairs genomic
lesions pre-transcription as well as using transcription-coupled repair to eliminate transcribed
lesions, whilst the mismatch repair (MMR) fixes mismatched bases as well as minor inserted
or deleted base regions (Bohgaki et al. 2010, Kim and He 2014).
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Figure 1.5 A summary of DNA repair pathways induction. Upon the detection of
nucleotide alterations, the base excision (BER) or nucleotide excision (NER) repair pathways
are executed. If single strand breaks are identified, the mismatch repair (MMR) pathway,
BER or NER are initiated. However, double strand breaks require homologous
recombination (HR) or non-homologous end joining (NHEJ). If DNA damage can be
successfully repaired, cellular integrity is maintained. Failure to repair damage effectively
compromises the cell and can lead to mutation, which can be further replicated, or induction
of apoptosis. Original figure, adapted from (Bohgaki et al. 2010, Ramos-Espinosa et al.
2012, Palmai-Pallag and Bachrati 2014).

DNA strand breaks occur as a result of multiple ROS attacks at a single site, this is commonly
found as a OH- cluster but can also be as a result of incomplete nucleotide repair (Tatsch et
al. 2012). Further DNA damage can arise from incomplete BER and NER as well as secondary
mutagenic radicals that arise from oxidation of macromolecules, such as lipid hydroperoxides.
(Palmai-Pallag and Bachrati 2014). In order to repair DSB, the stage of the cell cycle
determines whether homologous recombination (HR) or non-homologous end joining (NHEJ)
is preferable. DSBs identified by HR following binding to the MRN complex involve the

endonuclease and Rad51 facilitated formation of a new and undamaged DNA strand (Li and
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Heyer 2008). However, DSB repair by NHEJ is the most commonly employed mechanism.
This involves the binding of the nuclease enzyme Artemis to facilitate the ligation of two blunt
ends following excision of the damaged portion of the strand (Lamarche et al. 2010). However,
this process does not generate a restored DNA strand and increases the susceptibility to
mutagenesis (Jena 2012). Therefore, it would be beneficial to reduce or inhibit the
development of strand breaks within DNA to diminish the risk of disease pathogenesis
associated with ROS. One way to model the prevention of DNA damage is through the
isolation and evaluation of mitochondrial DNA. This can be achieved following induction of
damage such as through exposure to H»O; or physiologically induced ROS as produced by
hypoxia or high glucose concentrations.

1.3.1.2 MtDNA Damage as a Biomarker

The mitochondria are pivotal to the theory of aging, a theory first conceptualised in 1956 by
Denham Harman. Aging is believed to be potentiated by ROS and oxidative stress and
increased acquisition of damage related to age (Harman 1956, Vifia 2004). It is suggested
that the production of ROS in aging leads to a self-propagating cycle of ROS. As a result,
research into oxidative stress is fundamental to understanding the progression of aging as
well as the implication it has on the development of so called ‘age-related’ diseases including
neurodegenerative disease (Van Houten et al. 2006, Gupta et al. 2014, Sanders et al. 2014).
Whilst this is not a new field of study, there has been inconsistent evidence, particularly in
human studies, demonstrating the interaction between disease and oxidative damage, which
highlights a gap in understanding this correlation as well as the future role of antioxidant

supplementation.

Mitochondrial number and structure are dependent on the energy requirements of individual
tissue (Youle and van der Bliek 2012). They are comprised of two phospholipid bilayers,
arranged into four compartments: the outer membrane, intermembrane space, inner
membrane and matrix (Bolisetty and Jaimes 2013). The mitochondrial matrix contains
mitochondrial DNA (mtDNA) as well as being a site for NADH and FADH: generation, both of
which are substrates for the ETC and ATP generation (Youle and van der Bliek 2012, Bolisetty
and Jaimes 2013). The mitochondrial genome contains 16,569 base pairs (bp) of circular
unmethylated DNA (Gilkerson and Schon 2008), which codes for 37 genes with 13
corresponding to ETC complexes and the rest coding for transfer and ribosomal RNAs needed

for protein synthesis within the mitochondria (Malik and Czajka 2013).
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MtDNA does not possess protective histones or introns, unlike nuclear DNA (nDNA) (Lagouge
and Larsson 2013). Instead there is dependence on the nucleoid protein-DNA complexes for
protection within the mitochondrial matrix (Gilkerson et al. 2013). This makes it more
susceptible to damage coupled with its close proximity to the ETC and the sites of ROS
formation. Similarly, mtDNA is readily exposed to damage by secondary ROS production such
as through lipid peroxidation due to the high lipid content within the mitochondria (Gebert et
al. 2009, Horvath and Daum 2013, Tatsuta et al. 2013). Consequently, and considering that
mtDNA is hypothesised to have up to a 10-fold increased risk of sustaining damage compared
to nDNA (Alexeyev et al. 2013), mtDNA is more likely to sustain ROS associated damage and
as such, is preferential for the study of oxidative DNA damage over nDNA. Five main types of
mtDNA damage have been identified including, damage through alkylation which can occur
with chemotherapy as well as endogenous methylation, abasic site formation due to hydrolytic
base deamination or glycosidic bonds hydrolysis, adduct formation, base mismatch acquired
through replication following nucleotide modification and finally, single and double strand
breaks (De Bont and van Larebeke 2004).

Further to this, MtDNA, of which hundreds of thousands of copies are contained within an
individual cell, contains a mix of mutant or damaged DNA alongside wild-type DNA, which can
be distributed at random amongst daughter cells (Elliott et al. 2008, Wallace and Chalkia 2013,
Li et al. 2015). Termed heteroplasmy, it has been estimated that 90% of individuals host at
least one mitochondrial heteroplasmy, with 20% of those carrying heteroplasmy associated
with mitochondrial diseases, such as Leber’s hereditary optic neuropathy (LHON) (Schaefer
et al. 2007, Ye et al. 2014). For example, three different point mutations have been identified
in mtDNA, G11778A, T14484C and G3460A, resulting in loss of vision from deterioration of
the retinal ganglion in LHON. These point mutations have been found to alter the functionality
of complex | within the ETC, causing a deficit in ATP synthesis. Resultant increases in ROS
and apoptosis have also been identified in LHON and treatment with idebenone, structurally
related to coenzyme Q10, has been found to reduce this, resulting in recovery of vision (Qi et
al. 2007, Klopstock et al. 2013).

Over time and with replication, the proportion of mutant mtDNA may accumulate and induce
a shift towards a cellular mutant phenotype rather than predominantly wild-type (Figure 1.6).
This shift impacts cellular function, including decreases in OXPHOS and ATP synthesis, and
has been correlated with the onset of disease, such as LHON. Studies within elderly
populations have indicated that there is also an age-related elevation in heteroplasmic
frequency in skeletal muscle (Figueiredo et al. 2009, Grady et al. 2018). Similarly, the single
site mutation A3243G has been attributed to neurological, metabolic and cardiopulmonary

deficits, evidenced in a study of 789 elderly persons (Tranah et al. 2018). However, the
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threshold at which mutant DNA content influences phenotype varies between tissues and
disease. For example, individuals with less than 70% T8993G mutations are asymptomatic for
neurogenic muscle weakness, ataxia and retinitis pigmentosa (NARP), a mitochondrially

inherited neurodegenerative disorder (Gorman et al. 2016).

Heteroplasmy has also been evidenced in diseases other than those that are mitochondrially
inherited. A study found that those with type 2 diabetes (T2D) or coronary artery disease
measured a significantly higher frequency of the T16189C substitution within mtDNA
compared to healthy controls (Mueller et al. 2011). The A3243G mutation has also been found
in 4-fold greater frequency in T2D patients compared to healthy counterparts (Nomiyama et
al. 2006). The 4977bp ‘common’ deletion within mtDNA has been found to cause ETC
disruption and has been identified in AD and colorectal cancer as well as mitochondrially
inherited diseases (Chen et al. 2011, Krishnan et al. 2012, Zhang et al. 2015). As a result of
its interaction with the ETC, this deletion has also been found to augment mitochondrial ROS
production, which itself can increase mutant mtDNA. Therefore, there is scope to evaluate
ROS reducing strategies to decrease the ROS produced by the 4977bp deletion, or other
mutations, and limit the perpetuated risk of further mutant mtDNA accumulation and
subsequent heteroplasmy. However, the occurrence of mitochondrial heteroplasmy gives
researchers an opportunity to investigate mtDNA damage or mutation within a population of
cells without significant loss, such as would be the case with nDNA damage. As a result, use
of the mitochondria as biomarkers for oxidative damage, for reasons outlined in this section,
is an elementary component to gaining understanding of potential therapeutic opportunities

and is preferential over the use of nDNA.

Mutation
Threshold

Figure 1.6 lllustration of heteroplasmy in the mitochondria. Heteroplasmy describes the
presence of both mutant and wild-type mitochondrial DNA (mtDNA), where the proportion
determines the penetrance of disease. When the mutation threshold is exceeded, the levels
of mutant mtDNA, shown in red, are greater than the wild-type (green), compromising cellular
function. Original figure created based on (Gilkerson and Schon 2008, Wallace and Chalkia
2013).
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1.3.1.3 Consequences of DNA Damage

As detailed above, DNA damage, of nuclear as well as mitochondrial origin, halts the cell cycle
to enable DNA repair pathways to target damaged DNA and prevent the erroneous replication
of mutations which can lead to cell compromise and the development of disease, including
cancer (Li and Heyer 2008). However, when DNA damage is in excess, apoptosis is mediated
by p53, as a tumour suppression response, or through parylation. Parylation occurs when the
poly(ADP-ribose) polymerase 1 (PARP-1) binds to damaged DNA and catalyses the transfer
of ADP-ribose moieties from donor NAD* substrates to synthesise poly(ADP-ribose) (PAR)
chains. PAR chains recruit DNA-repairing enzymes such as DNA ligases or polymerases to
initiate DNA repair such as through BER (Reinhardt and Schumacher 2012, Yao et al. 2013,
Wei and Yu 2016). When DNA damage is at a low or moderate level, ADP-ribosylation
facilitates DNA damage repair in a survival promoting function (Wei and Yu 2016). However,
with high levels of damage and subsequent activation of PARP-1 and PAR chain
hypersynthesis, the cellular pool of NAD+ becomes depleted, which can decrease the
efficiency of PARP-1 mediated DNA repair. The reduced availability of NAD* also impacts the
synthesis of ATP, with decreased concentrations unable to be reduced to NADH, hindering
the passage of electrons through the ETC, which can result in cellular compromise leading to
apoptosis and necrosis (Alano et al. 2004, Alano et al. 2010, Wei and Yu 2016). Supporting
this, NAD" depletion has been correlated with both astroglial and neuronal cell death with
increased apoptosis-inducing factor translocation, which was reduced with exogenous NAD*
supplementation, demonstrating the importance of NAD* in cell survival (Alano et al. 2004,
Alano et al. 2010). Similarly, PARP-1 inhibition has been shown to increase cigarette smoke
induced DNA strand break damage within a murine model and reduce associated cellular
senescence (Yao et al. 2013). However, PARP-1 inhibition has also been targeted by
chemotherapy agents such as Olaparib®, reducing DNA repair pathway efficacy and thus
directing DNA damaged cells, such as encountered within cancer, towards apoptosis (Liu et
al. 2018).

Apoptosis, comprised of an intrinsic and extrinsic pathway responsible for the activation of
caspases, is the process of cell programmed death to remove senescent, damaged or mutated
cells (Sinha et al. 2013). This occurs through the shrinkage of cells, condensation of chromatin
and fragmentation of DNA. Oxidative stress and damage have been well documented as a
cause of premature apoptosis and has also been attributed to physiological aging (Sinha et
al. 2013, Antognelli et al. 2014, Bucchieri et al. 2015, Guo et al. 2015). Excessive apoptosis
has been implicated within a number of disease pathologies including; cardiomyopathy,
contributing to vascular remodelling; Human immunodeficiency virus (HIV), which can result

in T cell depletion; and chronic kidney disease (Cummins and Badley 2010, Favaloro et al.
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2012, Nemmar et al. 2017). Within DM, high levels of oxidative damage have been correlated
with a PARP-1 decrease and increased apoptotic activity leading to testicular dysfunction
within a rat model demonstrating that excessive DNA damage accumulation and
corresponding apoptotic induction can result in cellular or organ dysfunction (Kilarkaje et al.
2014). Similarly, DNA damage induced through hyperglycaemia has led to diabetic
nephropathy following renal cell apoptosis and indicating that targeting the reduction of DNA
damage, such as through ROS inhibition, could reduce the incidence of cellular dysfunction

or secondary complications within disease (Verzola et al. 2004, Verzola et al. 2007).

Another consequence of DNA damage is the induction of autophagy, a self-sacrificing cellular
mechanism stimulated to restore homeostasis. When stimulated, autophagy occurs in three
forms to promote cell survival; macroautophagy, the main pathway which is used to eradicated
damaged organelles encapsulated in an autophagosome for degradation by lysosomal
hydrolase; microautophagy, the direct engulfing of material within the cytoplasm into the
lysosome where degradative enzymes are available; and chaperone-mediated autophagy, a
significantly more complex pathway requiring chaperone-substrate protein complex formation
for translocation to the lysosome before degradation (Shintani and Klionskey 2004, Fader et
al. 2012, Nixon and Yang 2012). However, whilst an efficient DNA damage response
mechanism targeting proteins and organelles, autophagy can become cytotoxic with both
apoptosis and autophagy considered instrument in neuronal cell death within
neurodegenerative disease (Fader et al. 2012, Nixon and Yang 2012). Therefore, reducing
the accumulation of DNA damage and subsequent apoptotic and autophagic activation may

reduce detrimental cell loss within some disease pathologies.
1.3.2 Lipid Peroxidation

1.3.2.1 Induction of Lipid Peroxidation by ROS

Lipids are characterised into apolar triglycerides and polar lipids such as those comprising the
lipid bilayer. These polyunsaturated fatty acids (PUFA) can be oxidised following ROS
targeting of the carbon-carbon double bonds within the lipid, resulting in a LOO- and H,O
(Esterbauer 1993, Ayala et al. 2014). Like ROS, lipid peroxidation can have both detrimental
and beneficial effects with low levels promoting cell survival and high levels causing apoptosis

and necrosis (Ayala et al. 2014).

Lipid peroxidation occurs in three steps: initiation, propagation and termination. Initiation
involves the addition of ROS, such as OH- from the Fenton reaction, to a lipid, forming H.O
as a by-product. The more double-bonds within PUFA, the more susceptible it is to oxidative

damage (Yoshida et al. 2013). Propagation involves the stabilisation of the fatty acid radical
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with O to create peroxy-fatty acid radicals through hydrogen removal from a local lipid.
However, this product is still unstable and readily reacts with a free circulating lipid. This leads
to the generation of another radical, such as lipid hydroperoxide, in a continuous cycle and
demonstrates that a lone initiation is capable of stimulating the formation of multiple radicals
(Spickett et al. 2010, Ayala et al. 2014, Mihalas et al. 2017). Hydroperoxides are able to induce
more lipid radicals, feeding the propagation process, and can also be converted into peroxyl
or alkoxyl radicals, also furthering propagation (Ayala et al. 2014). Termination of this chain
reaction occurs when a non-radical product is formed instead of a radical; occurring when the
concentration of radicals reaches a point where the reaction of two radical products is
inescapable. This results in the formation of malondialdehyde (MDA) or 4-hydroxynoneal
(HNE) (Gupta et al. 2009). However, the time in which it takes to get from propagation to
termination is dependent on the antioxidant response and results in multiple peroxyl radicals

being formed in the meantime, contributing to oxidative stress (Agmon and Stockwell 2017).

MDA is a prominent and highly reactive biomarker of lipid peroxidation, produced as a result
of the thromboxane A, arachidonic acid precursor or through cleavage of the endoperoxide
peroxidation intermediate (Ayala et al. 2014). MDA induced adducts formed with free amino
acids are known as advanced lipid peroxidation end-products, whilst adducts known as MDA
acetaldehyde are formed with MDA’s own intermediate acetaldehyde (Ayala et al. 2014).
Furthermore, MDA is capable of reacting with cellular proteins and DNA, causing molecular
damage (Monzo-Beltran et al. 2017, Singh et al. 2017).

1.3.2.2 Consequences of Lipid Peroxidation

Additional to the cytotoxicity of by-products such as MDA and HNE, Lipid peroxidation impairs
membrane fluidity, allowing phospholipids to easily move between the lipid bilayers and
increase H,O leakage. This causes not only membrane damage but also the inactivation of
enzymes and transport proteins (Mihalas et al. 2017, Singh et al. 2017). It has been reported
that lipid membrane fluidity within AD patients results in thinner cortex membrane layers
compared to age-matched controls (Mason et al. 1992). Furthermore, fluidity within the inner
mitochondrial membrane of AD patient platelets has also been identified, demonstrating the
consequence of lipid peroxidation within disease (Mason et al. 1992, Mecocci et al 1996, Ortiz
et al. 2008). Additionally, peroxidation of lipids can act as a proinflammatory mediator through
the mimicking of platelet activating factors. Through this, platelet aggregation and phagocyte
recruitment are initiated and have been implicated within asthma pathology (Fitzpatrick et al.
2014).

Lipid peroxidation has also been found to initiate apoptosis and autophagy in the beneficial

removal of dysfunctional cells, as described in section 1.3.1.3 (Adibhatia and Hatcher 2009,
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Catald 2009). However, apoptosis induced by lipid peroxidation has also been correlated with
the development of atherosclerotic plaques as well as cell loss within DM, demonstrating the
need to target ROS to minimise the exacerbation of oxidative stress and disease prior to the
induction of apoptosis (Allen et al. 2003, Hartung et al. 2005, Van Vré et al. 2012). In support
of this, Nicotinamide supplementation has been shown to reduce lipid peroxidation as well as
apoptosis and PARP-1 activity within Sprague-Dawley rats treated with amyloid 8 peptide to
simulate AD (Bayrakdar et al. 2014). Therefore, this demonstrates the role that interventional
supplementation can have in reducing oxidative stress and damage as well as maintaining

cell viability, particularly in disease.

1.4 Pathophysiological Role of ROS

1.4.1 Diabetes Mellitus

In 2017, an estimated 451 million people aged 18 to 99 years were suffering from DM (Cho et
al. 2018). Between 2015 and 2017, the number of people diagnosed with DM increased from
3,590,501 to 3,689,509 in the UK alone (Diabetes UK 2017) and the global incidence has
been projected to rise to 693 million by 2045 (Cho et al. 2018).

Detailed in 1.2.2.2, the clinical measurement of hyperglycaemia is symptomatic of DM and
results from impaired insulin production or resistance. DM is subcategorised into T1D as
insulin dependent and type 2 (T2D) as insulin independent, with ROS involvement identified
in both (Fakhruddin et al. 2017). T1D results from a T-cell mediated autoimmune destruction
of the B-cells in pancreatic islets of Langerhans, which leads to a loss of insulin synthesis and
early onset of DM (Buse 2006, Padgett et al. 2013). Whilst the T1D initiating event remains
unclear, oxidative stress has been implicated in the associated inflammation and generation
of ROS as a result of B cell apoptosis (Matough et al. 2012), as evidenced using SOD mimetics
(Padgett et al. 2013).

T2D accounts for approximately 90% of DM diagnoses and is caused by a resistance to
insulin, strongly influenced by diet (Fakhruddin et al. 2017). The initiation of insulin resistance
has been clinically identified as a predisposing factor for T2D (Hurrle and Hsu 2017). During
physiological activation of the insulin signal transduction pathway, responsible for the
maintenance of glucose homeostasis, H:0. is produced by NOX to promote the
phosphorylation of insulin receptor substrates (IRS) at their serine residue. This leads to
phosphoionositide 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathway
signalling, facilitating lipogenesis, glycogen synthesis (Rains and Jain 2011, Dong et al. 2016)
and GLUT4 translocation, a glucose transporting protein found in adipose tissue (de Alvaro et

al. 2004). Production of H>O, within this cascade demonstrates a physiologically beneficial
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role for ROS. However, persistent activation of the insulin cascade leads to insulin resistance,
which can culminate in B-cell fatigue and reduced insulin production. This persistent activation
leads to an increase in ROS which is no longer physiologically beneficial and results in glucose
increases to hyperglycaemic levels, a shared characteristic of both T1D and T2D (Nathan et
al. 2005).

The generation of ROS as a result of hyperglycaemia is not only capable of distorting glucose
metabolism and cellular function but is also self-propagating. The production of ROS in this
manner has been correlated with oxidative damage and the development of micro and macro-
vascular diabetic complications. As a result, the ROS produced during hyperglycaemia could
be a therapeutic target. A number of studies have used high concentrations of glucose to
provide an in vitro model of diabetes with ROS production, cell viability reduction and other
ROS-associated damage identified (Czajka et al. 2015, Araoye and Ckless 2016, Yang et al.
2016). A study in murine macrophages demonstrated elevation of ROS coupled with an
increase in antioxidant concentrations, including catalase and SOD, with 24-hour glucose
treatment. Whilst demonstrating a correlation between high glucose and oxidative stress, the
levels of ROS were generated at 25 and 50 mM did not differ, whilst 100mM showed a nearly
2-fold increase. (Araoye and Ckless 2016). This demonstrates that modelling with glucose
requires optimisation to induce significant levels of ROS and associated damage, even at
higher concentrations that would not be encountered physiologically. In vitro modelling of this
nature is not only preferential economically but also alleviates the reliance on in vivo models,
such as the induction of T1D and T2D in Streptozotocin treated rats particularly in early
investigative studies of potential therapeutics (Schmatz et al. 2012, Yazgan et al. 2015).
Furthermore, the use of in vitro modelling facilitates the production of comparable results
which are not influenced by genetic variation or uncontrolled external stimuli, providing robust

and reproducible results in preliminary studies.

1.4.2 Pulmonary Disease

The prevalence of chronic pulmonary conditions such as asthma and COPD have become a
major health problem (Allen et al. 2009, Tsiligianni and van der Molen 2010). It has been
estimated that asthma alone affects 300 million people worldwide and costs the NHS in excess
of £1 billion per annum across England and Wales (Reddy 2011, Mukherjee et al. 2014). The
incidence of COPD increased from 227 to 384 million between 1990-2010, indicating that
COPD too is a rising health problem and was considered the 3" most common cause of death
globally in 2016 (Adeloye et al. 2015, World Health Organisation 2018) .

Asthma is a condition whereby the symptoms of airway hyperresponsiveness, constriction and

inflammation, can be reversed with timely intervention. The condition involves the influx of
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inflammatory mediators including eosinophils, macrophages and neutrophils, in response to
an allergen (Louhelainen et al. 2009, Erle and Sheppard 2014). This inflammatory response
is the driving force behind oxidative stress in asthma (Dworski 2000). ROS generation as a
result of inflammatory cell action can result in oxidative stress and damage, which can also
further perpetuate inflammation and oxidative stress. For example, ROS generation facilitated
by eosinophils has been correlated with increased concentrations of IL-5 whilst TNF-a (tumour
necrosis factor a) has been found to upregulate ROS as well as intracellular adhesion
molecule-1 (ICAM-1) within the airway, influencing airway remodelling (Kim et al. 2008, Qu et
al. 2017). ROS has also been correlated with the release of histamine through the upregulation
of immunoglobulin E (IgE), which binds to mast cells to facilitate histamine release during
allergen exposure (Kim et al. 2013, Qu et al. 2017). Further supporting the involvement of
ROS in asthma, patient samples have demonstrated an increase in lipid peroxidation and
lower serum activity of endogenous antioxidants, including SOD (Wood et al. 2003, Combhair
et al. 2005, Wedes et al. 2009)

Considered a global but preventable health issue, COPD is characterised as a condition with
persistent and progressive restriction of airflow associated with chronic inflammation of the
bronchioles (Vestbo et al. 2013). The most common factor in the development of COPD is
smoking, with history of smoking correlated with the development of the condition in up to 90%
of patients (Kirkham and Rahman 2006). Tobacco smoke contains toxic and mutagenic
substances as well as ROS, capable of causing widespread oxidative damage. Additional to
ROS-induced damage with O,” and Fenton reaction generation of OH-, the tar found in
cigarettes is capable of causing DNA adducts and formation of 8-hydroxy-2'-deoxyguanosine
(B0OHdG) (Valavanidis et al. 2013). ROS have been found to stimulate the release of
inflammatory mediators in COPD, leading to the formation of more ROS (Louhelainen et al.
2008). Oxidative stress in COPD has been directly evidenced by increased xanthine oxidase,
a facilitator of O, and lipid peroxidation, within free bronchoalveolar fluid (BALF) and plasma
in COPD patients (Louhelainen et al. 2008, Wiegman et al. 2015).

Hypoxia is a prominent problem within the pulmonary system with pathological and
physiological implications. Hypoxia has also been specifically identified in airway
hyperresponsiveness and constriction, common to both asthma and COPD (Kirkham and
Rahman 2006). As detailed in section 1.2.2.3, hypoxia contributes to cellular dysfunction as
well as initiates and exacerbates the inflammatory response resulting in the generation of ROS
through the increased expression of inflammatory cytokines such as IL-8 and TNFa (Araneda
and Tuesta 2012, Baek et al. 2013, Dewitz et al. 2017). Hypoxia within pulmonary conditions

has also been suggested to exacerbate the inflammatory response to allergens and cigarette
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smoke, leading to increased ROS production and have also been found to increase pulmonary
hypertension (Huerta-Yepez et al. 2008, Olea et al. 2011).

With the ROS generation in COPD and asthma, there is an opportunity to investigate
strategies to reduce or protect against oxidative damage within pulmonary models, potentially
with the use of antioxidant supplementation. This could be investigated in multiple ways
including protection against direct ROS damage or through amelioration of physiologically

derived ROS such as hypoxia-induced.

1.4.3 Neurodegenerative Disease

AD is a chronic neurodegenerative disease which is characterised by cognitive decline and
memory loss. It was estimated that 850,000 people were living with AD in the UK in 2014
(Donegan et al. 2017). Whilst the cause of AD is poorly understood, oxidative stress has been
identified within disease pathology (Di Matteo and Esposito 2003, Schrag et al. 2013).
Oxidative stress has also been identified in the pathology of Parkinson’s Disease (PD). PD is
also a neurodegenerative condition, like AD, but of both genetic and idiopathic origin, the latter
of which accounts for up to 95% of diagnoses (Hwang 2013). In 2005, it was suggested that
between 4.1 and 4.6 million people over the age of 50 were diagnosed in western Europe,
with incidence predicted to double by 2030 (Dorsey et al. 2007).

Hypoxia is a documented inducer of oxidative stress and ROS within neurodegenerative
diseases, identified within AD and PD as well as correlated with increases in lipid peroxidation
and cognitive decline (Carbonell and Rama 2009, Popa-Wagner et al. 2013, Liu et al. 2016,
Kandikattu et al. 2017). Hypoxia has been specifically found to exacerbate clinical
manifestations such as augmented B-secretase synthesis, responsible partly for the cleavage
of the amyloid peptide precursor (APP), as well as direct induction of ROS (Smith et al. 2003,
Sun et al. 2006, Liu et al. 2016). The presence of neurofibrillary tangles of
hyperphosphorylated tau proteins and amyloid plaques, a deposit of both amyloid-p peptides
and metal ions in AD pathophysiology have been attributed to the generation of ROS (de Vries
et al. 2008, Azizi et al. 2015). As AD progresses, the amyloid-B peptides accumulate and
impact on patient’'s memory and learning. This can lead to neuronal cell toxicity and cell
compromise, causing brain atrophy (Hullinger and Puglielli 2016). These events are
synergistic of causing ROS, with metal ions specifically binding to histidine residues and
resulting in toxicity, reduced energy metabolism and compromising redox state. This
culminates in production of H.O, and further ROS generation (Vifia et al. 2004). Research
originating from 1996 has implicated free radicals in the development of AD and evidenced
this in ex vivo samples (Good et al. 1996, Torres et al. 2011, Mecocci and Polidori 2012).

Similarly, oxidative stress and reduced antioxidant capacity has been evidenced in vitro, in
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vivo and in AD patients (Schipper et al. 2006, Askarova et al. 2011, Gubandru et al. 2013,
Sanders et al. 2014).

Physiological hallmarks of PD are a loss of dopaminergic neurons, accompanied by astrocyte
compromise and the presence of Lewy body deposits in the substantia nigra pars compacta
(SNc) within the midbrain (Uttara et al. 2009, Flynn and Melov 2013). The SNc, instrumental
in inducing movement, contains the most evidence of oxidative damage including oxidised
DNA and lipids (Alam et al. 2002, Sasaki et al. 2006, Hwang 2013). Increased oxidative
damage within the mitochondrial of the SNc have been identified in PD alongside augmented
formation of the dopamine oxidative by-product cysteinyl-DOPA (Dihydroxyphenylalanine)
(Alam et al. 2002, Dias et al. 2013). There is a rich abundance of neuromelanin within this
area of the brain, which gives the dopamine neurons a black pigment. Neuromelanin is
believed to provide antioxidant-like protection against oxidative stress within the brain (Sasaki
et al. 2006). However, in a PD diseased brain, the loss of dopaminergic neurons reduces this
pigmentation and neuromelanin and leading to the development of PD symptoms. This
demonstrates the presence of oxidative stress as well as the need for antioxidant
supplementation to preserve dopaminergic neurons and neuromelanin (Sidoryk-

Wegrzynowicz et al. 2011).

The characteristic Lewy bodies found within the SNc are eosinophilic clusters, dense in
electrons and comprised mostly of a-synuclein. Whilst the function of Lewy bodies is unknown,
these biomarkers of dopaminergic neuronal compromise can be readily oxidised,
phosphorylated or ubiquinated which contribute to ROS production and oxidative damage (Gu
et al. 2010). Abnormal concentrations of a-synuclein within the mitochondria have also been
correlated with dysfunction of the ETC and oxidative stress in PD and could therefore provide
a therapeutic target (Devi et al. 2008). Specifically, dysfunction at ETC complex | has been
identified in PD patients and has fuelled the hypothesis of ROS involvement in PD. Impaired
ETC promotes incomplete OXPHOS and electron leakage, generating ROS (Drechsel and
Patel 2008, Grunewald et al. 2016). Increased iron levels, susceptible to the Fenton reaction,
have also been identified in SNc alongside lipid peroxidation and DNA oxidation in PD patients

post-mortem (Drechsel and Patel 2008).

The presence of oxidative stress within AD and PD pathology has therefore led to an increase
in research to understand the involvement of ROS in neurodegenerative disease progression.
Additionally, there is increasing investigation into potential ameliorative strategies such as with

antioxidants, primarily to delay progression or relieve symptoms.

Astrocytes are the most abundant glial cell within the central nervous system and are integral

in the maintenance of brain homeostasis (Kuchibhotla et al. 2010). They are involved in
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neurotransmitter regulation (Yang et al. 2009), inflammatory response through reactive
astrogliosis (Olsen et al. 2018) and synapse activity modulation (Yang et al. 2009, Reynolds
et al. 2019). Elevated levels of calcium (Ca?") have been identified within AD and correlated
with astrocyte hyperactivity, resulting in greater release of glutamate, and amyloid-3 plaque
formation (Lovell et al. 2001, Pierrot et al. 2006, Hoey et al. 2009, Kuchibhotla et al. 2010,
Ujita et al. 2017). This has been correlated with increases in ROS and lipid peroxidation in
murine models and patient samples and found to induce neurotoxicity alongside Ca?*
dependent reduction of glutathione (Lovell et al. 2001, Abramov et al. 2003, Brustovetskey et
al. 2005, Kuchibhotla et al. 2009, Gozalez-Reyes et al. 2017). Altered uptake of the
neurotransmitter glutamate by astrocytes, whereby inefficient uptake leads to glutamate
receptor overstimulation and neuronal excitotoxicity, has been considered a hallmark of early
astrocyte dysfunction and has been associated with cognitive decline and identified in AD
(Mookherjee et al. 2011). Therefore, in both incidences there is opportunity to explore the use
of antioxidants to mitigate the cytotoxicity that is encountered during AD or PD (Herrera et al.
2001, Frade et al. 2008). With such a variety of interactions, any alteration in function or loss
of astrocytes could significantly compromise neuronal cell integrity as well as brain function,
influencing disease severity. The latter of which has been shown previously, where increased
astrocyte apoptosis was correlated with dementia severity in patient samples as well as

neuronal cell loss (Broe et al. 2004).

The protective role of astrocytes has been identified in both AD and PD, but is more clearly
defined in AD. For example, reactive astrogliosis, the process by which astrocytes transform
into an inflammatory state triggered by local environment changes, has been reported within
AD (Wyss-Coray et al. 2003, Carter et al. 2012, Olsen et al. 2018). In AD, astrogliosis
centralises around the formation of amyloid-f plaques in a perceived protective capacity, with
astrocytes shown to internalise amyloid-f3, mediated by apoplipoprotein E, a protein that is
inefficient alone at degrading amyloid- in AD (Koistinaho et al. 2004, Nielsen et al. 2010,
Kobayashi et al. 2018). However, the progression of AD symptoms indicates that the process
of astrogliosis is not sustained, whether this is as a result of uncontrollable accumulating
amyloid-B or a loss of astrocytes is unclear. However, amyloid-3 depletes glutathione and
leaves astrocytes vulnerable to oxidative stress, which could explain the loss of astrocytes
associated with AD chronicity (Abramov et al. 2003). Therefore, the use of antioxidants may
reduce the extent of oxidative damage and prevent cell loss (Abramov et al. 2003).
Furthermore, it has been shown in AD post-mortem samples that the scavenger receptor B1
is defective compared to healthy controls, a receptor that mediates the internalisation of
amyloid-B. This receptor class are stimulated by oxidized lipids and decreases have been

associated with oxidative damage (Van Eck et al. 2007). Therefore, as disease progresses
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astrocytes may lose this receptor functionality which then corresponds to increases in amyloid-
B deposits and oxidative damage (Mulder et al. 2012); another opportunity for amelioration
with antioxidant supplementation. Astrogliosis has also been reported in PD, with evidence
suggesting both neuroprotective and toxic roles (Chen et al. 2009, di Domenico et al. 2019).
Conversely in PD, astrocytes internalise a-synuclein which has been correlated with neuronal
cell compromise rather than protection (Song et al. 2009, Halliday and Stevens 2011).
Similarly, the role of astrocytes and astrogliosis have been found to aid disease progression,
particularly in the SNc (Tong et al. 2015). Therefore, there is an alternative role for antioxidants
within PD whereby they could be used to reduce the inflammatory response associated with
astrogliosis, such as suggested with guggulipid, a myrrh extract, in rat astrocytoma cells
(Niranjan et al. 2012, Venkateshappa et al. 2011, Reichenbach et al. 2019).

Whilst their precise involvement in neurodegenerative disease progression has yet to be fully
elucidated but considering the diverse role they play in neuronal cell preservation as well as
maintaining brain function, minimising astrocyte cell loss or activity through ROS reducing

strategies could have future implications in delaying neurodegeneration disease.

1.5 Antioxidants

1.5.1 The Role of Antioxidants

Antioxidants are generated in vivo as well as sourced exogenously through the diet, nutritional
supplements and, more recently, cosmetics. The term ‘antioxidant’ is complex in its definition
and dependent on the industry and application. As a biological agent, antioxidants can be
defined as substrates that delay, remove or prevent oxidative stress to a target molecule even
when at low concentrations (Pisoschi and Pop 2015). This correlates with their action as
reducing agents capable of donating electrons and aiding free radical reduction (Saeidnia and
Abdollahi 2013). Within the food industry antioxidants can be used as preservatives to inhibit
the peroxidation of lipids within food products or used as polymerisation agents in forming
rubber or plastics within the chemical industry (Ajiboye and Scott 1982, Szeto et al. 2002,
Komethi et al. 2012, Clissold et al. 2018).

Whilst there are active biological mechanisms used to repair ROS-induced damage,
endogenous antioxidants are the first line defence with the objective to maintain the
homeostasis of pro-oxidants with antioxidants, thus prevent oxidative stress (Birben et al.
2012). The mechanism by which antioxidants maintain oxidative balance is dependent on the

antioxidant type. The main mechanisms utilised include the neutralising of ROS through
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catalytic reactions, inhibition of metal ion reactivity in the Haber-Weiss reaction, the breakage
of side chains targeting them for degradation, or by quenching unpaired electrons to form a

stable molecule (Rajendran et al. 2014).

1.5.2 The Antioxidant Response Pathway

Antioxidants were originally conceived to only act in a radical neutralising capacity. However,
there is now evidence to suggest that they also act as mediators of redox signalling
(Holmstrém and Finkel 2014). The most compelling evidence for this action is the activation
of the antioxidant response pathway, which maintains ROS production to low concentrations.
This is initiated by the regulation of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and its
complex formation with the antioxidant response element (ARE) exposed on genes that are
responsive to stress (Bolisetty and Jaimes 2013). It has been suggested that as well as
inhibiting ROS and oxidative stress, antioxidants are capable of inducing oxidative damage
repair mechanisms through PI3K and Nrf2 signalling pathways. This involves specific targeting
for removal or repair of oxidised proteins by enzymes such as those of the peroxidase family
(Pisoschi and Pop 2015).

Nrf2 is a p45 dimer and member of the musculaoaponeurotic fibrosarcoma (Maf) protein
family, which is responsible for modulating both anti-inflammatory and antioxidant signalling
(Popa-Wagner et al. 2013). Nrf2 is expressed in all tissues but sequestered in the cytosol by
kelch-like ECH-associated protein 1 (Keapl). Keapl promotes Nrf2 ubiquitination and
degradation, facilitated by Cullin 3 and associated ubiquitin E3 ligase synthesis, to maintain
its half-life at less than 20 minutes and mediate only essential Nrf2-associated gene translation
(Figure 1.7) (Cheng et al. 2011, Suzuki et al. 2013).
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Figure 1.7 Summary diagram of nuclear factor erythroid 2-related factor 2 (Nrf2) activation
following exposure to stressors including reactive oxygen species (ROS). Nrf2 is
predominantly sequestered in the cytoplasm by Kelch like-ECH-associated protein 1 (Keapl)
and ubiquitinated by Cullin 3, facilitated by E3 ligase. Upon exposure to ROS, Nrf2 dissociates
from Keapl and is translocated to the nucleus where it forms a heterodimer with a
musculoaponeurotic fibrosarcoma (Maf) protein and binds to the antioxidant response element
(ARE). Original figure summarised from (Cheng et al. 2011, Scapagnini et al. 2011, Suzuki et
al. 2013).

Increased oxidative stress stimulates Nrf2 phosphorylation by PKC activation, permitting Nrf2
to disassociate from Keapl and translocate to the nucleus for complementary binding to the
ARE (Ben-Yehuda Greenwald et al. 2016). Complementary binding facilitates gene
transcription of endogenous antioxidants and xenobiotic metabolising enzymes such as
thioredoxin and NADPH (Richardson et al. 2015). The cysteine residues of Keap1, specifically
Cys273 and 288 within its intervening region domain, are also readily oxidised by ROS leading
to Nrf2 dissociation from the Keapl complex (Li et al. 2004). This oxidative modification

compromises the Keapl-Cullin 3 and E3 ligase complex, decreasing ubiquitination frequency
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and leading to an overall Nrf2 accumulation and antioxidant response intensification (Taguchi
et al. 2011).

1.5.3 Endogenous Antioxidants

Endogenous antioxidants, as induced by Nrf2 pathway activation, are located in the cell
membrane and are categorised as either enzymatic or non-enzymatic (Halliwell 2013). As
these enzymes are integral in antioxidant defence and also detoxification systems, their
expression can be deemed pivotal in the prevention of mutagenesis and disease (Rajendran
et al. 2014).

SOD, an enzymatic endogenous antioxidant, is a highly efficient mitochondrial antioxidant
capable of eliminating O, in all compartments of the mitochondria. It exists in three isomers;
SOD1, also known as CuSOD or ZnSOD; SOD2, also known as MnSOD; and SOD3, similar
to SOD1 but located in the extracellular mitochondrial matrix rather than the cytosol (Turrens
2003, Fukai and Ushio-Fukai 2011, Lénn et al. 2012). A reduction in SOD has been identified
in a number of disease pathologies including AD and asthma, with clinical trials suggesting
that SOD supplementation could partially alleviate oxidative stress (Rosenfeld et al. 1996,
Ozcankaya and Delibas 2002, Davis et al. 2003, Dumont et al. 2009). Catalase, another
endogenous enzymatic antioxidant, has a high affinity for H.O-, catalysing its decomposition
into O, and H>O. Similar to SOD, a number of studies have aimed to increase catalase to
alleviate oxidative stress using both in vitro and in vivo models with positive effects on
biomarkers of oxidative stress (Noeman et al. 2011, de Farias et al. 2016, Singh et al. 2017).
A transgenic murine model of catalase overexpression demonstrated the benefit of catalase
action in reducing H2O- production, oxidative damage as well as adverse cardiac pathology
(Schriner et al. 2005).

Non-enzymatic, also considered metabolic, endogenous antioxidants are those that are a
metabolic by-product and include glutathione and ubiquinone (Pham-Huy et al. 2008).
Glutathione exists in both a reduced (GSH) and oxidised state (GSSG), with the ratio between
the two being identified as an important biomarker of health and subsequent decline in this
ratio indicative of oxidative stress. This has been particularly attributed to the development of
neurodegenerative disease (Johnson et al. 2012, Sung et al. 2013). Ubiquinone, also known
as coenzyme Q10, was first isolated in 1957 and is sourced both endogenously from the
mitochondrial inner membrane and lipoproteins present in plasma (Prakash et al. 2010).
Involved directly in the ETC to facilitate ATP formation, it is considered a free radical
scavenger and is ideally situated within cellular membranes to inhibit lipid peroxidation
(Prakash et al. 2010, Sourris et al. 2012).
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1.5.4 Exogenous Antioxidants

The predominant source of exogenous antioxidants is through ingestion of fruits and
vegetables in which at least 3,100 antioxidants have been identified. Some postulate that
without dietary intake, the endogenous antioxidant system would be inefficient, which
highlights the opportunity to investigate exogenous supplementation to benefit health and
reduce disease incidence (Bouayed and Bohn 2010, Rajendran et al. 2014). Examples of
dietary antioxidants include vitamins A, C, and E as well as lycopene, selenium and
polyphenols (Pham-Huy et al. 2008). Dietary antioxidant deficiency has long been correlated
with the development of chronic conditions and disease, with individual nutrients being
specifically linked to certain conditions including xerophthalmia, a progressive loss of vision
(Sommer 2008). The New Zealand CHALICE study identified a correlation between high levels
of vitamin C and improved metabolic health, including lowered risk of developing DM, in
participants over 50 years old, indicating the importance of good nutritional health when

compared to participants with lower levels of vitamin C (Pearson et al. 2017).

Another subset of exogenous antioxidants are phenol-based compounds. These are
secondary metabolites of plant origin which are diverse in source and structure with the group
subdivided into flavonoids and non-flavonoids. Together they are found in the majority of the
350 foods consumed by the human population that are derived from plants (Tomé-Carneiro et
al. 2013). The flavonoid polyphenols include quercetin and catechin and are components
found in green tea (Tomé-Carneiro et al. 2013). Recently flavonoids have been the subject of
many clinical trials as well as scrutinised in vitro, with results indicating these compounds to
be anti-inflammatory as well as protective against DNA damage (Min and Ebeler 2009, Bisht
et al. 2010, Kapoor and Kakkar 2012, Panat et al. 2016). Non-flavonoid compounds include
caffeix acid, pentagalloyl glucose and resveratrol (Bisht et al. 2010). Resveratrol is a widely
researched antioxidant supplement evaluated in vitro, in vivo and in clinical trials to reduce
oxidative damage as well as investigated in models of COPD, asthma, AD and cancer
(Rahman 2008, Gonzalez et al. 2011, Ma et al. 2014, Berman et al. 2017).

1.5.5 Tiron

Tiron, 4,5-Dihydroxy-1,3-benzenedisulfonic acid disodium salt monohydrate, is a synthetic
vitamin E analogue first characterised in 1964 (Figure 1.8) (McBryde 1964). In 1970, Tiron
was identified as having beneficial ROS reducing properties and the interest in its therapeutic
use has grown (Hatefi and Hanstein 1970). Tiron has been classified as a O, detector
molecule and a diphenol, which reacts readily with O, to produce a reactive semiquinone by-

product (Yang et al. 2007, Taiwo 2008). Tiron has also been described chemically as a spin
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trap, capable of metal chelation additional to its cell-permeable ROS reducing ability (Taiwo
2008, Vorobjeva and Pinegin 2016).

803Na

HO SO3Na
OH

Figure 1.8 Chemical formulation of Tiron (Sigma-Aldrich, UK)

Tiron’s precise mechanism of action has yet to be comprehensively ascertained despite Tiron
being widely used in vitro. Studies have used Tiron to partially alleviate metal toxicity, due to
its metal chelating ability, and to confirm the mechanism of action of other compounds
including Bortezomib, an anti-cancer agent (Ling et al. 2003, Sharma et al. 2007). As a result
of its ROS reducing ability, Tiron demonstrated that Bortezomib’s mechanism of action
involved the induction of ROS evidenced by the decreased production of ROS and increased

cell survival (Ling et al. 2003).

Tiron has also been used for a proof-of-concept control, indicating a role for ROS and oxidative
stress within disease pathology (Gao et al. 2007, Won et al. 2012, Fan et al. 2014). For
example, Tiron has highlighted the role of ROS within DM in bovine endothelial aortic cells by
reducing AGE-induced ROS production (He et al. 2011). Similarly, Tiron demonstrated
HIF-1a stabilisation during normoxia and its accumulation as a result of hypoxia in an

investigation of the role of nitric oxide during hypoxia (Callapina et al. 2005).

Tiron has also been used in the reduction of oxidative stress as a control antioxidant compared
to other exogenous supplementation, frequently mirroring or exceeding the results obtained
with the antioxidant of interest (Vaquero et al. 2004, Yang et al. 2007, Kim et al. 2011, Alleva
et al. 2016, 2018). For example, Tiron demonstrated amelioration of phorbol-12-myristate-13-
acetate (PMA) induced ROS at increasing concentrations (0.2-2 mM) and exceeding results
obtained with Trolox and Tempol (Vorobjeva and Pinegin 2016). Tiron has also demonstrated
significant ROS protection comparable to, but in some studies exceeding, Resveratrol and
vitamin C against the effects of the chemotherapeutic temozolomide (Lin et al. 2012).
However, when administered with temozolomide, Tiron demonstrated an increase in

apoptosis, compromising human glioblastoma (U87MG) cells and thereby enhancing the
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chemotherapeutic effect of temozolomide (Lin et al. 2012). This study demonstrated not only
the antioxidant effect of Tiron comparable to other exogenous antioxidants, but also indicates

a wider use to therapeutically intensify the efficacy of some xenobiotics.

Despite evidence of good tolerance in vitro and in vivo, there is an absence of data relating to
the clinical use of Tiron. This could be as a result of lack of clarity as to Tiron’s precise
mechanism of action and the range of protection it could elicit, such as against mtDNA
damage, in ‘normal’ cells rather than cancerous and of different origins. Therefore, there is an

investigative opportunity to explore the protective use of Tiron to establish its clinical potential.

1.5.6 Current Status of Antioxidant Research

Since the publication of the Denham Harman’s free radical theory of aging in the 1950s, there
have been a number of studies investigating the use of antioxidant supplements to improve
longevity as well as disease prevention (Sackesen et al. 2008, Mecocci and Polidori 2012,
Gupta et al. 2012, Halliwell 2013). For example, Hydroxytyrosol, an extract from olive oil has
demonstrated significant protective effects across multiple clinical trials. It has demonstrated
protectivity against mercury toxicity in human erythrocytes (Officioso et al. 2018) and
ameliorated oxidative stress through Nrf2 activation and ROS scavenging in rat
pheochromocytoma cells (Peng et al. 2015). In healthy volunteers, it has also demonstrated
reductions in MDA but increases in antioxidant status and SOD expression (Colica et al. 2017).
Recently, hydroxytyrosol has shown to improve fetal antioxidant status, improve glucose
metabolism and reduce DNA hypomethylation correlated with oxidative stress and alleviate
intrauterine growth restriction in expectant mothers (Garcia-Contreras et al. 2019). Currently,
hydroxytyrosol has not demonstrated adverse effects following supplementation and could
have beneficial effects in diseases associated with aging including neurodegenerative disease
(de Pablos et al. 2019, Smeriglio et al. 2019).

Resveratrol is a popular antioxidant examined in the prevention or treatment of disease or
toxicity. In vitro evidence has demonstrated Resveratrol’s oxidative damage amelioration in
human erthryocytes and lymphocytes (Suwalsky et al. 2015, Albuquerque et al. 2015) and
demonstrated efficacy within the treatment of neurodegenerative disease through activation
of autophagy to reduce oxidative damage (Wang et al. 2018). In vivo, Resveratrol has
demonstrated protection against copper oxide toxicity (Khalid et al. 2018), inhibit the
reproductive toxicity associated with deoxynivalenol, an ingestible mycotoxin found in food
grains (Kolesarova et al. 2012) and shown to improve left ventricular relaxation associated
with T2D through oxidative stress inhibition (Zhang et al. 2010). Clinically, Resveratrol has
been shown to be well tolerated in healthy individuals (Sergides et al. 2016) and to have

beneficial results in improving glucose control and insulin sensitivity in T2D patients (Zhu et
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al. 2017, Seyyedebrahimi et al. 2018) as well as an anti-inflammatory effect in AD patients
(Moussa et al. 2017). However, it has also been reported that Resveratrol has pro-oxidative
and cytotoxic effects depending on the length treatment and potential conjugate formation
such as with a-dicarbonyls, which are increased during hyperglycaemia (Martins et al. 2014,
Arcanjo et al. 2018). Furthermore, interactions with vital metabolising enzymes including
CYP1A2 and CYP3A4 have been found with Resveratrol supplementation (Chow et al. 2010,
Hyrsova et al. 2019) including pre-treatment and reducing the clearance of the anticonvulsant
carbamazepine through inhibition of the CYP3A4 enzyme in a healthy population, which could
lead to toxicity through increased accumulation (Bedada and Nearati 2015). These findings
indicate that supplementation with Resveratrol, whilst potentially beneficial in reducing
oxidative stress, may have adverse drug interactions which may inadvertently lead to reduced
treatment efficacy or toxicity and demonstrates the need for considerable research into the
pharmacokinetics and pharmacodynamics of antioxidant compounds being studied in clinical

trials.

As with Resveratrol, Vitamin E has been widely researched for its antioxidant benefits. In vitro
and in vivo evidence has demonstrated reduction of oxidative stress in models of preeclampsia
(Fiore and Capasso 2008), asthma (Cui et al. 2019) and osteoarthritis (Bhatti et al. 2017).
Vitamin E deficiency in vivo has also been correlated with cognitive decline and oxidative
stress (Fukui et al. 2015) as well as motor hypofunction (Yoshida et al. 2010), with elevation
in vitamin E levels found to decrease the risk of developing AD (Mangialasche et al. 2010,
Dong et al. 2018). Supporting this, it has been shown that vitamin E supplementation slowed
cognitive decline in patients with mild to moderate AD (Dysken et al. 2014). On the other hand
there have also been mixed results in the treatment of AD with vitamin E, where
supplementation has been found to have no significant effect, contrary to other publications,
and indicating more mechanisms are involved (Fraina et al. 2017, Kryscio et al. 2017).
Adverse effects with vitamin E have also been reported with reproductive toxicity observed in
rats leading to decreased synapse density and plasticity within the hippocampus and causing
deficits maintained into adulthood (Betti et al. 2011, Salucci et al. 2014). Additionally, vitamin
E supplementation has been correlated with an increased risk of prostate cancer within the
healthy male population (Klein et al. 2011). Therefore, the incidence of deficit or disease needs
consideration in the use of vitamin E as a supplement and warrants further scrutiny,

highlighting the need to expand antioxidant supplementation research.

The inconsistency in translation of in vitro data to human trials with antioxidant
supplementation or the more recent discovery of adverse effects can potentially be attributed
to an absence of understanding of the pharmacology, particularly in the case of Resveratrol.

This is the caveat with the use of poorly understood vitamin supplementation and therefore
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advocates the study of compounds more thoroughly at cellular level before escalation to in
vivo or clinic. To address this, there has been an increase in fundamental research into
exogenous antioxidant supplementation which re-focus draws upon both in vitro and in vivo
evidence, leading to a better understanding of the antioxidant mechanism and prediction of

positive responses in clinic (Oztiirk et al. 2017).

Consideration must also be given to the role of antioxidant supplementation in the essential
physiological interaction of low concentrations of ROS. Thus, significant work is required to
ascertain the thresholds at which supplementation can be rendered beneficial as well as
before toxicity is encountered. These elementary uncertainties demonstrate the infancy of this
field of understanding, regardless of the extensive use of antioxidant supplementation within
clinical trials. As a result, it is paramount that functional and pharmacological studies are
undertaken across a multitude of tissues in vitro before optimisation for dosing and eventual

admission into human trials.

1.6 Aims of this Research

The aim of this research was to develop evidence to support or counter the use of Tiron as a
protective antioxidant against ROS induced cellular damage. This was evaluated in three
human cell lines including renal proximal tubular, bronchial epithelial and astroglial cells.
These cell lines were selected due to their clinical relevance, in which each cell line has been
identified as ROS-damaged within diabetes, COPD and Alzheimer’s disease. The following

was evaluated in each cell line:

a) Assessment of the effect of Tiron on cell viability at different concentrations, identifying a

suitable test concentration.

b) Evaluation of Tiron’s use to inhibit the formation of DNA strand breaks caused by H20>
treatment or physiological inducers of ROS using a quantitative polymerase chain reaction
(gPCR) method.

c) Examination of Tiron’s effect on lipid peroxidation through MDA detection after treatment
with both ROS-inducing methods.

d) Exploration of the effect of Tiron on the Nrf2 pathway in the presence of H,O, through
ELISA.
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Chapter 2 — Methods and Materials

To achieve the research aims detailed in the previous chapter, in vitro methodology was used

and is detailed below.

2.1 Reagents and Buffers

Name Formula/Recipe/Dilution Use

H20, H.0, was diluted from 9.8 M (Sigma-Aldrich, UK) to | Direct application of
a stock concentration of 10 mM by adding 5 pL of ROS
9.8 M H»0; to 10 ml serum-free culture medium,

protected from light and diluted as appropriate.

Phosphate | 8.0 g/L sodium chloride (NaCl), 0.2g/L potassium Extensively used as a

buffered chloride (KCI), 2.9 g/L sodium dihydrogen wash buffer across
saline phosphate dodecahydrate (Na;HPO,4.12H,0) and all protocols
(PBS) 0.2 g/L monopotassium phosphate (KH2PO4) in 1 L

of deionised H:O.

All salts were supplied by Fisher Scientific (UK).

Tiron The following stock solutions were made, sterile ROS reducing agent
filtered using a 0.22 um syringe filter (Fisher, UK)
and diluted as appropriate; 25.78 mg in 20 ml PBS
to give 4 M stock; 161mg in 2ml PBS to give 250

mM stock.
Tris X10 stock formulated by dissolving 108 g/L tris Used during
borate base, 55 g/L boric acid, 9.5 g/L; EDTA-disodium gel electrophoresis
EDTA dihydrate (EDTA-Naz.2H,0) and adjusted to pH 8.0
(TBE) in 1 L distilled water. Stock was diluted as

appropriate.

Table 2.1. Formulation of reagent and buffer stock solutions.
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2.2 Cell Culture

2.2.1 Cell Culture Maintenance

Human renal epithelial tubular (HKC-8), human bronchial epithelial (BEAS-2B) and human
astroglial (SVGp12) immortalised cell lines were used in this thesis. Each cell line was
routinely cultured in 75 cm? (T75) cell culture flasks (Fisher, UK) and 20 ml culture medium,
with passaging taking place at 80% confluency to prevent morphological changes and cell
differentiation. Similarly, cells were not passaged beyond 25. All cells were incubated at 37 °C
in 5% CO- in a NU-5500 IR Autoflow direct heat CO- incubator (NUAIRE, UK) unless otherwise

stated.

In general, cells for passage were trypsinised for 10 minutes at 37 °C with 2 ml Trypsin-EDTA
(x2.5) (Labtech, UK). Trypsin, a digestive enzyme derived from the precursor trypsinogen,
elicits its action at 37 °C and degrades cellular bonds with the culture flask, causing cells to
detach. An equal volume of culture medium was added to the trypsinised cells, as the foetal
bovine serum (FBS) present within culture medium contains neutralising anti-trypsinogen, and
cells were pelleted by centrifugation (5 minutes, 350 x g) (Brunner et al. 2010). The cell pellet
was resuspended in culture medium and passaged appropriately depending on requirements.
When required for assay, cells were counted using a haemocytometer to ensure a correct and

consistent seeding density was plated.

The cell culture methods specific to each cell line, including the culture medium, are found in

the chapters relevant to each cell line.

2.2.2 Cell Storage and Revival

Cells for prolonged storage were suspended in solution containing 10% dimethyl sulfoxide
(DMSO) with 90% FBS at a density of 1x10° cells/ml. This was then transferred into a cryovial

for slow freeze before storing in liquid nitrogen.

When required, stored cells were thawed in a 37 °C water bath. The contents of the cryovial
were transferred into a 25 cm? culture flask (T25) (Fisher, UK). The culture medium (10 ml)
was changed after 24 hours to remove the DMSO from the culture, eliminating any potential
growth inhibition. These cells were transferred to a T75 after 3-5 days and were not used
experimentally for at least a week (3 passages), allowing adequate growth to re-establish the

culture.
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2.2.3 Mycoplasma Testing

2.2.3.1 Sample Preparation

Each cell line was routinely tested for mycoplasma contamination using the LookOut®
Mycoplasma PCR Detection Kit and recommended Jumpstart™ Taq DNA polymerase
(Sigma-Aldrich, UK). Mycoplasma is a virulent contaminant within cell culture, which is
inconspicuous compared to the presence of yeast or other bacterial infection. Hallmarks of
mycoplasma contamination include impaired cell growth and morphological changes, the latter
of which can render the affected cell line a different subtype (Burnett and Penn 2013). This
procedure was carried out according to manufacturer's guidelines. In brief; cell culture
supernatant was aliquoted and incubated at 95 °C for 5 minutes and centrifuged for 5 seconds
to remove extra cellular debris prior to adding it to polymerase chain reaction (PCR) mixture.
2 ul of culture supernatant was added to 23 pul kit supplied rehydration buffer in duplicate,
which was comprised of 0.5 pl of DNA polymerase per test. Along with a kit supplied positive
and negative control the thermal cycler profile was conducted using a Mastercycler® nexus
(Eppendorf, UK), the conditions can be found in Table 2.2. Following this, samples were

cooled to 4°C and separated via agarose gel electrophoresis.

Stage Time (seconds) Temperature (°C)
Heating 120 94
Denaturation 30 94
Annealing 30 55
Extension 40 72

Table 2.2. Conditions for mycoplasma PCR analysis conducted for 40 cycles.

2.2.3.2 Gel Electrophoresis

PCR amplicons were separated using gel electrophoresis as described above. Each agarose
gel was made to 1.2% with TBE and heated until dissolved. 2 pl of GelRed nucleic acid stain
(Biotium, UK) was added to the agarose once cooled and before pouring into the gel tank
(Fisher, UK). The gel was left to set, with the comb and endplates in place, before filling the
apparatus with TBE. 5 pl of loading dye was added to each sample and mixed by continuous
pipetting, before loading 10 pl of the sample into each well of the gel additional to a 10 pul DNA
ladder (New England Biolabs, UK). Samples were separated at 50 volts for 45-60 minutes and
imaged using a GelDoc™EZ System (Bio-Rad, UK) and Image Lab™ software (Bio-Rad, UK).

Mycoplasma negative samples had a band of 481 base pairs (bp), whilst positive samples had
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a band at 259bp. Samples were considered to be mycoplasma contaminated at 260+8bp
compared to kit-supplied controls. The visualisation of both bands was indicative of light to
moderate contamination in the sample, whilst a single band around 259bp was considered

heavily contamination as directed by the manufacturer.

2.3 ROS Induction

2.3.1 Direct Application of ROS with H202

ROS was directly applied to cell culture using H.O2 and has been used across literature to
model oxidative stress and associated damage (Baek et al. 2003, Makino et al. 2003, Singh
et al. 2007, Du et al. 2017). H.O, was purchased at a stock concentration of 9.8 M (30% w/w
solution) from Sigma-Aldrich (UK), stored in aliquots at 4 °C in the dark and changed monthly
to prevent using denatured stock. All concentrations of H,O, were diluted to a 10 mM stock
(Table 2.1) in the relevant serum-free cell culture medium before treatment of cells for 1 hour
at room temperature and protected from light. A singular concentration of H.O; to sufficiently
induce damage was determined within a range (0.25-10 mM) on an individual cell line basis
using the mtDNA strand break assay (sections 3.2.2.1, 4.2.2.1 and 5.2.2.1).

2.3.2 Physiological ROS Induction

2.3.2.1 Glucose

D-Glucose solution (Gibco, UK) supplemented into cell culture medium was used to mimic
hyperglycaemic conditions in HKC-8 cells. The relationship between oxidative stress and high
glucose concentrations are detailed in chapters 1 and the rationale for use in chapter 3.
Extensive optimisation of glucose concentration, over a range of 25-150 mM, as well as

incubation time were required and is documented in chapter 3.

2.3.2.2 Hypoxia

Hypoxia was used to induce ROS in both BEAS-2B and SVGp12 cells (chapter 4 and 5
respectively). Hypoxia has been associated with dysfunction of the mitochondria additional to
its induction of oxidative stress as detailed in chapter 1. For this research, optimisation was
required to identify a suitable length of time (1-120 hours) to induce significant ROS and
MtDNA damage ascertained prior to experimentation using a New Brunswick Galaxy 48 R
(Eppendorf, UK) incubator with 1% O»and 5% CO.. Cells treated as the normoxic control were

maintained under normal culture conditions at atmospheric O (21%).
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2.3.3 Confirmation of ROS formation

2.3.3.1 Principle of ROS Detection Assay

A 2',7’-dichlorofluorescin diacetate (DCFDA) detection kit was purchased from Abcam (UK)
and used to confirm the generation of non-specific ROS within live cell culture. DCFDA is a
cell permeable compound deacetylated to a non-fluorescent molecule by cellular esterases.
Detectable ROS are then capable of oxidising the molecule to 2’,7’-dichlorofluorescein (DCF),
which emits a measurable fluorescence deemed proportional to the ROS within cells and is
measurable fluorometrically and with flow cytometry (Figure 2.1) (Eruslanov and Kusmartsev
2010).
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Figure 2.1 Schematic of the DCFDA reaction to form the fluorescent product for quantification
DCF as a result of esterase activity converting DCFDA to DCFH before oxidisation to DCF
through ROS interaction, original figure created based on DCFDA assay principle (Eruslanov

and Kusmartsev 2010).

2.3.3.2 Fluorometric Measurement

The assay staining was performed according to manufacturer’s instructions and utilised in the
optimisation of ROS production by H,O2, glucose and hypoxia. In brief; cells were seeded at
25,000 cells per well in a black sided, clear bottomed 96 well micro-titre plate (Fisher, UK) and
incubated for 24 hours before application of treatment. Following completion of treatment,
DCFDA dye was applied to the culture at 25 pM per well and protected from light during a 45-
minute incubation at 37 °C. The cells were washed with 1x kit buffer before ROS-inducing
compounds were applied. Tert-Butyl hydroperoxide (tBHP), an oxidiser of DCFDA, at a
concentration of 50 pM for 4 hours was used to validate this assay as a positive control
instructed by the manufacturer. Finally, the fluorescence was measured with buffer and vehicle
control ‘blank’ readings subtracted from all data points prior to analysis. The fluorescence
emitted by oxidised DCF was measured using a FLUOstar OPTIMA (BMG Labtech, UK) with

an excitation and emission wavelength of 485 nm and 520 nm respectively. This method was
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set up in parallel with the cell viability assays and provided good reproducibility between
replicates. Fluorometric measurement in this assay was chosen for its high through-put
capabilities during optimisation and used to indicate the production of ROS by various
treatments, including H»O;, glucose and hypoxia, over multiple concentrations and time
courses. This data was used alongside the measurement of mtDNA strand breaks through
gPCR (section 2.5.4) and demonstrated concentration or time related increases in ROS

production.

2.3.3.3 Flow Cytometry

DCF oxidation was also quantified with flow cytometry using a BD Accuri™ C6 Plus flow
cytometer (BD Biosciences, UK). For this protocol, cells were grown to 70% confluency in T25
flasks and treated with optimised H.O-, high glucose or hypoxia following treatment with Tiron
if applicable (described in section 2.4). In preparation for staining, cells were trypsinised and
stained with 20 uM DCFDA in cell culture medium and incubated for 30 minutes at 37 °C either
before or after ROS treatment, detailed in the relevant chapter (3.2.2.3, 4.2.2.3, 5.2.2.3). For
analysis, the DCF was excited at 488 nm and detected at 535 nm. The flow cytometry method
provided a more detailed evaluation of intracellular ROS production and the effects of
treatment, through discrimination between stained and unstained cells within larger
populations, singlet population identification and debris exclusion through applying
appropriate gating strategies, compared to the fluorometric read-out that indicated the
average emission detected per well. The results obtained by flow cytometry supported the

assays modelling oxidative damage, indicating Tiron’s potential use in reducing such damage.

2.3.3.4 Data Analysis

Both methods were presented within this thesis to demonstrate the optimisation assays as
well as the effects of Tiron treatment. DCF oxidisation measured fluorometrically was
determined following subtraction of blank readings from all measurements and calculating the
fold change compared to the untreated control. For flow cytometry analysis, DCF fluorescence
intensity was obtained using BD Accuri™ C6 Plus software (BD Biosciences, UK) and
averaged per treatment. A one-way ANOVA with a Dunnett’s post-hoc test applied to data
sets evaluating a concentration or incubation range for a single treatment, such as H>O; or
hypoxia. A Tukey post-hoc test was applied to identify differences between treatment groups
with flow cytometry. Furthermore, a two-way ANOVA with Bonferroni correction post-hoc test
was applied where two variables were measured such as concentration or incubation
alongside ROS induction. Data was presented graphically as mean + SEM (GraphPad Prism,
USA).
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2.4 Treatment with Tiron

2.4.1 Formulation of Tiron

Tiron (Sigma-Aldrich, UK) was dissolved in PBS to a concentration of 250 mM stock, or 4 M
in the assessment of the dose at which Tiron reduced cell viability to 50% (LD50), as detailed
in Table 2.1. The stock was then diluted to required and optimised concentrations in culture
medium (1-10 mM). Unless stated, cell culture medium containing Tiron was removed prior to
the induction or application of ROS in each cell line, described as ‘pre-treatment’ throughout

this thesis.
2.4.2 Cell Viability

2.4.2.1 Purpose of Cell Viability Assessment

Cell viability was assessed to establish an LD50 for Tiron in each cell line using a concentration
range of 0 to 2 M. Cell viability was then assessed at lower concentrations (1-10 mM) in order
to determine a suitable test concentration that did not significantly affect cell viability. The
effects of prolonged (48-120 hours) treatment with Tiron was also assessed at the test
concentration, as directed in each chapter. As Tiron was solubilised in PBS before dilution
with appropriate culture medium, a vehicle control with appropriate PBS volumes was included

in each viability assay detailed below.

2.4.2.2 Mitochondria Dependent Viability Assessment

A resazurin based colourimetric toxicology assay, known as the TOX-8 assay, was purchased
from Sigma-Aldrich (UK) and used to assess the effect of compounds on cell viability. The
TOX-8 assay indicates the integrity of the mitochondria through the catalytic ability of
mitochondrial oxidoreductases facilitating the reduction of resazurin to resorufin and
dihydroresorufin. This reduction induces a colourimetric change where the rate of dye
reduction, from blue to pink, is proportional to cellular viability measured

spectrophotometrically (Figure 2.2) (Anoopkumar-Dukie et al. 2005, Riss et al. 2013).
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Figure 2.2 Colourimetric reduction of resazurin (blue) to resorufin (pink) proportional to cell
viability. This image demonstrates a cell viability reduction gradient from viable to 50% viability

(left to right) and is an original figure.

The TOX-8 assay was carried out in a 96 well micro-titre plate (Fisher, UK) with cells seeded
at 10,000 cells per well and incubated overnight. After 24 hours, with a confluency of at least
60%, the culture medium was replaced with test concentrations of Tiron, H,O, and glucose
diluted in culture medium. Once the relevant treatments were applied to each well, they were
incubated for a further 24-120 hours depending on the cell line and assay aim. In the
assessment of hypoxic effect on cell viability, separate plates were set up for those cultured
in hypoxic as well as normal conditions. Prior to analysis, 10 ul of TOX-8 reagent was added
to each well, where the cells were at least 80% confluent, and incubated for 2 hours. The
results were then read spectrophotometrically at 592 nm with a 690 nm reference using a

Sunrise plate-reader and associated XFluor4™ software (Tecan, USA).

2.4.2.3 Mitochondria Independent Viability Assessment

A second assay independent of the mitochondria and metabolic activity was also used to
assess cell viability, to support the results of the TOX-8 kit. A sulforhodamine B (SRB) based
assay kit (Sigma-Aldrich, UK), also known as TOX-6, was used to indicate cell number,
something that is not correlated accurately with metabolic-based stains such as resazurin.
This assay relies on SRB’s ability to bind with cellular proteins that have been fixed with
trichloroacetic acid (TCA) and therefore culminates as a measurement of cellular density
following treatment (Vichai and Kirtikara 2006). The SRB pink aminoxanthene dye contains
sulfonic groups which, under acidic conditions, bind to cellular amino-acid residues (Figure
2.3). This dye is solubilised for detection when conditions are alkaline through the addition of
Tris base (Voigt 2005, Vichai and Kirtikara 2006).
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Figure 2.3 An original figure depicting air dried wells containing cells stained with SRB solution

before solubilisation with tris base solution.

For this assay, cells were seeded and treated as described in section 2.4.2.2. Following the
completion of treatment (Tiron or ROS as required), 25 pl of 50% (w/v) trichloroacetic acid
solution, a fixative, was added on top of culture medium and incubated at 4 °C for 1 hour.
Plates were then washed with PBS and air dried. Following this, 50 pl of 0.4% SRB solution
was added to each well and stained for 30 minutes. The stain was removed and rinsed rapidly
with 1% acetic acid solution. Once air dried, SRB was solubilised with 100 pl of 10 mM tris
base solution with 5 minutes of gyration before reading spectrophotometrically at 565nm

absorbance with a reference of 690nm.

2.4.2.4 Data Analysis

All data was normalised against the untreated control using Excel (Microsoft, USA) and was
analysed according to manufacturer's guidance as follows; for TOX-8 assay the mean
absorbance (n=6) for the untreated control was divided by the mean absorbance at the test
concentration and given as a percentage; for the SRB assay, the calculation was the inverse
following subtraction of the blank control. The LD50 was calculated using the dose-response
vs. normalised response function using statistical software (GraphPad Prism, USA). A one-
way ANOVA with Dunnett’s post-hoc test was conducted in data sets which measured an
increase in concentration or treatment duration only. A two-way ANOVA was applied with
Bonferroni correction post-hoc test where two variables were quantified, the effect of
concentration or treatment duration, and the effect of ROS. Data was presented graphically

as mean = the standard error of mean (SEM) (GraphPad Prism, USA).
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2.5 Measurement of ROS Damage

2.5.1 Method Principle

Quantitative polymerase chain reaction (QPCR) assays are frequently used to detect DNA
damage within different biological samples. The assay used in this thesis was conceptualised
by Birch-Machin et al at Newcastle University and utilised primers specific to the mitochondrial
genome to identify mtDNA strand breaks (Oyewole et al. 2014, Hanna et al. 2018). As detailed
in chapter 1, the mitochondrion is an excellent biomarker for DNA damage due to its absence
of protective histones and limited repair mechanisms (Malik and Czajka 2013, Bowman et al.
2013, Stewart and Chinnery 2015). Through gPCR, a new formed mtDNA product is
detectable as a PCR amplicon following successful binding of the SYBR green dye, emitting
a measurable fluorescence. The generated CT (cycle threshold) value represents the number
of cycles required before the product was sufficiently amplified to a threshold (Hunter et al.
2010).

2.5.2 DNA Extraction

Prior to the assessment of mtDNA strand breaks by gPCR, cells were seeded at a density of
5x10° cells per 60 mm dish (Fisher,UK) and with cell-specific treatment conditions, as
highlighted in the relevant chapters (sections 3.2, 4.2 and 5.2) .

Following treatment completion, cells were trypsinised and DNA extractred using the QIAmp
DNA mini kit following the manufacturer's protocol (Qiagen, UK). The concentration of
extracted nucleic acid was estimated using a NanoDrop™One spectrophotometer (Thermo
Fisher Scientific, UK) at 260 nm wavelength against kit-supplied buffer AE as the blank
reagent. This step was performed to evaluate the quality of extracted DNA, with samples
demonstrating undistorted curves of greater than 20 ng/ul analysed further by gPCR. DNA
was stored at 4 °C until required for analysis and dilution to 10 ng/ul with PCR-grade H»O
(Gibco, UK).

2.5.3 Determination of Mitochondrial Copy Number with an 83bp Amplicon

Following DNA extraction, a small (83bp) region of the mitochondria unlikely to contain
damage, was used to align mitochondrial copy before assessment of mtDNA strand breaks
(Passos et al. 2007, Gilkerson and Schon 2008, Malik et al. 2011, Gonzalez-Hunt et al. 2016).
The method of DNA extraction used extracted all DNA, rather than mtDNA in isolation,
therefore the nucleic acid content was determined as detailed in 2.5.1. A region of 83bp,
located at position 16042 to 16124 of the mitochondrial genome, was then amplified by gPCR
(Bio-Rad CFX Connect™ (Bio-Rad, UK)) to determine the relative copy number of
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mitochondria per extracted DNA sample. The presence of damaged mtDNA within this region
has been hypothesised to be unlikely due to its short sequence length, indicating the suitability
of its use to align mitochondrial copy number (Passos et al. 2007, Hunter et al. 2010, Rothfuss
et al. 2010). Approximation of the relative mitochondrial copy number meant that equal
concentrations of mtDNA could be measured for their mtDNA damage, providing comparative

results.

For this gPCR reaction, the reagent mastermix, primers and gPCR amplification settings for
are outlined in Tables 2.3-2.5. For mitochondrial copy number alignment, DNA samples were

diluted with PCR-grade H.O (Gibco, UK) and reanalysed for confirmation.
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Figure 2.4. An example of 83bp gPCR assay determining mitochondrial copy number. (A)
Identification of samples that require additional dilutions, (B) copy number alignment across

all samples and (C) confirmation of product formation with melt curve generation.
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Reagent (Concentration)

Volume per

Final

sample (ul) Concentration
Forward primer (10 uM) (Life Technologies, UK) 1 0.46 UM
Reverse primer (10 pM) (Life Technologies, UK) 1 0.46 pM
SYBR® Green JumpStart™ Taq Readymix™ (x2) 125 1
. X
(Sigma-Aldrich, UK)
PCR-grade H20 (Gibco, UK) 7.5 -
DNA 3 -
Table 2.3. Reagents for the mastermix used in 83bp qPCR.
83bp Assay 1kb Assay
Stage Time Temperature Time Temperature
(seconds) (°C) (seconds) (°C)
Heating 15 94 600 95
Denaturation 45 60 15 95
Annealing 45 72 15 60
Extension 120 72 55 72
Additional
. 120 72 420 72
Extension
Melt Curve
) 15 95 15 95
(Denaturation)
Melt Curve
_ 5 60 60 55
(Annealing)
Melt Curve
X X 15 95

(Extension)

Table 2.4. Conditions for copy number (83bp) and strand break (1kb) assessment by qPCR

where denaturation, annealing and extension stages were repeated for 35 and 40 cycles

respectively before additional extension and melt curve generation.
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Assay Primer Direction Oligonucleotide Sequence (5’ to 3’)

83bp Forward GAT TTG GGT ACC ACC CAAGTATTG
Reverse AAT ATT CAT GGT GGC TGG CAG TA

1kb Forward CTG TTC TTT CAT GGG GAA GC
Reverse AAA GTG CAT ACC GCC AAA AG

Table 2.5. Primers used for 83bp and 1kb qPCR assay.

2.5.4 Assessment of MtDNA Strand Breaks with a 1kb Amplicon

MtDNA strand break damage was identified through the amplification of a 1kb region (Figure
2.4), spanning positions 16040 to 404 and encompassing the mitochondrial control region.
The control region is responsible for the replication of mtDNA therefore, damage present in
this region could become erroneously replicated leading to mutation, apoptosis or disease as
well as interruption of replication (Rothfuss et al. 2010). The identification of strand breaks
through this gPCR method exploits the inefficiency of DNA polymerase to progress upon
identification of strand breaks, lesions or significant mutation within mtDNA (Santos et al.
2006, Hanna et al. 2018). As a result of this inefficiency, strand break presence is determined
by an increase in cycle threshold (CT) value. This increase in CT value indicates that additional
gPCR cycles are required to generate the amplicon compared to the untreated control (Santos
et al. 2006, Passos et al. 2007). The identification of mtDNA damage through the use of
MtDNA specific primers negates the need to isolate the mitochondria. This assay quantifies
mtDNA strand break damage amongst a determined concentration, or copy number, within a
sample. This provides a more robust mechanism of damage visualisation, through reduction
of variability, and accounts for the varying degrees of accumulated damage due to

mitochondrial heteroplasmicity.

Each DNA extracted sample was diluted as determined in the 83bp assay (section 2.5.3).
Displayed in Figure 2.5, a high CT value, such as 22, signalled an increased number of cycles
were required to reach the amplification threshold. This indicated the presence of mtDNA
damage hindering the efficiency of DNA polymerase. The untreated samples were used
comparatively to identify the presence of damage, with measured CT values significantly lower
in these samples, such as 18, and determined to have lower levels of mtDNA damage. The
mastermix reagents, amplification settings and primers for this assay are detailed in Tables
2.5and 2.6.
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Figure 2.5. An example of 1kb qPCR assay identifying the presence of mtDNA stand breaks.
(A) Amplification of 1kb production and (B) confirmation of product formation with melt curve

generation.

Reagent (Concentration) Volume per Final
sample (ul) Concentration

Forward primer (10 uM) (Life Technologies, UK) 0.5 0.30 uM
Reverse primer (10 uM) (Life Technologies, UK) 0.5 0.30 uM
SensiMix™ SYBR® No-ROX (x2) (Bioline, UK) 10 x1
PCR-grade H;0 (Gibco, UK) 6 -
DNA 3 -

Table 2.6. Reagents for the mastermix used in 1kb qPCR.

2.5.5 qPCR Instrumentation

All gPCR analysis of extracted DNA samples was conducted using a Bio-Rad CFX Connect™
with results reviewed in CFX Manager™ software (Bio-Rad, UK). A melt curve was generated

at the end of each qPCR assay as confirmation of product formation (Figures 2.4 and 2.5).

2.5.6 Data Analysis

CT values obtained from gPCR analysis were normalised to the untreated control and
expressed as a fold change in CT value. This was calculated by subtracting the sample CT
value from the mean of the untreated control to obtain the change in CT value using Excel
(Microsoft, USA). As a single CT was indicative of a 2-fold change in damage, the change in
CT value was raised to the power of 2 to express a fold change in CT value (Figure 2.6). A
one-way ANOVA with Dunnett’'s post-hoc test was performed to determine statistical
significance between concentrations or treatment durations whilst a Tukey post-hoc was

applied to determine the differences between treatment groups. A two-way ANOVA with
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Bonferroni correction post-hoc determined the significance in data sets containing two
variables, the induction of ROS and the effects of treatment concentration or duration. Data
was presented as mean + SEM (GraphPad Prism, USA).

Fold change in CT = z(mean control CT value—sample CT value)

Fold change in CT = 2(1843-2051) — (.24

Figure 2.6. An example calculation of fold change in CT value used in the mtDNA strand break

assay.

2.6 Quantification of Lipid Peroxidation

2.6.1 Measurement of Malondialdehyde

The availability of ROS has been correlated with increases in lipid peroxidation. Furthermore,
the increased lipid peroxidation can contribute to the accumulation of ROS as a result of its
own reactivity as detailed in section 1.3.2 (Niki 2014, Pérez-Rodriguez et al. 2015). As a
biomarker of oxidative stress, lipid peroxidation was incorporated in this study to better
understand if Tiron could elicit similar protective effects against ROS-induced lipid

peroxidation.

To evaluate the effect on lipid peroxidation, the by-product MDA was measured
colourimetrically using the lipid peroxidation (MDA) assay kit (Sigma-Aldrich, UK). MDA is an
end product of hydroperoxide decomposition following ROS reaction with PUFA’s and can
exist in many configurations within agueous solution (Tangvarasittichai et al. 2009, Cooley
and Lunte 2011). Measurement of MDA and associated aldehyde by-products by thiobarbituric
acid (TBA) has long been used as a simple and cost-effective assay to determine lipid
peroxidation (Spickett et al. 2010). Two TBA molecules can react with a single MDA molecule

to form a stable product coloured pink, suitable for detection (Tangvarasittichai et al. 2009).

For this assay, cells were seeded at a density of 5x10° cells per 60 mm dish (Fisher,UK) and
incubated. After 24 hours, the culture medium was replaced with test concentrations of Tiron
for a further 24 hours followed by H>O: or glucose diluted in culture medium or exposed to
hypoxia as appropriate. Cells were then trypinised and treated according to the manufacturer’s
protocol. Finally, 200 pl of each sample was added to a 96 well plate for analysis at 532 nm
absorbance using an Epoch 2 spectrophotometer (Biotek, USA). Comparative MDA standards
supplied by the kit were prepared per assay and were processed alongside the cell samples

after homogenisation (Figure 2.7).
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Figure 2.7. Results generated with kit-supplied standards demonstrating increasing MDA

concentration (Sigma-Aldrich, UK).

2.6.2 Data Analysis

The blank (0) MDA standard solution was subtracted from all readings to correct the
background. The MDA standards were plotted to generate a standard curve (Figure 2.7) and
the amount of MDA in each sample was then extrapolated from this (GraphPad Prism, USA).
The relevant concentration of MDA per sample was then calculated by dividing the amount of
MDA in sample (nM) obtained from the standard curve by the sample volume and multiplying
by the dilution factor. Significance was determined by one-way ANOVA with Tukey post-hoc
test or two-way ANOVA with Bonferroni correction post-hoc test where two variables were
measured, such as ROS induction and the effects of concentration or duration of treatment

and presented graphically as mean £ SEM (GraphPad Prism, USA).
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2.7 Nrf2 Protein Expression

2.7.1 Qualitative Measurement by ELISA

Nrf2, as detailed in chapter 1, is integral to the activation of the antioxidant response pathway
and coordinating the translation of endogenous antioxidants including SOD and catalase. A
colourimetric ELISA assay (KA3262, Abnova, UK) was used to evaluate the Nrf2 protein
expression within human cells following Tiron treatment and ROS-induction, this was to
determine if Tiron’s protective mechanism was independent of the Nrf2 antioxidant pathway
across all cell lines. H,O2 was used as known acute inducer of Nrf2 across all cell lines rather
than physiological ROS methods to directly evidence Tiron’s evidence on Nrf2. Furthermore,
the effect of prolonged treatment with Tiron on Nrf2 expression was also evaluated to enquire
as to its potential use as a supplement.

This assay used a primary rabbit antibody targeted to Nrf2 and binding of the HRP-conjugate
secondary antibody to the fragment crystallisable (Fc) region of the primary antibody to
catalyse a colourimetric change with substrate addition and quantify the live protein expression
as a result of treatment with Tiron and H20.. A mouse GAPDH antibody was used as the

housekeeping control in this assay.

Cells were seeded at 10,000 cells per well in a 96 well micro-titre plate (Fisher, UK) and treated
as previously described in section 2.3 and 2.4. Following treatment, cell culture medium was
removed, and cells were washed with tris buffered saline (TBS) twice and prepared as directed
by the manufacturer (Abnova, UK). Following addition of the kit-supplied stop solution,
absorbance was measured immediately at 450nm using an Epoch 2 spectrophotometer
(Biotek, USA) (Figure 2.8B). An additional crystal violet stain was also carried out as
recommended by the manufacturer, this stained the cell nuclei and gave absorbance
measurements proportional to the cell density (Figure 2.8C) with the absorbance read at

595nm using the same spectrophotometer.
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Figure 2.8. Original figure representing the stages of colour change within the Nrf2 assay
where blue (A) corresponds to the addition of substrate to cells, yellow (B) signifies addition
of the stop solution before absorbance reading at 450nm and purple (C) is the final crystal

violet stain before reading at 595nm.
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2.7.2 Data Analysis

All results were normalised to the GAPDH control and crystal violet data was normalised by
dividing the readings at 450nm by those obtained at 595nm (Figure 2.9) in Excel and
expressed as a percentage of the untreated control (Microsoft, USA). Significance was
determined by one-way ANOVA with Tukey post-hoc test to determine the difference between
treatment groups. A two-way ANOVA with Bonferroni correction post-hoc evaluated the effect
of ROS induction alongside concentration or duration of Tiron treatment and presented

graphically as mean £ SEM (GraphPad Prism, USA).
Normalised to GAPDH
= measured value + measured GAPDH value

Normalised to crystal violet

= normalised GAPDH value -+ measured crystal violet value

Figure 2.9. An example calculation of normalisation to GADPH and crystal violet controls as

directed by manufacturer (Abnova, UK).
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Chapter 3 — The Effect of Tiron in Human Renal

Proximal Tubular Epithelial Cells

3.1 Introduction

3.1.1 Oxidative Stress within Diabetes Mellitus

Research has highlighted a role of ROS in the development and progression of DM and its
associated microvascular complication, diabetic kidney disease/diabetic nephropathy (DKD).
The development of DKD has been found to be causative of end stage renal failure, with
diabetic patients having an increased risk of developing DKD during their lifetime (Hakim and
Pflueger 2010, Fowler 2011, Gheith et al. 2016, Fakhruddin et al. 2017).

Although involvement of ROS has been identified in T1D, its involvement in T2D has been
studied more extensively (Tiganis 2011, Calderon-Salinas et al. 2011, Tatsch et al. 2015).
However, regardless of subcategory, DM leads to increased blood glucose concentrations
which is pivotal to the progression of disease. Increases in oxidative stress, ROS production
and lipid peroxidation have been identified with increasing glucose concentrations in vitro and
in clinic (Han et al. 2005, Shokrzadeh et al. 2016, Monzo-Beltran et al. 2017, Zhai and Wang
2017). Hyperglycaemia-induced ROS originate from 4 pathways: polyol pathway, protein
kinase C, hexosamine pathway and AGE formation (Kachhawa et al. 2017). These are
outlined in chapter 1 and the role played in oxidative stress has been well modelled in vitro
(Kaneto et al. 2001, Lee et al. 2004, Berrone et al. 2006, Lin et al. 2012).

The development of microvascular complications such as DKD have also been identified as
dependent on the duration and severity of hyperglycaemia (Forbes et al. 2008). This warrants
investigation into interventions to either reduce hyperglycaemia or its associated damage
(Nathan et al. 2005). It has been shown that the incidence of DKD can be reduced by more
than 50% when efficient glucose control is employed, demonstrating the importance of
hyperglycaemic control and potential intervention (Nathan et al. 2005). Correlating with the
prolonged exposure to hyperglycaemia, structural changes within primary human proximal
tubular epithelial cells isolated from patients with T2D have been identified (Rahmoune et al.
2005). Proximal tubular epithelial cells do not have an adaptive response to high glucose
environments, in that they fail to downregulate glucose transportation, leading to glucose
hyperabsorption (Vallon 2011). Glucose entry into proximal tubular cells is mediated by
sodium-glucose cotransporters 1 and 2 (SGLT1 and SGLT2), with SGLT2 being responsible
for overall glucose reabsorption. As such, SGLT2 inhibitors can be incorporated into DM

treatment regimens with the aim to control glucose uptake (Vallon et al. 2011, Umanath and
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Lewis 2018). Nevertheless, due to the aberrant and continuous uptake of glucose, structural
changes within proximal tubular cells have been identified in early DM and contribute to the
development of DKD (Vallon 2011, Sun et al. 2016). The development of glomerulosclerosis
as well as mesangial expansion, known as Kimmelstiel-Wilson nodules, within DKD has been
hypothesised to correlate with proximal tubular damage (Vallon 2011). This leads to increased
inflammation and endothelial cell dysfunction causing an elevation in ROS production and
oxidative stress; a vicious cycle of ROS generation and one requiring intervention to halt

progression or initial development (Gross et al. 2005, Rahmoune et al. 2005).

Between 1990 and 2010, the number of deaths as a result of DKD increased by 94% (Lozano
et al. 2012). The prevalence of DKD parallels with the incidence of DM and with the estimation
that one in ten adults will be diagnosed with DM by 2030, study into potential interventions is
highly topical, whether this be preventative of diabetic complications or incorporated into a
therapeutic regime (Bandeira et al. 2012, Umanath and Lewis 2018). As ROS generation in
DM is self-perpetuating, the use of antioxidants could be beneficial in reducing oxidative stress

and the worsening of symptoms.

Tiron, a ROS reducing agent, has been shown to equal or exceed the effects of Resveratrol
and N-acetylcysteine (NAC) in vitro in primary and immortalised skin fibroblasts (Gallego-Villar
et al. 2014, Oyewole et al. 2014). These antioxidants are potent against glucose-induced
oxidative stress in vitro in human retinal vascular endothelial (Vaquero et al. 2004),
cardiomyocytes (Guo et al. 2015) as well as in an in vivo rabbit model of obesity (Jimoh et al.
2018) and in clinical trials (Liao et al. 2017). Several studies have demonstrated tolerance of
Tiron in vivo as well as its use to recover from oxidative stress following exposure to increased
ROS (Kumar Nirala et al. 2009, Morgan et al. 2017). However, to date there has been an

absence of research into the use of Tiron to alleviate glucose-mediated oxidative damage.

3.1.2 Aim

The aim of this study was to determine the potential protective capacity of Tiron against cellular
ROS in an in vitro model of kidney injury. This was explored within this chapter through
treatment of human renal proximal tubular epithelial cells (HKC-8) with Tiron, in models of both

direct and physiological ROS induction.
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3.2 Methods

3.2.1 Cell Culture

The HKC-8 cells used in this chapter were kindly provided by Newcastle University. HKC-8
cells are a SV40 transformed cell line derived from the renal cortex. HKC-8 cells have been
found to be comparable to primary proximal tubular cells with the added benefit of longevity

through immortalisation (Racusen et al. 1997).

Figure 3.1. The morphology of HKC-8 cells at 90% confluency, passage 10. Original figure
obtained prior to cell passage using a TS100 eclipse microscope (Nikon, UK) and coolLED

camera (Microtec, UK).

HKC-8 cells were cultured in Dulbecco’s modified Eagle’s media (DMEM) with Ham’s F12
nutrient mixture (DMEM/F12) containing GlutaMAX (Gibco, UK) containing 1% insulin-
transferrin-selenium supplement (ITS) (Gibco, UK). FBS and penicillin:streptomycin (5U/ml)
were supplemented at 5 and 1% respectively. All cell culture consumables were coated with
1% gelatin (Sigma-Aldrich, UK) prior to cell culture to support cell adherence. The cell culture
routine was performed as detailed in section 2.2.

3.2.2 Cell Treatment Protocol

3.2.2.1 The Induction of ROS

HKC-8 cells were treated with H,O; according to section 2.3.1. A concentration range of 1-10
mM was optimised in both the cell viability and mtDNA strand break assays. This was
performed to obtain a concentration of H,O; at which significant mtDNA damage occurred.
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3.2.2.2 The Induction of Hyperglycaemia

This protocol was used to mimic consistently elevated glucose concentrations similar to that
physiologically observed in poorly managed diabetes. Cells were treated with
culture medium containing D-Glucose (25-150 mM) for 24 hours under standard culture
conditions (detailed in section 2.2). The HKC-8 culture medium contained 17.5 mM of glucose
ordinarily, which was considered when formulating final concentrations. Total glucose
concentration was optimised to induce sufficient ROS production and mtDNA strand break
damage, assessed by the DCFDA assay (section 2.3.3) and gPCR respectively (section 2.5).
Low and high concentrations of glucose have been used previously to observe the degree of
protection capable with test compounds, such as the Chinese medicine Tangluoning (Yang et
al. 2017), as well as induce levels comparable to the ROS generating control such as
Antimycin A (Araoye and Ckless 2016) or the extent of gene expression such as Neuritin, a
neuroptrophic growth factor found to be diminished with after 300mM glucose compared to
150mM (Min et al 2012). As such a high concentration of glucose (150 mM) alongside a lower
concentration was used to try to obtain ROS production within HKC-8 cells, which were
already accustomed to DMEM containing high glucose (17.5 mM), comparable to observed
with H20- and in turn, observe if Tiron could elicit a similar response or any, even at the lower

concentration.

To investigate Tiron’s potential incorporation into a treatment regime, Tiron was supplemented
concomitantly with glucose. HKC-8 cells were cultured with 25 mM glucose containing Tiron
over 72 hours. Both Tiron and glucose were replenished in culture daily to maintain consistent

concentrations for the duration of the experiment.

3.2.2.3 Confirmation of Intracellular ROS Production

Intracellular ROS concentrations were assessed using the DCFDA assay (Abcam, UK) as
detailed in section 2.3.3. During the H>O, treatment protocol, HKC-8 cells were incubated with
DCFDA reagent prior to induction of ROS. For glucose-induced ROS, DCFDA was added
following completion of 24-hour incubation with glucose due to the stability of the stain. Both

methods of DCFDA addition were according to manufacturer’'s recommendations.

3.2.2.4 Treatment with Tiron

Tiron stock solutions were prepared as directed in section 2.1 and 2.4 and diluted in culture
medium as appropriate. The effect of prolonged Tiron exposure was also observed in HKC-8
cells. For this, cells were cultured with Tiron for up to 120 hours before removal from media

and replacement with relevant ROS-induction where applicable.
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As detailed in section 2.4.2, the effect of Tiron on cell viability was assessed using the TOX-8
and SRB assays (Sigma-Aldrich, UK).

3.2.3 Assessment of ROS-Induced Damage and Data Analysis

All investigations into the effects of Tiron on ROS-induced damage were conducted and

analysed in accordance with chapter 2.
3.3 Results

3.3.1 The Effects of Increasing Tiron Concentration on Cell Viability

HKC-8 cells cultured with Tiron for 24 hours were used to estimate Tiron’s LD50 using the
TOX-8 and SRB assays. A significant decrease (p<0.001) in cell viability was recorded
between 50 mM (80+0.66%) and 2 M (8+0.18%) in the TOX-8 assay. These were compared
to the untreated control (100+0.68%) and presented in Figure 3.2A. The LD50 value was
calculated at 322 mM. These results were confirmed with the SRB assay (Tiron 50 mM:
88+1.23%; Tiron 2M: 74£0.51% vs. untreated control 100+0.59%) with a calculated LD50 of
334 mM (Figure 3.2B).
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Figure 3.2. The establishment of Tiron’s LD50 in HKC-8 cells following 24-hour treatment (O-
2M). The LD50 was calculated as 322 mM and 334 mM, using the TOX-8 (A) and SRB (B)

assays. N=9 from 3 independent experiments; meanSEM.

A smaller concentration range of Tiron (1-10 mM) was assessed for its effect on HKC-8 cell
viability in the TOX-8 and SRB assays, to identify a suitable test concentration following
determination of Tiron’s LD50. Tiron did not have a significant effect on cell viability when
HKC-8 cells were treated with 0-3 mM (p=0.05) in the TOX-8 assay (Figure 3.3A), however
treatment with 5-10 mM observed a significant decline (p<0.001) in cell viability (94+0.77%
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and 91+1.46%) compared to the untreated control (100+£0.43%) and was confirmed with the
SRB assay (Tiron 5 mM: 96+0.98%; Tiron 89+1.8%; vs. untreated control: 100+0.64%) (Figure
3.3B).
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Figure 3.3. The effect of 24-hour treatment with Tiron (1-10 mM) on cell viability in HKC-8
cells. Tiron reduced cell viability at 5 mM and above in both the TOX-8 (A) and SRB assays
(B). *** p<0.001 vs. untreated control; n=9 from 3 independent experiments; mean+SEM, one-
way ANOVA with Dunnett’s post-hoc.

3.3.2 The Optimisation of H202-Induced ROS Damage Through Titration

A concentration range of H>O- sufficient to decrease cell viability in HKC-8 cells after 1-hour
treatment was observed using the TOX-8 and SRB assays (Figure 3.4). Treatment of cells
with 1-10 mM H,O; resulted in a significant (p<0.001) reduction in cell viability compared to
the untreated control (H.O> 1 mM: 60+1.46%; 5 mM: 51+1.97%; 10 mM: 51+1.72%; vs.
100£0.54%). Similarly, this was also observed in the SRB assay (H202 1 mM: 63+£1.32%; vs.
100+0.88%) (Figure 3.4B).
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Figure 3.4. The effect of H.0, (1-10 mM) treatment for 1-hour on HKC-8 cell viability. H2O>
significantly reduced cell viability at all concentrations in both the TOX-8 (A) and SRB (B)
assays. *** p<0.001 vs. untreated control; n=9 from 3 independent experiments; meantSEM,

one-way ANOVA with Dunnett’s post-hoc.

The same concentration range of H.O,, 1-10 mM, was assessed for the induction of mtDNA
strand breaks in HKC-8 cells as measured by gPCR. All concentrations of H>O, induced a
significant (p<0.001) fold increase in CT value, indicative of reduced qPCR efficiency (Figure
3.5). This fold increase ranged from 3.24+0.09 to 4.26+0.06, with the highest fold increase
observed with 5 mM treatment. As a result, 5 mM was selected as the test H,O, concentration

in HKC-8 cells.
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Figure 3.5. The assessment of significant mtDNA strand break formation with H»,O; (1-10
mM) treatment for in HKC-8 cells. 5 mM H;O- induced the most significant mtDNA strand
break damage, through analysis of fold change in CT value using qPCR. *** p<0.001 vs.

untreated control; n=6; meantSEM, one-way ANOVA with Dunnett’s post-hoc.
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3.3.3 The Effect of Tiron on H202-Induced ROS Damage

3.3.3.1 The Preservation of Cell Viability with Tiron

HKC-8 cells were treated with Tiron (1-5 mM) for 24 hours before treatment with 5 mM H;0
for 1-hour, the concentration identified in Figure 3.5, to observe the effect of cell viability with
the TOX-8 and SRB assays. Tiron treatment and concentration had a significant (p<0.001)
effect on preserving cell viability. A significant (p<0.001) difference was also observed
between H;O, and no H;O; treated Tiron samples at each concentration. Treatment with 3
mM Tiron preserved cell viability greater than compared to 5 mM treatment and the H.0-
control (Tiron 3 mM: 80£0.86%; 5 mM: 61+1.57%; vs. H20,: 54+1.16%) (Figure 3.6). The
results obtained in the SRB assay confirmed this (Tiron 3 mM: 82+1.15%; 5 mM: 58+3.34%;
vs. H20,: 52+1.01%).
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Figure 3.6. The preservation of cell viability with Tiron (1-5 mM) pre-treatment followed by
H.02 (5 mM) exposure. Tiron significantly improved cell viability at all concentrations in the
presence of H,O, in HKC-8 cells in both the TOX-8 (A) and SRB (B) assays. *** p<0.001
significant difference with vs. without H.O. at each Tiron concentration; n=9 from 3
independent experiments; mean+SEM, two-way ANOVA with Bonferroni correction.

83



3.3.3.2 The Prevention of H.O.-Induced MtDNA Strand Breaks with Tiron

Against significant (p<0.001) induction of mtDNA strand break damage with 5 mM H>O., pre-
treatment with Tiron at all concentrations was found to be significantly (p<0.001) protective
(Tiron 2 mM: 1.60+0.02; 3 mM: 0.99+0.01; 4 mM: 1.36+0.03; 5 mM: 0.98+0.02; vs. H20-
4.89+0.11) (Figure 3.7). As seen in Figure 3.5 and previous studies, a concentration of 3 mM

was selected for further experimentation (Won et al. 2012, Oyewole et al. 2014).
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Figure 3.7. The inhibition of mtDNA strand break damage with Tiron (2-5 mM) assessed by
gPCR. Tiron pre-treatment offers significant protection against H>O,—induced mtDNA strand
breaks in HKC-8 cells at all concentrations. *, *** p<0.05, 0.001 significant difference with vs.
without H>O, at each Tiron concentration; n=6, mean+SEM, two-way ANOVA with Bonferroni

correction.

3.3.3.3 The Effect of Tiron (3 mM) on H>O,-Mediated Intracellular ROS

Shown in Figure 3.8, treatment with H>O- increased intracellular ROS production significantly
(p=0.01) compared to the untreated control (139+£11.88% vs. 100+4.77%) as determined by
flow cytometry with the DCFDA assay. Pre-treatment with Tiron significantly (p<0.001)
reduced fluorescence intensity by 49+2.53% compared to 5 mM H,0.. In the absence of H;0,,
the Tiron control significantly reduced (p<0.05) intracellular ROS (66£5.17% vs. 100+4.77%).
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Figure 3.8. The effects of Tiron (3 mM) on intracellular ROS with and without H.O, (5 mM)
with DCFDA by flow cytometry. (A) 5 mM H20: (purple) treatment significantly augmented
ROS compared to the untreated control (red). (B) Tiron pre-treatment (aqua) significantly
reduced fluorescence intensity following H,O, treatment comparable to the Tiron only control
(blue). (C) Pre-treatment with Tiron significantly reduced fluorescence intensity following H20-
treatment in HKC-8 cells. The colours shown directly relate to Figures 3.8A and 3.8B. *, **
p<0.05, 0.01 vs. untreated control; ### p<0.001 vs. H.O,; n=6; meantSEM; one-way ANOVA
with Tukey post-hoc.
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3.3.3.4 The Effects of Tiron (3 mM) on Lipid Peroxidation

H.O. (5 mM) significantly (p<0.001) increased the production of MDA compared to the
untreated control following 1-hour treatment (149+9.36% vs. 100+0.63%) (Figure 3.9). With
24-hour Tiron pre-treatment, MDA production was decreased significantly (p<0.01) following
H.O, treatment (117+5.50% vs. 149+9.36%). Unlike the effect on mtDNA strand breaks
(Figure 3.7) and intracellular ROS production (Figure 3.8), Tiron was unable to restore MDA

concentration to baseline.
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Figure 3.9. H,Oz-induced MDA decreases with Tiron (3 mM) pre-treatment. Tiron offered
protection against H2O»-induced lipid peroxidation in HKC-8 cells through the measurement
of the MDA biomarker. *, *** p<0.05, 0.001 vs. untreated control; ## p<0.01 vs. H>0; $$$
p<0.001 vs. Tiron; n=6; mean+SEM, one-way ANOVA with Tukey post-hoc.
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3.3.3.5 The Effect of 24-Hour Treatment with Tiron (3 mM) on Nrf2 Expression

Treatment of HKC-8 cells with 5 mM H:0- induced a significant (p<0.001) increase in Nrf2
expression compared to the untreated control (269+7.37% vs. 100+2.84%). Pre-treatment
with Tiron did not significantly increase Nrf2 protein expression following H2O: treatment
compared to the untreated control (106+£4.01% vs. 100+2.84%). Nrf2 expression showed a
significant decrease with Tiron pre-treatment (p<0.001) compared to the H.O. control
(112+7.05% vs. 269+7.37%). Tiron treatment for 24-hours without H,O- also did not increase
Nrf2 protein expression (112+7.05% vs. 100+£2.84%, p>0.05) (Figure 3.10).
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Figure 3.10. The qualitative evaluation of Nrf2 expression following Tiron (3 mM) treatment
for 24 hours with and without H2O-. Tiron did not increase Nrf2 expression in HKC-8 cells
following ROS induction by H»O0,. *** p<0.0071 vs. untreated control; ### p<0.001 vs. H.0y;
n=6; meantSEM; one-way ANOVA with Tukey post-hoc.
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3.3.4 The Effects of Prolonged Treatment with Tiron (3 mM)

3.3.4.1 The Effect of Prolonged Tiron Treatment on Cell Viability

Treatment with Tiron (3 mM) for 48-72 hours led to a significant (p<0.001) reduction in cell
viability compared to the untreated control in the TOX-8 assay (48 hours: 70+1.61%; 72 hours:
70£2.40%; vs. 100£1.91%) (Figure 3.11A). Pre-treatment with Tiron for these durations before
treatment with 5 mM H;O significantly (p<0.001) preserved cell viability (48 hours: 63+£3.14%;
72 hours: 62+1.77%; vs. H202: 49+2.12%). These observations were consistent with those
obtained in the SRB assay (Figure 3.11B) (Tiron 48 hours + H20;: 57+0.722%; Tiron 72 hours
+ H202: 57£0.89%; vs. H202: 45+0.58%; vs. untreated control: 100+0.93%).
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Figure 3.11. The effect of prolonged treatment (48-72 hours) with Tiron (3 mM) on cell viability.
Tiron treatment longer than 24 hours significantly reduced cell viability in both the TOX-8 (A)
and SRB (B) assays. *, *** p<0.05, 0.001 significant difference with vs. without H,O, at each
treatment duration; n=9 from 3 independent experiments; mean+SEM, two-way ANOVA with

Bonferroni correction.
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3.3.4.2 The Effects of Prolonged Treatment with Tiron on Intracellular ROS Production

Prolonged treatment with Tiron for 120 hours resulted in a significant (p<0.001) fold increase
in fluorescence intensity compared to the untreated control measured by the DCFDA assay
fluorometrically (Tiron 120 hours: 160+4.91%; vs. 100+£1.89%). Shown in Figure 3.12,
treatment with H20: significantly (p<0.001) increased fluorescence intensity, indicative of ROS
production (278+10.12% vs. 100+1.89%). HKC-8 cells treated with 5 mM H,O; after prolonged
Tiron treatment showed no significant difference (p=0.05) compared to Tiron only but did have
a significant (p<0.001) effect on fluorescence intensity compared to the H.O. control,
indicating a reduction in intracellular ROS. However, this reduction was not restorative of
baseline levels (Tiron 48 hours: 137+6.35%; 120 hours: 166+6.23%; vs. 278+10.12%).
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Figure 3.12. The effects of prolonged treatment (48-120 hours) with Tiron (3 mM) on
intracellular ROS. Prolonged treatment with Tiron significantly reduced H,O; increases in
fluorescence intensity measured fluorometrically with the DCFDA. *** p<0.001 significant
difference with vs. without H>O»; n=9 from 3 independent experiments; mean+SEM, two-way

ANOVA with Bonferroni correction.
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3.3.4.3 The Expression of Nrf2 Following Prolonged Treatment with Tiron

Treatment with Tiron for 48-120 hours significantly (p<0.001) increased the expression of Nrf2,
a regulatory protein in the ARE pathway, determined by qualitative ELISA (48 hours:
157+6.10%; 120 hours: 212+14.24%; vs. untreated control: 100+2.84%) (Figure 3.13). Shown
in Figure 3.10, treatment with H>O> following prolonged Tiron supplementation led to an
increase in Nrf2 protein expression also. This increase in Nrf2 was significantly reduced
compared to H.O, (5 mM) treatment alone but not significantly different from Tiron only
treatments (48 hours + H;O.: 164+9.58%; 120 hours + H20»: 223+16.01%; vs. Hy0q:
269+7.37%).
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Figure 3.13. The expression of Nrf2 following prolonged treatment (48-120 hours) with Tiron
(3 mM) by ELISA. Tiron augmented Nrf2 expression in HKC-8 cells as due to prolonged

incubation with and without ROS induction by H,O.. *** p<0.001 significant difference with vs.

without H,O5; h=6; meantSEM, two-way ANOVA with Bonferroni correction.
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3.3.5 The Optimisation of Glucose-Induced Damage Through Titration

3.3.5.1 The Induction of ROS and mtDNA Damage with Increasing Glucose

Concentrations

A significant increase in fluorescence intensity, measured fluorometrically, was observed with
glucose (25-150 mM) treatment for 24 hours compared to the control (Glucose 17.5
mM).(Glucose 25 mM: 181+5.12%; 50 mM: 228+8.70%; 75 mM: 260+5.31%; 100 mM:
284+6.82%; 150 mM: 341+11.72%; vs. 100£2.41%) (Figure 3.14). The significant measured
increase in fluorescence intensity was indicative of intracellular ROS production in this model.
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Figure 3.14. The assessment of increasing concentrations glucose (25-150 mM) on
intracellular ROS production. Significant fold change in fluorescence intensity at increasing
glucose concentrations were quantified by measuring fluorescent DCFDA in HKC-8 cells ***
p<0.001 vs. control containing 17.5 mM glucose; n=8 from 3 independent experiments;

mean=SEM, one-way ANOVA with Dunnett’s post-hoc.
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Contrary to the results of Figure 3.14, 25 mM glucose did not induce significant (p=0.05)
mtDNA strand breaks following 24-hour treatment (1.31+£0.03 vs. control (17.5 mM) 1.06+0.02)
(Figure 3.15). There was a significant (p<0.001) fold increase in CT value following treatment
with 50-150 mM glucose (50 mM: 2.14+0.04; 75 mM: 2.24+0.04; 100 mM: 2.90£0.06; 150 mM:
4.29+0.09; vs. 1.06+0.02). The decrease in CT value was indicative of mtDNA strand break
formation due to glucose treatment. Both 50 and 150 mM treatments were selected for further
experimentation to assess Tiron’s protective capability against a hyperglycaemia mimicking

model.
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Figure 3.15. The induction of mtDNA strand breaks with increasing concentrations of glucose
(25-150 mM). Glucose at final concentrations 50 to 150 mM produced significant mtDNA
strand break damage in HKC-8 cells, through analysis of fold change in CT value using gPCR.
*** p<0.001 vs. control containing 17.5 mM glucose; n=6; meantSEM, one-way ANOVA with

Dunnett’s post-hoc.
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3.3.6 The Effects of Tiron on Glucose-Induced ROS Damage

3.3.6.1 The Preservation of Cell Viability with Tiron Following Glucose Treatment

Treatment of HKC-8 cells with glucose (25-150 mM) for 24 hours led to significant (p<0.001)
reduction in cell viability at all concentrations as measured in the TOX-8 assay (Figure 3.16A)
(Glucose 25 mM: 82+0.83%; 50 mM: 72+0.50%; 75 mM: 63+0.45%; 100 mM: 57+0.58%; 150
mM: 52+0.49%; vs. control (17.5 mM glucose) 100+£0.35%). When glucose was supplemented
(final concentration 25-150 mM) following pre-treatment with Tiron (3 mM), there was a
significant (p<0.001) preservation of cell viability (Glucose 25 mM: 93+0.70%; 50 mM:
82+0.38%; 75 mM: 73+£0.31%; 100 mM: 73+0.41%:; 150 mM: 71+0.36%; vs. untreated control
100+0.35%). These results were confirmed with the SRB assay (Tiron + Glucose 25 mM:
92+0.72%; + 50 mM: 83%+0.28%; + 75 mM: 74+0.72%; + 100 mM: 71+0.44%; + 150 mM:
68+0.37%; vs. control (17.5 mM) 100+£0.58%). However, pre-treatment with Tiron across both
assays did not inhibit glucose-induced cell viability loss as had been seen with H,O; in Figure
3.6.
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Figure 3.16. The effect of Tiron (3 mM) pre-treatment on cell viability following glucose
exposure (25-150 mM). Tiron preserves cell viability following glucose treatment at all
concentrations in HKC-8 cells in both the TOX-8 (A) and SRB (B) assays in the presence of 3
mM Tiron compared to the control, which contained 17.5 mM glucose. *** p<0.001 significant
difference with vs. without tiron treatment at each concentration of glucose; n=9 from 3
independent experiments; mean+SEM, two-way ANOVA with Bonferroni post-hoc.
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3.3.6.2 The Inhibition of Glucose-Induced MtDNA Strand Break Formation with Tiron

In agreement with Figure 3.7, Tiron pre-treatment (3 mM) was shown to be significantly
(p=0.01) protective against 50 mM glucose-induced mtDNA strand breaks compared to the 50
mM treated control (Tiron + 50 mM: 0.89+0.03; vs. 50 mM: 1.83+0.09) (Figure 3.17). This
treatment was not significantly different from the 17.5 mM or Tiron controls (0.89+0.03; vs.
17.5 mM control: 1.06£0.01; vs. 3 mM Tiron: 1.05+0.01). Against supplementation to 150 mM,
Tiron offered 97% protection (Tiron + 150 mM; 1.43+0.01; vs. 17.5 mM control 1.06+0.01).
This was a significant (p<0.001) increase in gPCR efficiency compared to the 150 mM control
(Tiron + Glucose 150 mM: 1.43+0.01; vs. 2.07£0.04).
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Figure 3.17. The inhibition of glucose-induced mtDNA strand break formation with Tiron (3
mM) pre-treatment. Tiron offered significant protection against 50 and 150 mM glucose—
induced mtDNA strand breaks in HKC-8 cells. **, *** p<0.01, 0.001 significant difference with
vs. without tiron supplementation at each glucose concentration;, n=6; meantSEM, two-way

ANOVA with Bonferroni correction.

3.3.6.3 The Effect of Tiron on Glucose-Induced ROS Production

In agreement with Figure 3.14, supplementation of glucose to 50 and 150 mM significantly
increased fluorescence intensity and intracellular ROS measured by the DCFDA assay
(Glucose 50 mM: 140£1.79%; 150 mM: 227+19.03%; vs. control (17.5 mM glucose):
100£4.77%) (Figure 3.18). Tiron pre-treatment significantly (p<0.001) reduced this compared
to the respective glucose control (Tiron + Glucose 50 mM: 81+1.95% vs. 140+£1.79%; + 150
mM: 116+2.34% vs. 227+19.03%).
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Figure 3.18. The effects of Tiron (3 mM) on glucose-induced intracellular ROS production (50 and 150 mM) measured with DCFDA by flow
cytometry. (A) 50 mM Glucose (purple) significantly increases ROS compared to the control (17.5 mM glucose - red). (B) Pre-treatment with Tiron
(aqua) significantly reduced fluorescence intensity with glucose supplementation (50mM final concentration) vs. Tiron only control (blue). (C)
150 mM total glucose (orange) induced significant ROS compared to the 17.5 mM control (red). (D) Tiron pre-treatment (green) significantly
reduced 150 mM glucose-induced ROS. (E) Pre-treatment with Tiron significantly reduced glucose-induced DCFDA fluorescence in HKC-8 cells.
Colours displayed relate to Figures 3.18A-D. ** *** p<0.01, 0.001 significant difference with vs. without tiron treatment at each glucose

concentration; n=6; mean+SEM, two-way ANOVA with Bonferroni correction.
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3.3.6.4 Glucose-Induced MDA Increase and Tiron Pre-treatment

Following both 50 mM and 150 mM glucose treatment for 24 hours, MDA concentration was
significantly (p<0.001) increased (Glucose 50 mM: 331+9.21%; 150 mM: 443+£10.09%; vs.
control (17.5 mM): 100+0.63%) (Figure 3.19). Pre-treatment with Tiron significantly (p<0.001)
inhibited MDA elevation compared to the relevant glucose control. As seen in Figure 3.9, Tiron
had a significant (p<0.001) effect but was unable to return MDA concentrations to baseline
levels (Tiron + Glucose 50 mM: 164+10.20%;+ 150 mM: 247+5.37%; vs. 100+0.63%).

MDA Concentration
(% of Untreated Control)
N
(o)
it

Tiron (3 mM) - + - + - +

Glucose (mM) 175 175 50 50 150 150

Figure 3.19. The reduction of glucose-augmented MDA concentrations with Tiron. Tiron
offered protection against glucose-induced lipid peroxidation in HKC-8 cells through the
measurement of the MDA biomarker. *** p<0.001 significant difference with vs. without Tiron
supplementation at each glucose concentration; n=6; meantSEM, two-way ANOVA with
Bonferroni correction.
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3.3.7 The Effect of Co-Treatment with Tiron on Glucose-Induced ROS Damage

HKC-8 cells supplemented to a concentration of 25 mM glucose for 72 hours demonstrated a
significant reduction in cell viability compared to the control (17.5 mM glucose), measured with
the TOX-8 and SRB assays (63+1.83% vs. 100+1.91%) (Figure 3.20). As was observed in
Figure 3.11, treatment with 3 mM Tiron for 72 hours significantly reduced cell viability alone
(70+2.40% vs. 100+1.91%). Concomittant treatment of glucose and Tiron did not significantly
preserve cell viability compared to glucose treatment alone (64+1.83% vs. 63+1.83%). These
results were confirmed with the SRB assay (Glucose 25 mM: 61+0.69%; 25 mM + Tiron:
61+0.76%; 3 mM Tiron: 66+0.90%; vs. control: 100+0.93%).
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Tiron (3 mM) - + - + Tiron (3 mM) - + - *

Glucose (mM) 175 17.5 25 25 Glucose (mM)  17.5 17.5 25 25

Figure 3.20. The effect on cell viability of prolonged culture for 72 hours with glucose (25 mM)
and Tiron (3 mM). Treatment of both Tiron and glucose significantly reduced cell viability in
both the TOX-8 (A) and SRB (B) assays. ***p<0.001 vs. 17.5mM glucose control; $$$ p<0.001
vs. Tiron; n=9 from 3 independent experiments; meantSEM, one-way ANOVA with Tukey

post-hoc.
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To explore the possibility of Tiron being incorporated into a therapeutic treatment regime, the
conditions outlined above were assessed through gPCR with the mtDNA strand break assay.
Presented in Figure 3.21, 72-hour treatment with 25 mM glucose significantly (p<0.001)
increased the CT value compared to the control (17.5 mM) (2.54+0.08 vs. 1.03+0.03).
Concomitant treatment with Tiron led to a significant increase in gPCR efficiency compared to
25 mM glucose treatment (0.53+0.01 vs. 2.54+0.08). Daily Tiron replenishment for 72 hours
led to a significant fold change in gPCR CT value compared to the control (0.53+0.01 vs.
1.03+0.03).

31 *kk

N
1

Fold Change in
gPCR CT Value

14 *kk
it
—
0-
Tiron (3 mM) - + - +
Glucose (mM) 175 175 25 25

Figure 3.21. The effects on mtDNA strand break formation with 72-hour treatment of both
glucose (25 mM) and Tiron (3 mM) singularly and concomitantly. Tiron administered with 25
mM glucose for 72-hours offers protection against mtDNA strand breaks in HKC-8 cells. ***
p<0.001 vs. 17.5 mM glucose control; ### p<0.001 vs. glucose 25 mM; n=9; meantSEM, one-
way ANOVA with Tukey post-hoc.
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3.4 Discussion

In this chapter, Tiron’s protective capacity was initially observed against direct ROS application
with H2O,. This was evidenced by the recovery of cell viability (Figure 3.6), significant
protection against mtDNA strand break formation (Figure 3.7) and reduction of lipid
peroxidation (Figure 3.9) following Tiron pre-treatment. Further to this, exposure to Tiron 24
hours prior to H2O; treatment led to a reduction in intracellular ROS production as indicated
by the oxidisation of DCF (Figure 3.8) and suggested that pre-treatment with Tiron can reduce
the availability or generation of ROS required to perpetuate lipid peroxidation, induce mtDNA
damage and compromise cell survival. This level of protection supports the findings of
Oyewole et al. (2014), who found Tiron, also at 3 mM, provided a high degree of protection
against 200 uM H»Oz-induced damage in human dermal fibroblasts (HDFn).

Following confirmation that Tiron could elicit high levels of protection against direct ROS
addition in HKC-8 cells, the use of Tiron was applied to a model of high glucose-induced ROS
and associated damage, as has been observed in DM, to explore its protective effects in a
clinically relevant model. As discussed previously, ROS have been implicated within DM and
lead to cell dysfunction as well as secondary complications (Rains and Jain 2011).
Additionally, a decreased concentration of endogenous antioxidants including SOD and
catalase were identified in T2D patients, indicating the opportunity for antioxidant
supplementation (Arif et al. 2010). For example, the endogenous antioxidant coenzyme Q has
been found to be deficient in T2D and has been correlated with insulin resistance as well as
the susceptibility to oxidative damage (Zhang et al. 2018, Hernandez-Camacho et al. 2018).
Treatment with MitoQ, a mitochondrially targeted variant of coenzyme Q, has shown a
reduction of oxidative stress in leukocytes from T2D patients (Escribano-Lopez et al. 2016).
Contrary to this, coenzyme Q supplementation has failed to reduce MDA and C-reactive
protein levels, the latter of which is a biomarker of inflammation, despite improving blood
glucose levels (Mezawa et al. 2012). This study evaluated supplementation within T2D
patients with established and varied treatment regimens including statins (6 of 9 patients) and
glucosidase inhibitors, which have been shown to reduce lipid peroxidation (Mezawa et al.
2012, Moon et al. 2014, Hadi et al. 2015, de Souza Bastos et al. 2016). Therefore, whilst the
aim of the study was to investigate the clinical effects of coenzyme Q, the primary objective of

improving glycaemic control in these patients was successful (Mezawa et al. 2012).

Whilst DM glycaemic control is fundamental to preventing secondary complications, this study
did not evaluate the levels of coenzyme Q, which may have been improved in line with the
deficiencies observed in T2D patients (Zhang et al. 2018, Hernandez-Camacho et al. 2018)

and indicated whether supplementation may have improved the defence against oxidative
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stress outside of the biomarkers measured within the study. Such reduction in oxidative stress
with supplementation may further prevent or delay the development of secondary diabetic
complications as raised coenzyme Q levels have been shown to be protective in diabetic
retinopathy (Ates et al. 2013) and reduce diabetic neuropathy symptoms in a murine model
(Shi et al. 2013). Furthermore, the small sample size of patients within this study could have
impacted the data, evident by the detection of some improvement in MDA levels but not
significantly. In support of this, a trial of 50 patients demonstrated decreased plasma MDA as
well as AGEs (Gholnari et al. 2017). However, similar results have been found in a larger T2D
patient study, where coenzyme Q improved glycaemic control but had no significant effect on
cholesterol, whilst another study in T2D patients also demonstrated no significant reduction in
MDA levels with 8-week coenzyme Q supplementation (Zahedi et al. 2014, Moazen et al.
2015). As a result, it could be argued that measurement of lipid profile associated with
glycaemic control does not reflect the reduction of oxidative stress with coenzyme Q despite
evidence in vitro and in T1D rat models demonstrating increases in SOD and catalase as well
as decreases in ROS levels (Modi et al. 2006, Tsuneki et al. 2007). In line with this, coenzyme
Q supplementation over 12 weeks has shown improvements in total antioxidant capacity in
T2D patients (Akbari Fakhrabadi et al. 2014), whilst patients with coronary artery disease
experienced a decrease in MDA and increase in catalase and SOD activity (Lee et al. 2012).
These studies indicate the potential role for coenzyme Q in oxidative stress reduction, which
requires more clinical exploration and illustrates the need for evaluation of multiple oxidative
stress related biomarkers, including lipid peroxidation, DNA damage, ROS-mediated
inflammation and protein oxidation, to fully evaluate any potential therapeutic application. As
a result, there is an opportunity to investigate the use of other exogenous supplements, such
as Tiron, across multiple parameters to reduce oxidative stress associated with high glucose
and oxidative stress in diabetic models, supported by the results demonstrating Tiron’s
efficacy in reducing mtDNA damage and lipid peroxidation caused by H,O; exposure (Figures
3.6-3.9). In vivo research has already demonstrated that Tiron does not impair the efficacy of
diabetic therapies whilst also reducing ROS production, indicating that it could be used as an
adjunctive agent and may reduce the incidence of secondary complications (Domingo et al.
1992, Cheng et al. 2010).

Prior to examination of the effects of Tiron, concentrations of high glucose were optimised to
induce both significant ROS induction as well as mtDNA strand break damage (Figure 3.14).
This optimisation ranged from 25-150 mM and aimed to induce a gPCR fold change
comparable to levels observed directly with H.O, exposure. In fulfilment of this, it was found
that whilst significant ROS was produced at 25 mM (p<0.001) (Figure 3.14), 50 mM was
required to induce significant (p<0.001) mtDNA strand break damage (Figure 3.15). Oxidative
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DNA damage has been identified within T2D patients in a 2012 study, which found that DNA
damage within peripheral blood mononuclear cells (PBMC) of T2D patients was significantly
higher than healthy controls, indicating an opportunity to reduce the incidence of damaged
DNA (El-Wassef et al. 2012).

However, even at 150 mM, it was not possible to induce mtDNA strand break damage to the
same extent as had been observed with H,O,, the aim of using such a concentration and
despite cell viability being reduced to similar levels as Figure 3.4 (Figure 3.16). Published
literature has also used higher concentrations of glucose to observe inhibition of cell
compromise with test compounds, including Rosmarinus officinalis extract or thymoquinone,
in models of diabetic neuropathy with decreases in cell viability observed with glucose similar
to that contained within this thesis (Chen et al. 2016, Rashidipour et al. 2017). However, the
need for a higher glucose concentration could be due to the mechanism by which ROS are
formed following exposure to hyperglycaemia, it could also be suggested that 24-hour
induction of ROS by glucose is not sufficient to generate ROS levels comparable to that
observed with H,O,. The need for a longer period of exposure to high glucose has been shown
by Busik et al. (2008), who demonstrated increased mitochondrial O*-and DCF oxidation with
prolonged incubation of glucose (25 mM) greater than 24 hours in human retinal epithelial
cells. Therefore, the effect of Tiron could be assessed with a greater period of glucose
exposure to understand if ROS generation could reach levels comparable to H.O, and whether
Tiron could provide the same high degree of protection. However, the absence of protection
against 150 mM induced mtDNA strand breaks (97%) comparable to observed with 50 mM
would indicate that Tiron may not be as efficient in ameliorating higher glucose-induced ROS

levels.

Nevertheless, pre-treatment of HKC-8 cells with Tiron (3 mM) led to significant (p<0.001)
amelioration of glucose-induced damage, evidenced in the protection elicited against mtDNA
strand break formation (Figure 3.17), as well the reduction of lipid peroxidation by 50% (50
mM) and 44% (150 mM), measured through MDA concentration (Figure 3.19). As previously
observed with HO,, the protection demonstrated against oxidative damage by Tiron was due
to its ROS reducing action, evidenced by a decrease in DCF fluorescence intensity compared
to the untreated control (Figure 3.18). Pre-treatment with Tiron led to a reduction of ROS
induced by both 50 and 150 mM glucose treatment to 81 and 116% respectively, compared
to 140 and 227% of ROS production respectively, when compared to the untreated control.
Similar results have been observed by Leloup et al. (2009) with Trolox where treatment of islet
cells with glucose (16.7mmol/l) for 30 minutes increased ROS production 3-fold. This was

reduced with increasing concentrations of Trolox, as observed similarly in Figure 3.18 with
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Tiron treatment (Leloup et al. 2009). Furthermore, treatment of high glucose incubated
myocardial (H9c2) cells with the scavenger edaravone, demonstrated a reduction in ROS and
cell death, with preservation of cell viability measured by MTT showing similar results to those
obtained in this thesis with Tiron (Ji et al. 2016). For example, Tiron pre-treatment preserved
viability at 83% when treated with 50 mM glucose, leading to a reduction of 72% compared to
the results found by Ji et al. (2016) (Figure 3.16), where high glucose induced a decrease in
cell viability of approximately 25%, versus 10% with edaravone treatment. Therefore, and in
accordance with published literature, the reduction of glucose-induced damage is correlated
with the amelioration of ROS as a result of Tiron supplementation (Figure 3.18). This finding
directly builds upon findings of Cheng et al. (2010) who found Tiron to significantly reduce high
glucose induced ROS in canine renal cells and streptozotocin T1D rats. In the rat model,
Tiron’s reduction of ROS, particularly after 7 days of dosing, indicates good tolerance in vivo
as well as in multiple species (Cheng et al. 2010). As such, the work contained within this
chapter demonstrates the efficacy of Tiron against glucose-induced ROS and associated

damage in human cells within an in vitro model, with potential for clinical translation.

The inability of Tiron to reduce the ROS produced from 150 mM glucose exposure to baseline
correlates with the mtDNA strand breaks measured despite Tiron treatment. This is
demonstrated by the reduction of ROS to 116% from 227% with Tiron treatment as well as the
reduced protection observed against lipid peroxidation, where MDA concentration was
reduced by 44% from 443% (Figure 3.19) Consequently, it can be hypothesised that the
availability of ROS exceeds the ROS reducing capability of Tiron in this model, which could
warrant a greater length of Tiron pre-treatment for greater protection against the damage
induced by high concentrations of glucose. Supporting this, an increase in ROS was measured
after 150 mM glucose treatment compared to the untreated control even with Tiron (Figure
3.18). However, modelling the damage incurred following such a high dose of glucose
successfully with Tiron, provides accessible modelling of damage that could accumulate from
chronic hyperglycaemia but in a short-term assay. Concentrations of this magnitude have
been used previously to model the polyol pathway as well as inducing biomarkers of oxidative
stress such as inhibition of catalase and induction of the Nrf2/ARE pathway (Suzuki et al.
2004, Sango et al. 2006, Yang et al. 2016, Fouda and Abdel-Rahman 2017). Whilst Tiron was
not as protective in this model as observed with H,O, and 50 mM glucose exposure, it
demonstrated a significantly (p<0.001) high degree of protection and provides evidence for
the use of Tiron against glucose-induced oxidative damage against grossly elevated
concentrations of glucose. A study in T1D rats showed that treatment with perindopril, an ACE
inhibitor, reduced ROS levels and the VEGF to pigment epithelium-derived factor (PEDF)

ration, which has been shown to increase retinal damage, demonstrating that reduction of
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ROS is of benefit even if levels are not ameliorated to baseline (Zheng et al. 2009). This
indicates that although Tiron was not as protective against 150 mM glucose exposure, it could
still be of benefit in the prevention of oxidative damage clinically, following in vivo modelling,
with DNA damage and serum levels of MDA found significantly elevated within T2D patients
compared to healthy counterparts, biomarkers of which have been alleviated with Tiron in this
chapter (Arif et al. 2010).

Further to this, work is required to understand the role of Tiron within prevention or reduction
of secondary diabetic complications. This requires evaluation of Tiron’s influence on the polyol
and hexosamine pathways as well as the production of AGEs and the activity of PKC. Tiron’s
modulation of these pathways may contribute to reducing ROS load but also alleviate
secondary effects such as lipid accumulation caused by hexosamine pathway flux that may
be susceptible to peroxidation (Sage et al. 2010). For example, it has been shown previously
that pomegranate extracts have significant antioxidant activity and inhibit rat lens aldose
reductase activity, the first enzyme to catalyse the formation of sorbitol, which could lead to
the prevention of diabetic retinopathy and reduces sorbitol accumulation (Karasu et al. 2012).
Aldose reductase activity is correlated with the production and accumulation of ROS within
diabetic tissue. However, ROS interaction with aldehydes later converted to unreactive
alcohols leads to an increase in aldose reductase activity, the catalytic enzyme of the reaction,
and elevated sorbitol production (Brownlee 2005, Karasu et al 2012, Tang et al 2012).
Therefore, it could be hypothesised that considering Tiron’s glucose-induced ROS reducing
ability (Figure 3.18), it may also influence the activity of aldose reductase as suggested by
Karasu et al. (2012) with pomegranate extract. Tiron’s influence on this pathway could be
measured in vitro colourimetrically with commercially available kits measuring aldose
reductase activity (BioVision, USA) or an ELISA to measure sorbitol dehydrogenase activity
(Abcam, UK), an enzyme closer to the formation of sorbitol within the polyol pathway which
has been shown to be reduced with vitamin E supplementation in vivo (Chan et al. 2008).
Evaluating whether Tiron has an effect on the activity of these enzymes may indicate how
Tiron elicits its reduction of oxidative damage, potentially through the reduction of aldose

reductase activity and reducing the accumulation of sorbitol.

Any reduction of aldose reductase or sorbitol dehydrogenase could consequently decrease
the accumulation of sorbitol as well as additional ROS formation, which would lead to a
reduction in oxidative damage as well as complications such as retinopathy or vascular
disease, both of which have been attributed to elevated sorbitol concentrations (Berrone et al.
2006, Williams and Ido 2012, Rhee and Kim 2018). Aldose reductase inhibitors, such as

Epalrestat, are already widely used for diabetic complication management and have shown
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improvements in diabetic nephropathy symptoms (Sharma and Sharma 2008, Hotta et al.
2012). Reduction of aldose reductase by resveratrol has already been shown in vivo and
attributed to ROS reduction and Nrf2 pathway induction, the latter of which has been
demonstrated with Tiron in this thesis and provides good premise for Tiron’s potential
modulation of the polyol pathway (Palsamy and Subramanian 2011). Supporting this, cinnamic
acid has reduced ROS and MDA concentrations alongside decreased sorbitol in high glucose
cultured H9c2 cells (Anupama et al. 2018). Tiron has previously demonstrated a reduction in
aldose reductase activity within isolated ischaemic Sprague-Dawley rat hearts correlated with
sorbitol concentration, indicating the potential action of Tiron in this pathway (Kaiserova et al.
2006). However, whilst in vitro investigation would directly evaluate Tiron’s influence on this
pathway, it would be better to observe this in multicellular or in vivo models such as
streptozotocin-induced DM to model the downstream and longitudinal effects, including
retinopathy or cardiovascular complications, and whether Tiron’s influence on these pathways
and other oxidative stress biomarkers such as ROS or lipid peroxidation are observed and
whether prevention through modulation of these pathways is possible. For example, aldose
reductase inhibition, such as could be achieved with Tiron, has been shown to attenuate

cardiac ischaemia and failure in vivo (Calderone et al. 2010, Son et al. 2012).

Furthermore, the antioxidant a-cyano-4-hydroxycinnamic acid has demonstrated a reduction
in the hexosamine pathway in hyperglycaemic (33 mM) rat cardiomyoblasts and was
associated with ROS amelioration (Rajamani and Essop 2010). Similarly, Benfotiamine, an
antioxidant supplement, has been shown to modulate the hexosamine pathway, measured by
hexosamine pathway end-product UDP-GIcNAc (Buse 2006), intracellular AGE as well as
PKC activity within an in vivo diabetic model (Hammes et al. 2003). As such, there is potential
to evaluate Tiron in these pathways, which may elicit a pathway activity reducing effect when
considering the amelioration of ROS evidenced with Tiron in figures 3.8 and 3.18. As indicated
above, it would advantageous to model the effects of Tiron on hyperglycaemia-associated
pathways in a multicellular or in vivo diabetic model by measuring multiple end-products such
as AGEs or UDP-GIcNAc, which can be done fluorescently as described by Namboori and
Graham (2008) or by ELISA (de Vos et al. 2016). Supporting this, Tiron has already been
shown to reduce AGE formation following 2 weeks of dosing streptozotocin-induced T1D rats
with 300mg/kg (Jiang et al. 2017). AGEs have been shown to increase vascular complications
within T1D and T2D patients and therefore reduction of these, particularly modelled in vivo,
could reduce secondary complications additional to Tiron’s role in protecting against oxidative
damage and reducing ROS and warrants further investigation before clinical expansion
(Giacco and Brownlee 2010, Rhee and Kim 2018). However, Tiron has shown little influence

on glycaemic control, the instigator of the activation of these pathways (Domingo et al. 1993).
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Therefore, Tiron’s influence on these pathways may only be applicable when activity is
increased, such as during hyperglycaemia, and would only be in a modulator capacity rather
than preventative. As such, more study is required within both diabetic and non-diabetic
models to observe Tiron’s influence on these pathways and whether it can be used
therapeutically to reduce enzymatic activity, such as with aldose reductase, or the formation
of damage inducing end-products such as UDP-GIcNAc and if this is warranted additional to
suitable glycaemic control or if use is only suitable for secondary complications. This is an

important consideration for Tiron’s future in the treatment of DM within these pathways.

As highlighted above, Tiron pre-treatment did not offer reduction of lipid peroxidation to
baseline in both the glucose and H.O, ROS models. It could be suggested that increases in
MDA perpetuate lipid peroxidation through the formation of other lipid radicals, contributing to
a further increase in MDA concentration that cannot be adequately managed by Tiron pre-
treatment (Coskun et al. 2005). The generation of other lipid radicals not measured in this
thesis could contribute to protein oxidation as well as enzymatic damage. Previously, lipid
peroxidation has been found to lead to mitochondrial dysfunction and facilitate electron
leakage from the ETC, increasing the generation of ROS (Coskun et al. 2005, Kwiecien et al
2014). In support of the reduction of MDA by antioxidant supplementation, a 2011 study
supplemented T1D children with vitamin E and found that MDA were significantly decreased
after a three month course (Gupta et al. 2011). Furthermore, a 2017 study also studied the
effect of the same 3 month supplementation on MDA concentrations in diabetic adults, finding
it to significantly decrease with supplementation and demonstrating the active study of
reducing this biomarker in DM patients (Chatziralli et al. 2017). Therefore, the study of Tiron’s
effects on MDA is in keeping with the current clinical interest in reducing this biomarker and
the results demonstrated efficacy in its reduction, which could be applicable within the clinic
when considered with the evidence that Tiron can significantly decrease metal toxicity induced

MDA increases in rats in vivo (Morgan et al 2018).

However, considering the results in Figure 3.8 and 3.18 where pre-treatment with Tiron
significantly reduced ROS levels in HKC-8 cells in all models of ROS generation, it is unlikely
that excess ROS production is the cause of Tiron’s inability to offer greater levels of protection
against MDA concentration elevation. It can be postulated that the formation of other lipid
radicals diverts Tiron’s action away from decreasing the availability of MDA alone. It has been
identified that MDA contributes to the formation of lipid hydroperoxides which, whilst more
stable than other ROS, can potentiate lipid peroxidation during propagation stages and
exacerbate oxidative stress, elevating MDA concentrations further (Ayala et al. 2014). As a

result, Tiron could inadvertently reduce ROS produced by MDA rather than decreasing MDA
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concentrations, rendering it less ‘protective’ as observed in this study. Elevated lipid
hydroperoxides have been found to be in T2D patients compared to healthy controls (Patel et
al. 2015). Unfortunately, due to the limiting non-specificity of the DCFDA assay, the type of
ROS or radicals produced was not distinguishable, therefore the formation of other radical
products was not apparent from the results of Figure 3.8 and 3.18. Accordingly, it would be
beneficial to study Tiron’s effect on other biomarkers of lipid peroxidation as well as other ROS
types to understand if Tiron is preferentially targeting ROS, or whether it is not as protective
against products of lipid peroxidation. Lipid peroxidation within DM has been positively
correlated with the development of DKD and has also been associated with systemic
inflammation, evidenced by elevation in cytokines, regardless of how sufficiently DM is
managed by patients (Kumawat et al 2013, de Souza Bastos et al 2016). Therefore, the use
of Tiron to reduce lipid peroxidation, as evidenced in this chapter, could be advantageous in
reducing the development of DM secondary complications and to understand how protective
this is across other biomarkers of lipid peroxidation could inform Tiron’s incorporation into a
DM treatment regime and whether this may also influence the inflammation observed by de
Souza Bastos et al. (2016).

Resveratrol has been shown to offer a high degree of protection against MDA when
supplemented for 2 weeks in vivo, resulting in an additional increase in endogenous
antioxidants such as SOD (Schmatz et al. 2012). Thus, it could be suggested that Tiron
treatment for 24 hours is not sufficient to minimise lipid peroxidation and associated damage.
As such, it would be pertinent to study the effect of prolonged Tiron treatment on the prevention
of lipid peroxidation. Studies have shown that MDA is increased by up to 167% in T2D patients
compared to healthy controls, these increases are shown to contribute to the progression of
DM and secondary complications; contributing to the stiffening of cardiovascular collagen,
resulting in cross-link formation and collagenous tissue and contributing to the development
of cardiovascular disease (Calderon-Salinas et al. 2011, Snedeker and Gautieri 2014, Dunér
et al. 2015). For this reason, the use of supplements such as Tiron to reduce MDA, even by
half as shown in this chapter, could prevent secondary cardiovascular disease, a complication
found to be reduced by 42-46% with adequately controlled T1D and T2D in a Swedish study
(Rawshani et al. 2017). Understanding the protection demonstrated by Tiron against lipid
peroxidation could also widen its application outside of the treatment of DM towards the
treatment of cancers or preventative actions, following the finding that MDA is elevated in
individuals at higher risk of developing oral cancer compared to healthy individuals (Chole et
al 2010).
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Throughout this chapter, the question has arisen as to what effect prolonged supplementation
may have on Tiron’s efficacy against oxidative stress. Initially, it was shown that prolonged
treatment of HKC-8 cells with Tiron led to significant (p<0.001) reduction in cell viability to 70%
after 48- and 72-hour treatment with Tiron (Figure 3.11). This indicated that prolonged
treatment was detrimental when supplemented in healthy cells, with higher concentrations of
Tiron for 24 hours already shown to reduce cell viability (Figure 3.2). Exogenous supplements
have previously been shown to induce adverse effects independent of their antioxidant effects,
including in possum renal proximal tubular cells where MitoQ induced acute mitochondrial
swelling and indicating that new supplements require detailed scrutiny to understand their
mechanism of action as well as any potential side-effects (Gottwald et al. 2018). Whilst
negative effects of antioxidants have been shown in carcinoma cell lines, arguably a beneficial
consequence such as instigating apoptosis in melanoma cells with NAC treatment (Yang et
al. 2007), the compromise of ‘normal’ cell viability from prolonged antioxidant exposure leads

to trepidation about its use as a preventative supplement.

However, Tiron has not demonstrated overtly toxic side effects previously, with it being shown
on more than one occasion to have anti-apoptotic effects and supported by the high estimation
of Tiron’s LD50 in this cell line (Figure 3.2) (Kobayashi et al. 2005, Yang et al. 2007). In support
of this, when HKC-8 cells were challenged with 5 mM H,0,, Tiron pre-treatment preserved
cell viability to 63% compared to 49% in the H,O, control, offering mild protection against ROS
(Figure 3.11). When HKC-8 cells were treated with Tiron for 72 hours as well as glucose (25
mM) with daily replenishment in a model of Tiron use in poorly managed DM, Tiron also
preserved mtDNA. This supports the hypothesis that despite eliciting decreases in cell viability
with Tiron treatment alone, there was a provision of protection. The preservation of cell viability
and mtDNA in this model indicates that daily supplementation of Tiron could be beneficial even
where DM is insufficiently managed, whether this is influenced by diet or other factors, and
suggests that incorporation within a treatment regime could result in a degree of protection
against glucose-induced damage, reducing the risk of cellular dysfunction or the development
of secondary complications. Kapoor and Kakkar (2012) also found that pre-, co- and post-
treatment of rat hepatocytes exposed to high glucose (40 mM) with the flavonoid Morin
significantly protected against ROS generation and apoptosis. These findings support the
protection demonstrated by Tiron against high-glucose induced oxidative stress and highlight
that antioxidant supplementation, regardless of timing, could be beneficially used to combat
high glucose-mediated damage. The protective response of daily supplementation of Tiron
into cells of human origin adds to published research where Tiron has been incorporated in

murine and rat models with oxidative stress ameliorating effects and a reduction of

109



nephrotoxicity, demonstrating that Tiron could be a beneficial adjunctive therapy in reducing
high glucose associated oxidative damage (Domingo et al. 1997, Morgan et al. 2017, 2018).

Figure 3.21 also found a significant (p<0.001) increase in gPCR efficiency compared to the
untreated control, indicating an enhanced protection against ROS, which could also occur
from physiological processes. This level of ROS reduction corresponds to the increase in Nrf2
protein expression observed in Figure 3.13, where cells treated with Tiron for 48 and 120
hours demonstrated a significant (p<0.001) increase in expression, indicating activation of the
Nrf2/ARE pathway. Oyewole et al. (2014) previously hypothesised that Tiron’s mechanism of
action was independent of the Nrf2/ARE pathway following UVR exposure through an absence
of hemeoxygenase-1 induction, a biomarker of Nrf2 activation, compared to Nrf2 inducing
antioxidants curcumin and Resveratrol (Oyewole et al. 2014). This was true for the results

obtained following Tiron treatment for 24 hours in HKC-8 cells (Figure 3.10).

On the other hand, this was not observed with 48 and 120 hours of treatment and could be
due to its proposed production of a reactive semiquinone by-product (Taiwo 2008, Rodacka
et al. 2014). Production of a reactive by-product from Tiron’s action was eluded to in Figure
3.12, where treatment of Tiron for more than 48 hours saw a significant (p<0.001) increase in
ROS generation. However, when challenged with H20, used as a known inducer of Nrf2
expression rather than glucose which whilst an activator of Nrf2 has been correlated with
downregulation as a result of high concentrations and diabetic complications such as
peridonitis (Zhou et al. 2015, Sima et al. 2016, Li et al. 2018, Sireesh et al. 2018, Oh et al.
2019), Tiron demonstrated a reduction in ROS compared to the H>O, control and indicating a
level of ROS reduction. The generation of ROS in this manner provides an explanation for the
resultant increase in Nrf2 protein expression in Figure 3.13, indicating that treatment with Tiron
for more than 48 hours led to inhibition of Nrf2 ubiquitination by Keapl and resulting in a
potential increase in the endogenous antioxidant defence, through translation of Nrf2 targeted
genes. As such, induction of the antioxidant response could provide an explanation for the

enhanced gPCR efficiency identified in Figure 3.21.

Activation of the Nrf2 pathway through exogenous antioxidant supplementation has been
previously shown in murine mesangial cells exposured to high-glucose (Li et al. 2011). Li et
al. (2011) found that modulation of Nrf2 expression reduced ROS and MDA concentrations as
well as transforming growth factor 1 (TGF-B1), which has been implicated heavily in the
development of diabetic nephropathy. It could be suggested that Tiron may elicit the same
response to TGF-B1 when considered alongside the successful modulation of ROS and MDA
as well as induction of Nrf2 seen within this chapter in HKC-8 cells, findings correlating with Li

et al. (2011), and whether this impacts the development of diabetic complications. Tiron’s
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influence on Nrf2 protein expression could also reduce the incidence of insulin resistance. A
study in adult cardiomyocytes found that H.O- treatment contributed to insulin resistance but
also that insulin increased the transcriptional activity of Nrf2, which was subsequently reduced
by an insulin resistance promoting PI3K inhibitor (Tan et al. 2011). Furthermore, Nrf2
activation has been evidenced in vitro to confer endothelial cell protection in hyperglycaemic
environments, which can reduce the risk of atherosclerosis and has been shown also to
reduce cardiomyopathy in a murine T2D model (Zakkar et al. 2009, He et al. 2011, Gu et al.
2017, Matzinger et al. 2018). Therefore, this indicates that Tiron may improve DM and insulin
sensitivity through its influence on the Nrf2 pathway addition to ameliorating ROS to reduce
oxidative damage and secondary complications such as atherosclerosis, which warrants

further modelling in vitro and in vivo.

Whilst the target of antioxidants is to minimise oxidative stress and damage, it has been shown
in Drosophila that overexpression of glutathione peroxidase inhibits hematopoietic progenitor
cell differentiation; whilst reduction of SOD2 led to an increase in differentiation (Owusu-Ansah
and Banerjee 2009). This cements the notion that whilst ROS are damage- and disease-
inducing, they also play a beneficial role in signalling and maintaining cell viability. Accordingly,
it is important to conduct extensive studies to explore off-target and unexpected toxicities, as
highlighted by Gottwald et al. (2018). Consequently to elucidate Tiron’s interaction with the
Nrf2 pathway further, it would be imperative to evaluate the response of Tiron supplementation
on down-stream signalling molecules within the ARE pathway as well as the influence on
endogenous antioxidant concentration following pathway induction. Nevertheless, Tiron’s
induction of Nrf2 protein expression is an important finding for the widening application of

Tiron.

Unfortunately, studies have suggested that Tiron has no effect on reducing blood glucose
levels, a characteristic that has been identified in a 2003 study where supplementation of T1D
rats with vitamin E or the cholesterol targeting antioxidant probucol had no influence on
glucose concentrations (Koya et al. 2003, Cheng et al. 2010). Nevertheless, the results
presented in this chapter support the use of Tiron within a clinically relevant model to reduce
high glucose-induced oxidative damage through the direct reduction of mtDNA strand breaks
and MDA concentration, both of which have been identified as biomarkers within DM patients
(Giacco and Brownlee 2010). Accordingly, research must now be directed towards
understanding potential interaction or efficacy compromises of Tiron incorporation into a
glucose management therapeutic regimen in DM treatment. Currently, Tiron has not been

shown to ablate the efficacy of metformin or the insulin mimetic effects of vanadate, providing
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good premise for further therapeutic application (Domingo et al. 1992, Domingo et al. 1993,
Cheng et al. 2010).

To conclude, the results presented in this chapter demonstrate the protective action of Tiron
against both H,O, and high glucose mediated ROS damage and demonstrating the specific
amelioration of oxidative damage, including mtDNA strand breaks and lipid peroxidation, in
HKC-8 cells. This protection was obtained through pre-treatment with Tiron for 24 hours as
well as the supplementation of Tiron at the time of ROS induction, supported by a decrease
in intracellular ROS production. This adds to the knowledge of Tiron’s protective capabilities
within a human cell line outside of the previously used skin and cancer cell models. It was
also shown that prolonged exposure to Tiron could result in an increase in Nrf2 expression as
a result of Tiron-induced ROS production, which could lead to the modulation of insulin
resistance with further investigation. The development of a hyperglycaemia mimicking in vitro
model, optimised for HKC-8 cells within this thesis, permitted the early evaluation of Tiron as
a potentially therapeutic compound in the treatment of diabetes with positive results.
Accordingly, the results presented in this chapter provide direction for future experimentation
to understand Tiron’s role within the amelioration of hyperglycaemia-induced damage, such
as Tiron’s influence on the polyol pathway and if this can be utilised to reduce the development

of secondary complications as well as insulin sensitivity before translation in vivo.
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Chapter 4 — The Effect of Tiron in Human

Bronchial Epithelial Cells

4.1 Introduction

4.1.1 Oxidative Stress within Asthma and COPD

The lungs are vulnerable to oxidative stress due to both their function and exposure to
environmental particulates and allergens (Park et al. 2009, Chan et al. 2017). Whilst other
tissues are also readily exposed to oxidative stress, this is pre-emptively managed by
endogenous mechanisms as highlighted by Smith et al. (2007), Fukai et al. (2011) and
Bandeira et al. (2012). However, chronic exposure of the lungs to exogenous pollutants or
allergens can lead to the accumulation of oxidative damage alongside the induction of
inflammation, exacerbating oxidative stress, which can overwhelm the endogenous defence
mechanisms (Li et al. 2003, Gowdy et al. 2010). Evidence to this, ROS have been identified
within the lung as both environmentally stimulated and cell-mediated, such as through the
induction and prolongation of inflammation (Waris and Ahsan 2006, Bolisetty and Jaimes
2013). This has been attributed to the development of chronic conditions such as asthma and
COPD, which have also been correlated with an increase in ROS and decrease in cellular
antioxidants within the lung leading to cellular damage and diminished lung function (Kirkham
and Rahman 2006, Birben et al. 2012, Wiegman et al. 2015, Bathri et al. 2017).

As indicated in section 1.4.2, the occurrence of symptoms such as airway hyperactivity and
chronic inflammation in asthma has been attributed to an increase in inflammatory cell
activation, leading to an oxidative or respiratory burst (Sahiner et al. 2011, Nadeem et al.
2014). This leads to the acute release of ROS from cells, including macrophages and
neutrophils, following increased uptake of O.. Resultant generation of ROS in this manner is
self-propagating leading to increased O and H:O. and the additional recruitment of
cytokines, which without adequate ROS reduction by antioxidants results in the accumulation
of oxidative damage, resulting in compromised organ functionality (Wedes et al. 2009,
Nadeem et al. 2014).

In both asthma and COPD, it has been suggested that the excess ROS production is
correlated with the severity of symptoms and disease, which has given rise to the suggestion
that symptoms are not only associated with airway inflammation but also the oxidative burst
and identifies a need for intervention such as with antioxidant supplementation (Louhelainen

et al. 2008, Castaneda et al. 2017, Bajpai et al. 2017). Unsurprisingly, a reduction in
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endogenous antioxidant availability has been identified within asthma and COPD patients,
supporting the presence of oxidative stress but also highlighting the deficit of antioxidants
available to reduce ROS and the associated damage (Yao et al. 2010, Rahman 2012, Elmasry
et al. 2015, Qu et al. 2017).

Subsequently, as the incidence of chronic pulmonary conditions is growing, there is a need
for investigation into strategies to reduce the severity of symptoms and inhibit the
accumulation of oxidative damage to improve disease prognosis (Reddy 2011, Mukherjee et
al. 2014, Adeloye et al. 2015). As a result, the examination of ROS-associated damage and
the effect of antioxidant supplementation in a pulmonary model prior to clinical trials, is highly

relevant and could provide insight into the use of antioxidants therapeutically.

Tiron (detailed in chapter 1) was used in bronchial epithelial cells to investigate its action as a
ROS reducing agent in this model. Tiron has previously been studied with good tolerance
within the lung both in vitro and in vivo largely in proof-of-concept models demonstrating the
involvement of oxidative stress within pulmonary disease (Kondrikov et al. 2011, Davidovich
et al. 2013, Han and Park 2009). However, whilst there has been evidence of Tiron’s beneficial
use in pulmonary models, such as by Ling et al. (2003) where Tiron inhibited mitochondrial
dysfunction and apoptosis H460 lung carcinoma cells through ROS reduction, there has yet

to be evidence of amelioration of specific oxidative damage in cells of human origin.

4.1.2 Aim

The aim of this study was to evaluate the protective potential of Tiron against cellular ROS in
an in vitro model of pulmonary disease. In this chapter, human bronchial epithelial cells
(BEAS-2B) were treated with Tiron and subjected to ROS induction directly and
physiologically.

114



4.2 Methods

4.2.1 Cell Culture

Human bronchial epithelial cells (BEAS-2B) were used to assess the effect of Tiron within lung
derived cells. This cell line was kindly provided by a colleague at Coventry University. BEAS-
2B cells are an immortalised cell line through transfection with the AD12-SV40 virus. This cell
line is a robust and frequently used model for the effects of oxidative stress and inflammation
in vitro (Lechner et al. 1982, 1984, Reddel et al. 1995, Park and Park 2007, Park et al. 2008,
Heng et al. 2010). Bronchial epithelial cells have been identified as key cells within both COPD
and asthma, responsible for maintaining a barrier between exogenous antigens and the
endogenous environment (Wang et al. 2008). Changes to these cells have been identified in
both COPD and asthma and associated with a reduced regenerative capability as a result of
alterations within the extracellular matrix (Erle and Sheppard 2014, Hedstrom et al. 2018).
Modelling with these cells has also demonstrated a correlation between asthma-like
inflammation and the generation of ROS and have correlated with results observed from
donated primary cells, particularly asthmatic patients (Bucchieri et al. 2015). Therefore, these
cells are a relevant model to explore the potential prevention of oxidative damage with Tiron

exposure.
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Figure 4.1. The morphology of BEAS-2B cells during culture at 75% confluency, passage 7.
Original figure obtained prior to cell passage using a TS100 eclipse microscope (Nikon, UK)
and coolLED camera (Microtec, UK).

BEAS-2B cells were cultured in bronchial epithelial cell growth medium (BEGM) (Lonza, UK)
supplemented with the BEGM SingleQuots™ BulletKit™ which contained bovine pituitary

extract, hydrocortisone, human epidermal growth factor, epinephrine, transferrin, insulin,
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retinoic acid and trilodothyronine (Lonza, UK). Media was supplemented with
penicillin:streptomycin (5U/ml) in place of the kit supplied gentamycin, as directed by the

original cell line supplier (ATCC, UK). The cell culture routine as described in section 2.2.

4.2.2 Cell Treatment Protocol

4.2.2.1 The Induction of ROS

In accordance with section 2.3.1, BEAS-2B cells were cultured with H.O, for 1 hour. H.O-
concentration was optimised following literature review where concentrations of 0.1 to 1mM
have been used to model oxidative stress in BEAS-2B cells (Fuijii et al 2002, Tsao and Yin
2017). For example, H20, (0.1-0.8 uM) significantly increased ROS, measured by DCFDA,
and inflammatory mediator expression, such as IL-8, in BEAS-2B cells which was correlated
with significant loss of cell viability (Khan et al 2014). Similarly, 1 mM H,O, was used as a
control for oxidative stress in BEAS-2B cells in understanding the role of H,O- in zinc induced
oxidative stress (Wages et al 2014). As such, a concentration range of 0.25-1 mM was
optimised in both the cell viability and mtDNA strand break assays to obtain a suitable

damage-inducing concentration without substantial cell loss caused by higher concentrations.

4.2.2.2 Hypoxia-Induced ROS Production

In the development of a model of physiologically induced ROS, the hypoxic conditions that
BEAS-2B cells were subjected to was optimised to induce significant production of ROS which
had the ability to generate measurable oxidative damage. Cells were cultured in hypoxic
conditions (section 2.3.2.2) for 24 to 120 hours before assessment with the DCFDA and
mtDNA strand break assays. In the assessment of the effect of Tiron on hypoxia-induced
damage, BEAS-2B cells were pre-treated with Tiron for 24 hours before replacement with

hypoxia-incubated BEGM media and hypoxic incubation.

4.2.2.3 Confirmation of Intracellular ROS Production

Production of intracellular ROS was evaluated as detailed in section 2.3.3 with the DCFDA
assay (Abcam, UK). Measurement of DCF fluorescence through flow cytometry evaluated the
use of Tiron against ROS-induction. Staining for the assessment of H,O. treatment was
conducted as in HKC-8 cells (section 3.2.2.3) whilst DCFDA stain at 20 uM was added to

BEAS-2B cells following trypsinisation of hypoxia-incubated cells due to stain stability.
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4.2.2.4 Treatment with Tiron

BEAS-2B cells were treated with Tiron as directed in section 2.4. Prolonged supplementation
with Tiron was also observed with supplementation for up to 120 hours prior to removal from

culture medium and commencement of the relevant ROS-induction protocol.

4.2.3 Assessment of ROS-Induced Damage and Data Analysis

All investigations into the effects of Tiron in reducing ROS-induced damage were conducted

and analysed as detailed in chapter 2.

4.3 Results

4.3.1 The Effects of Increasing Tiron Concentrations on Cell Viability

BEAS-2B cells were treated with 24 hours with Tiron at 0-2 M to estimate Tiron’s LD50 using
the TOX-8 and SRB assays and is presented in Figure 4.2. A significant reduction (p<0.001)
in cell viability was observed between 50 mM and 2 M (50 mM: 85+0.54%; 2 M: 14+0.94%;
vs. untreated control: 100+£1.40%). The results obtained in the TOX-8 assay calculated the
LD50 as 359 mM. This was confirmed with the SRB assay and calculated at 316 mM (50 mM:
85+1.36%; 2 M: 18+1.12%); vs. untreated control: 100+1.04%) (Figure 4.2B).
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Figure 4.2. The estimation of Tiron’s LD50 in BEAS-2B cells after 24-hour treatment (0-2 M).
The LD50, shown on each graph, was calculated by inverse log as 359 mM and 316 mM
according to the TOX-8 (A) and SRB (B) assays. N=9 from 3 independent experiments;

mean+SEM.
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Following treatment with Tiron 1-10 mM, used to identify a suitable test concentration of Tiron,
there was no significant decrease in cell viability with 1-4 mM (p=0.05) with the TOX-8 assay
(Figure 4.3). Concentrations of 5 and 10 mM significantly (p<0.001) decreased cell viability
compared to the untreated control, indicating their unsuitability as test concentrations (5 mM:
96+0.38%; 10 mM: 93+0.84%; vs. 100+0.51%). These results were confirmed with the SRB
assay (5 mM: 94+1.00%: 10 mM: 90+1.05%; vs. 100+0.43%)
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Figure 4.3. The effect of 24-hour treatment with Tiron (1-10 mM) in BEAS-2B cells on cell
viability. Tiron reduced cell viability at 5 mM and greater in both the TOX-8 (A) and SRB assays
(B). **, ** p<0.01, 0.001 vs. untreated control; n=9 from 3 independent experiments;

’

mean=SEM, one-way ANOVA with Dunnett’s post-hoc.
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4.3.2 The Optimisation of H202-Induced ROS Damage Through Titration

Identification of a suitable H>O, concentration which significantly reduced BEAS-2B cell
viability was also assessed with the TOX-8 and SRB assays. As such, all concentrations of
H.0, (0.25-1 mM) showed induced a significant reduction in cell viability (H.O, 0.25 mM:
51+0.74%; 0.5 mM: 48+0.72%; 1 mM 48+1.53%; vs. untreated control: 100+0.31%). The
results presented in Figure 4.4A were confirmed with the SRB assay (Figure 4.4B).
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Figure 4.4. The effect of 1-hour H,O; (0.25-1 mM) treatment on BEAS-2B cell viability. H20>
significantly reduced cell viability at all concentrations in BEAS-2B cells according to the TOX-
8 (A) and SRB (B) assays. *™* p<0.001 vs. untreated control; n=9 from 3 independent

experiments; meantSEM, one-way ANOVA with Dunnett’s post-hoc.
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BEAS-2B cells were cultured for 24 hours before treatment with 0.25-1 mM H-O- to identify a
concentration at which significant mtDNA strand breaks were detectable by gPCR. A
significant (p<0.001) fold increase in CT value was observed at all concentrations of H,O», with
0.25 and 0.5 mM H:0: inducing the most significant fold change in CT (H202 0.25 mM:
3.14+0.10; 0.5 mM: 2.92+0.11; vs. untreated control: 1.01+0.03) (Figure 4.5). When
considered with the results presented in Figure 4.4, a concentration of 0.25 mM H20, was

taken forward.
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Figure 4.5. The assessment of significant mtDNA strand break formation with H.O (0.25-1
mM) in BEAS-2B cells. H,O; at all concentrations induces significant mtDNA strand break
damage, through analysis of fold change in CT value using gPCR. *** p<0.001 vs. untreated
control; n=6; meantSEM, one-way ANOVA with Dunnett’s post-hoc.
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4.3.3 The Optimisation of Hypoxia-Induced Damage

The length of hypoxic culture (1% O,) was optimised between 24 and 120 hours to ensure
significant induction of intracellular ROS (Figure 4.6), determined fluorometrically by the
DCFDA assay. Of these, 48 and 120 hours induced a significant increase in ROS as
evidenced by increase in DCF fluorescence intensity compared to the untreated control (24
hours: 107+1.12%; 48 hours: 132+3.30%; 120 hours: 168+265%; vs. normoxic control (21%
02): 100£1.23%).
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Figure 4.6. The assessment of ROS production caused by prolonged culture in hypoxia.
BEAS-2B cells subjected to hypoxic conditions (1% O;) for 48 and 120 hours significantly
increased intracellular ROS, which was not seen after 24 hours. *** p<0.001 vs. normoxic
control (21% O5); n=6; mean+SEM, one-way ANOVA with Dunnett’s post-hoc.
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No fold increase in CT value, indicative of increased mtDNA strand break damage, was
observed at 24 and 48 hours of hypoxic culture, despite observing increased ROS production
at 48 hours in Figure 4.13. However, prolonged incubation (120 hours) under hypoxic
conditions did induce a significant (p<0.001) reduction in CT value compared to the normoxic

control (1.59+0.15 vs 1.05+0.06) (Figure 4.7).
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Figure 4.7. The induction of mtDNA strand breaks with qPCR following prolonged exposure
to hypoxic conditions. BEAS-2B cells subjected to hypoxic conditions for 120 hours
significantly reduced gqPCR efficiency, indicative of mtDNA strand break damage, not seen

after 24 and 48 hours. *** p<0.001 vs. normoxic control; n=6; meantSEM, one-way ANOVA

with Dunnett’s post-hoc.
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4.3.4 The Recovery of ROS-Induced Cell Viability Decline with Tiron

4.3.4.1 The Effect of Tiron on H202-Induced Reduction of Cell Viability

Using 0.25 mM H,0,, the effect of Tiron pre-treatment on protecting against H.Oz-induced
damage in BEAS-2B cells was initially assessed by examining cell viability in the TOX-8 and
SRB assays (Figure 4.8) and found to have significant (p<0.001) effect on cytotoxicity with a
significant (p<0.001) difference between Tiron treated samples in the presence or absence of
H20,. Tiron (1-3 mM) pre-treatment led to a significant recovery in cell viability compared to
the untreated control in the TOX-8 assay (Tiron 1 mM + H>0,: 72+0.79%; 3 mM + H,Og:
86+0.65%; vs. H,O, 0.25 mM: 52+0.35%). As has been previously documented in Figure 3.6,
despite preserving cell viability across all concentrations, 3 mM Tiron offered the best
protection compared to the H.O. control with decreases in cell viability preservation
corresponding to the decreases in viability observed in Figure 4.3 with high concentrations of
Tiron (Tiron 4 mM+ HO02: 70+0.41%; 5 mM + H2O2: 60+0.45%; vs H2O2: 52+0.35%). These
results were confirmed with the SRB assay (Tiron 3 mM+ H,0,: 81+£0.55%; vs. H,O, 0.25 mM:
53+1.19%) (Figure 4.8B).
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Figure 4.8. The preservation of cell viability with Tiron (1-5 mM) pre-treatment followed by
H.0,-0.25 mM) exposure. Tiron significantly improved cell viability at increasing
concentrations in the presence of 0.25 mM H,O; in BEAS-2B cells in both the TOX-8 (A) and
SRB (B) assays. *** p<0.001 significant difference with vs. without H,O; treatment at each
Tiron concentration; n=9 from 3 independent experiments; meantSEM, two-way ANOVA with

Bonferroni correction.

4.3.4.2 The Effect of Tiron on Hypoxia-Induced Reduction of Cell Viability

Exposure of BEAS-2B cells to hypoxia for 120 hours significantly (p<0.001) compromised cell
viability compared to the normoxic control as determined by the TOX-8 and SRB assays
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(58+1.11% vs. 100+£2.73%) (Figure 4.9). No significant reduction in cell viability was observed
following 24- and 48-hour hypoxic culture (24-hour: 99+2.73%; 48-hour: 96+3.40%; vs.
100+2.73%). These results corresponded with the absence of mtDNA strand break damage
at these timepoints in Figure 4.6. Pre-treatment with Tiron for 24 hours prior to exposure to
hypoxia for 120 hours significantly prevented cell viability loss (80+2.68% vs. 58+1.11%)
(Figure 4.9A). These trends were also observed in the SRB assay (Tiron + 120-hour hypoxia:
79+1.29%); vs. 120-hour hypoxia: 66+1.59%; vs. normoxia: 100+1.21%) (Figure 4.9B).
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Figure 4.9. The effect of Tiron (3 mM) pre-treatment on cell viability preservation following
hypoxic culture (24-120 hours). Tiron pre-treatment preserved cell viability following 120 hours
culture of BEAS-2B cells in both the TOX-8 (A) and SRB (B) assays. *, *** p<0.05, 0.001
significant difference with and without Tiron treatment in hypoxia (1% O,); n=9 from 3

independent experiments; meantSEM, two-way ANOVA with Bonferroni correction.
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4.3.4.3 The Effect of Prolonged Treatment with Tiron on H.O»-Induced Reduction of
Cell Viability

In this assay, BEAS-2B cells were treated with Tiron for 24-120 hours to assess the impact on
cell viability of prolonged treatment and whether this still offered protection against H.O: in the
TOX-8 and SRB assays. Whilst treatment with Tiron (3 mM) for 48-120 hours, under normal
cell culture conditions, induced a significant reduction in cell viability (Figure 4.10), it did
demonstrate a preservation of viability following treatment with 0.25 mM H;O: (Tiron 48 hours
+ H,02: 83+3.27%; 72 hours + H,O,: 73+2.41%; 120 hours + H.0,: 62+2.02%; vs. H20q:
51+0.70%). These results were confirmed with the SRB assay (Figure 4.10B).
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Figure 4.10. The effect of prolonged treatment (48-120 hours) with Tiron on cell viability. Tiron
treatment longer than 24 hours significantly reduced cell viability in both the TOX-8 (A) and
SRB (B) assays. **, *** p<0.01, 0.001 significant difference between H,O: treated vs. untreated
at each Tiron treatment duration; n=9 from 3 independent experiments; mean+SEM, two-way
ANOVA with Bonferroni correction.
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4.3.5 The Effect of Tiron on Intracellular ROS Production

4.3.5.1 The Effect of Tiron Pre-Treatment on ROS Production

The effect of Tiron pre-treatment on ROS production induced by H-O, treatment was assessed
through measuring DCF fluorescence intensity by flow cytometry after 1 hour of H.0:
treatment. Significant (p<0.001) increases in ROS were evidenced by increases in DCF
fluorescence intensity measured by the DCFDA assay and compared to the untreated controls
(H202 204+17.44%; vs.100+3.29%) (Figure 4.11). Compared to the H»O, control, pre-
treatment with 3 mM Tiron significantly reduced the fluorescence intensity (112+2.49% vs.
204+17.44%). Unlike in Figure 3.7, which detailed the effect on HKC-8 cells, Tiron treatment
(both with and without H.0O,) did not significantly reduce fluorescence intensity (Tiron:
10944.46%; + H,0,: 112+2.49%; vs. 100+3.29%).
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Figure 4.11. The effects of Tiron (3 mM) on intracellular ROS with and without H-O, (0.25
mM) treatment in the DCFDA assay by flow cytometry. (A) 0.25 mM H,O; (orange) treatment
significantly increased fluorescence intensity compared to untreated (black). (B) Tiron pre-
treatment (red) significantly reduced ROS following H,O, treatment (green) compared to the
untreated (violet) and Tiron controls (purple). (C) Pre-treatment with Tiron significantly
reduced fluorescence intensity following H.O- treatment in BEAS-2B cells. The colours shown
directly relate to Figure 4.11A and B. *** p<0.001 vs. untreated control; #t## p<0.001 vs. H-03;
n=6; mean+SEM, one-way ANOVA with Tukey post-hoc.
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The effect of Tiron pre-treatment on hypoxia-induced ROS production was also assessed
through measuring DCF fluorescence intensity by flow cytometry after 120 hours of hypoxic
culture. In the prevention of ROS production, pre-treatment with Tiron significantly reduced
fluorescence intensity (Tiron + hypoxia: 81+2.82%; vs. 221+2.83%) (Figure 4.12). These
results corresponded with Figure 4.11. Furthermore, treatment with Tiron for 24 hours followed
by 120 hours, in normal cell culture conditions (21% 0O2), maintained baseline fluorescence

intensity compared to the normoxic control (95+4.46%).
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Figure 4.12. The effect of Tiron on ROS production following hypoxic culture (1% O) and
Tiron pre-treatment. (A) Significant production of ROS with 120 hours hypoxia (blue) vs.
normoxia (21% O3) (purple). (B) Tiron pre-treatment (green) inhibited hypoxia-induced ROS
production (blue) vs. normoxia (purple) and Tiron controls (red). (C) Pre-treatment with Tiron
significantly reduced fluorescence intensity following hypoxia treatment in BEAS-2B cells. The
colours shown directly relate to Figures 4.12A-B. *, *** p<0.05, 0.001 vs. normoxia control;
### p<0.001 vs. Hypoxia; $ p<0.05 vs. Tiron control; n=6; mean+SEM, one-way ANOVA with
Tukey post-hoc.
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4.3.5.2 The Effect of Prolonged Treatment with Tiron on ROS Production

With prolonged treatment (48 to 120 hours) of Tiron in BEAS-2B cells, there was a significant
fold increase in fluorescence intensity measured with the DCFDA assay (Tiron 48 hours:
117+2.45%; 120 hours: 123+2.48%:; vs. untreated control: 100+0.68%; vs. Tiron 24 hours:
96+1.09%) (Figure 4.13). Despite increases in ROS production with Tiron treatment alone, a
significant (p<0.001) reduction in fluorescence intensity was measured following H.O-
treatment (Tiron 48 hours + H»O;: 140£3.48%; 120 hours: 148+2.26%; vs. 0.25 mM H2O::
201+3.12%).
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Figure 4.13. The effects of prolonged treatment (48-120 hours) with Tiron on intracellular ROS
production. Prolonged treatment significantly reduced H>O»-induced increases in fluorescence
intensity measured fluorometrically with the DCFDA assay. *** p<0.001 significant difference
with vs. without H»O; at each Tiron concentration; n=9 from 3 independent experiments;

meanzSEM, two-way ANOVA with Bonferroni correction.
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4.3.6 The Prevention of MtDNA Strand Breaks with Tiron

4.3.6.1 The Prevention of H2O2-Induced MtDNA Strand Breaks with Tiron

Pre-treatment with Tiron (24 hours) significantly prevented mtDNA strand breaks at all
concentrations (2-5 mM) (Figure 4.14). The most significant preservation of mtDNA was
achieved with 3 mM Tiron compared to the untreated and H2O; controls (Tiron 3 mM + H,0::
0.90£0.02; vs. H20, 0.25 mM: 4.52+0.06). Tiron at 4 and 5 mM did not preserve CT values to
that of the untreated control but did significantly protect against H.O»-induced mtDNA damage
as did Tiron at 2 mM (Tiron 2 mM + H20;: 2.89+0.03; Tiron 4 mM + H,0,: 1.60+0.02; Tiron 5
mM + H,0,: 1.48+0.03; vs. H,0; 0.25 mM: 4.52+0.06). Treatment with 3 mM led to a significant
(p=<0.001) fold increase in gPCR efficiency, measured as a fold decrease in CT value (Tiron 3
mM: 0.56+0.02 vs. 1.05+0.01).
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Figure 4.14. The inhibition of mtDNA strand break formation with Tiron (2-5 mM) assessed by
gPCR. Tiron pre-treatment offered significant (p<0.007) protection against H>O>—induced
MtDNA strand breaks in BEAS-2B cells at all concentrations. *** p<0.001 significant difference
with vs. without H,O; at each Tiron concentration; n=6; meantSEM, two-way ANOVA with

Bonferroni correction.

132



4.3.6.2 The Inhibition of Hypoxia-Induced MtDNA Strand Break Formation with Tiron

In the preservation of mtDNA, Tiron pre-treatment (24 hours) was significantly protective
against hypoxia-induced mtDNA strand breaks determined through qPCR analysis as a
significant (p<0.001) decrease compared to the hypoxia control (Tiron + hypoxia: 1.01+0.02;
vs. hypoxia: 2.83+0.05).
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Figure 4.15. The inhibition of hypoxia-induced mtDNA strand break formation with Tiron. Tiron
pre-treatment (24 hours) offers significant (p<0.007) protection against hypoxia—induced
mMtDNA strand breaks in BEAS-2B cells after 120 hours. *** p<0.001 vs. normoxia (21% O>);
### p<0.001 vs. hypoxia (1% O.); n=6; mean £+SEM, one-way ANOVA with Tukey post-hoc.
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4.3.6.3 The Effect of Co-treatment on Hypoxia-induced MtDNA Strand Breaks

Following the reduction of hypoxia-induced damage in BEAS-2B cells with Tiron pre-treatment
for 24 hours, the effect of co-administration of Tiron and hypoxia was assessed, considered
as a co-treatment. The effect of co-treatment on the prevention of mtDNA strand breaks was
assessed by gPCR to provide primary evidence for the beneficial use of Tiron and is shown
in Figure 4.16. Supplementation at the time of hypoxia induction offered considerable
protection against strand break formation compared to the hypoxia control (0.26+£0.01 vs.
2.4940.04). Prolonged treatment with Tiron for 120 hours in normoxia also led to a significant
(p=0.001) fold decrease in qPCR CT value (0.42+0.01 vs. normoxia: 1.09+0.04).
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Figure 4.16. The effects of Tiron on mtDNA strand break damage supplemented at the time
of entry into hypoxia (120 hours). Tiron offered protection against hypoxia—induced mtDNA
strand breaks in BEAS-2B cells when administered at the time of hypoxia (1% O.) induction.
Y T p<0.05, 0.01, 0.001 vs. normoxia (21% O,); ### p<0.001 vs. hypoxia; n=6;
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mean+SEM, one-way ANOVA with Tukey post-hoc.

134



4.3.7 The Effect of Tiron on Lipid Peroxidation

4.3.7.1 The Effects of Tiron on H202-Induced Lipid Peroxidation

A significant (p<0.001) reduction in MDA production of 36% was observed following 24-hour
pre-treatment with Tiron compared to the H>O, control measured colourimetrically (H.O, 0.25
mM: 186+2.70%; Tiron + H»O,: 120+4.75%). Treatment with Tiron without H2O; led to a
significant (p<0.001) increase in MDA production not observed with HKC-8 cells in Figure 3.8
(117+3.57% vs. 100+0.58%) (Figure 4.17). Dissimilar to the results in Figures 4.14 and 4.15,
Tiron was not restorative of baseline concentrations of MDA; this outcome is in keeping with

the results in chapter 3.
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Figure 4.17. The effect of Tiron on increased MDA concentration following H.O, treatment
(0.25 mM). Tiron demonstrated protection against H.O»-induced lipid peroxidation in
BEAS-2B cells through the measurement of  the MDA biomarker.
*** p<0.001 vs. control; ##H# p<0.001 vs. H.O3; n=6; meanSEM, one-way ANOVA with Tukey

post-hoc.
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4.3.7.2 The Effects of Tiron on Hypoxia-Induced Lipid Peroxidation

Similar to Figure 4.17, Tiron pre-treatment led to a significant (p<0.001) decrease in hypoxia-
induced MDA production following 120-hour exposure to hypoxia (Tiron + Hypoxia:
139+3.18% vs. 262+3.18%) (Figure 4.18). Culture of BEAS-2B cells for 120 hours in hypoxia
led to a greater increase in MDA production than observed with H.O. (Figure 4.17). Tiron pre-
treatment was unable to restore MDA concentration to that of the normoxic control whilst Tiron
alone led to an increase greater than that observed in Figure 4.17 (Tiron: 132+2.14 vs.

normoxic control: 100+0.58%).
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Figure 4.18. The reduction of hypoxia-augmented MDA concentration with Tiron. Tiron
demonstrated reduction of MDA following hypoxia (1% O;) treatment for 120 hours in
BEAS-2B cells. *** p<0.001 vs. normoxia (21% Oy); ### p<0.001 vs. hypoxia; n=6;
mean+SEM, one-way ANOVA with Tukey post-hoc.
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4.3.8 The Effect of Tiron on Nrf2 Expression

4.3.8.1 The Effect of 24-Hour Treatment with Tiron on Nrf2 Expression

The protein expression of Nrf2 in BEAS-2B cells was qualitatively assessed by ELISA after
24-hour Tiron pre-treatment and treatment did not significantly (p=0.05) augment Nrf2 protein
expression (115+3.72% vs. untreated control 100+5.02%) (Figure 4.19). Treatment with 0.25
mM H,O, for 1 hour significantly augmented (p<0.001) Nrf2 expression (257+13.61% vs.
100+5.02%). Against this, Tiron did not stimulate an increase in Nrf2 expression (117+4.72%
vs. 257+13.61%).
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Figure 4.19 The gualitative assessment of Nrf2 expression with Tiron (3 mM) and H.O, (0.25
mM) treatment. Tiron did not augment Nrf2 expression in BEAS-2B cells following ROS
induction by H»O,. *** p<0.001 vs. untreated control; ### p<0.01 vs. H>O2; n=6; meanzSEM,
one-way ANOVA with Tukey post-hoc.
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4.3.8.2 The Expression of Nrf2 Following Prolonged Treatment with Tiron

Tiron treatment for longer than 24 hours significantly (p<0.001) increased the protein
expression of Nrf2 measured by ELISA (Tiron 48 hours: 158+10.23%; 120 hours: 188+6.99%;
vs. untreated control: 100+5.02%) (Figure 4.13). In the protection of
BEAS-2B cells against H>.O», Tiron pre-treatment for both durations led to a significant
(p=<0.001) reduction in Nrf2 expression, indicating some level of independent ROS
amelioration (Tiron 48 hours + H»0;: 165+10.77%; 120 hours + H20,: 209+6.28%:; vs. H20::
257+13.61%).
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Figure 4.20. The expression of Nrf2 following prolonged Tiron treatment (48-120 hours) by
ELISA. Tiron induced Nrf2 expression in BEAS-2B cells following prolonged incubation both
with and without ROS induction by H>O,. *** p<0.001 significant difference with vs. without
H>Ozat each Tiron treatment duration; n=9 from 2 independent experiments; mean+SEM, two-

way ANOVA with Bonferroni correction.
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4.4 Discussion

Tiron pre-treatment (3 mM) significantly (p<0.001) preserved cell viability (Figure 4.8), reduced
MDA concentration (Figure 4.14) and was significantly protective against mtDNA strand
breaks (Figure 4.17) in lung epithelial (BEAS-2B) cells exposed to 0.25 mM H;O,. The high
level of protection offered by Tiron was indicated to be as a result of ROS amelioration,
observed as a reduction in DCF oxidation (Figure 4.11). H,O»-induced DNA damage and lipid
peroxidation has been alleviated in vitro by pre-treatment of lung fibroblasts with the plant
sourced and ROS scavenging antioxidant hyperoside (quercetin-3-O-galactoside) (Piao et al.
2008). The protection demonstrated by Tiron in BEAS-2B cells against H>O; induced stress is
supported by the work conducted in chapter 3 in addition to published literature highlighted in
the previous chapter and demonstrates that the high level of protection achieved with Tiron is
not cell-type specific. This is contrary to the variable responses observed with hyperoside,
which was found to offer less protection within lung cells compare to other cell types, including
melanocytes and adrenal medulla cells (Liu et al. 2005, Piao et al. 2008, Yang et al. 2016, Ye
et al. 2017). Therefore, the consistent levels of protection offered by Tiron in multiple cell types
(HKC-8 and BEAS-2B) suggests that it could supersede protection offered by antioxidants
such as hyperoside to reduce oxidative stress to a high degree systemically (Fang et al. 2012,
Oyewole et al. 2014). The protection offered by Tiron in BEAS-2B cells specifically could
reduce the ROS that is being increasing identified within pulmonary disease (Ochs-Balcom et
al. 2006, Bartoli et al. 2011). For example, mtDNA strand break damage has been correlated
with increased ROS and ETC inefficiency in lung tissue and skeletal muscle cells isolated from
COPD patients (Puente-Maestu et al. 2009, Pastukh et al. 2011). Similarly, breath
condensates from asthmatic patients identified increased levels of MDA alongside ROS
(Corradi et al. 2004, Bartoli et al. 2011). Therefore, observing the effects and tolerance of Tiron
within pulmonary derived cells was integral to understanding the therapeutic possibilities with
Tiron supplementation to treat ROS-associated pulmonary disease, including asthma or
COPD, as well as adding to the knowledge of Tiron’s protective capabilities within human cells

derived from different tissues.

Evaluation of a range of Tiron concentrations, including the estimation of Tiron’s LD50 at
approximately 316-359mM (Figure 4.2), found that 3 mM demonstrated the highest level of
cell viability and mtDNA preservation in BEAS-2B cells (Figure 4.3, 4.8 and 4.14). This finding
agreed with results observed in HKC-8 cells (chapter 3) and previously by Oyewole et al.
(2014). A test concentration range of 2-5 mM after estimation of the LD50 was within the range
that has been used frequently with Tiron in vitro (0.1-10 mM) without adverse effects including

in primary osteoblasts (Marinucci et al. 2018), and human embryonic kidney (HEK293) cells
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(Liu et al. 2006). Tiron treatment for 24 hours has previously been shown reduce pesticide-
induced ROS production in BEAS-2B cells at 10 mM, which is greater than used in this chapter
(Alleva et al. 2016). Figure 4.3 found that 10 mM significantly (p<0.001) reduced cell viability
when supplemented alone, data of which was not presented by Alleva et al. (2016). Therefore,
the findings of this chapter add to the evidence presented by Alleva et al. (2016) supporting
Tiron’s use but that whilst a higher concentration may reduce oxidative, a lower concentration
such as 3 mM is preferential considering the reduction of cytotoxicity and mtDNA damage
shown in Figures 4.3 and 4.8. A concentration range of 0.1-5 mM Tiron has also been used in
primary human neutrophils, which demonstrated dose-dependent decreases in ROS
production alongside Trolox (0.1-4 mM) and Tempol (0.1-5 mM) (Vorobjeva and Pinegin
2016). This indicated that a small concentration of Tiron can be effective in reducing oxidative
stress across more cell types (Vorobjeva and Pinegin 2016). This suggests that lower doses
of Tiron may still be influential in reducing oxidative stress. Whilst the efficacy of Tiron at lower
concentrations was indicated within HKC-8 cells (Figure 3.7), this was not observed with
BEAS-2B cells. This indicates that a higher concentration is required to provide similar levels
of protection compared to kidney cells. This is a valuable insight prior to in vivo studies and
indicates that ROS amelioration with the lung should be considered when determining dosing

levels of Tiron to ensure that protection is offered to the similar levels as other tissues.

A range of concentrations have also been used to assess the protective capabilities of other
antioxidant supplements, including vitamin E and curcumin. However, Zhu et al. (2014) found
that concentrations as low as 40 uMO pM curcumin and 80 uMO pM vitamin E demonstrated
a significant reduction in BEAS-2B cell viability to 20% after 24-hour treatment. In Figure 4.2,
a 20% reduction in cell viability induced by Tiron was sustained after 24-hour treatment with
1M, suggesting a better tolerance of Tiron by BEAS-2B cells within this chapter compared to
the findings of Zhu et al. (2014) and justifying its use at a ‘higher’ concentration. On the other
hand, considerably lower doses of Resveratrol (10 uM) have been used protectively in BEAS-
2B cells against paraquat-induced oxidative stress (He et al. 2012). However, this dose did
not completely ameliorate ROS production (He et al. 2012). At 3 mM, Tiron has previously
demonstrated a superior protective capacity compared to Resveratrol (5 uM) in HDFn cells as
well as at 40 mM (vs Resveratrol at 1 mM) in propionic acidemia patient fibroblasts (Oyewole
et al. 2014, Gallego-Villar et al. 2014). This provides evidence that, whilst Resveratrol
concentrations are lower, the use of Tiron at 3 mM can be hypothesised to be preferential to
Resveratrol due to its provision of higher levels of protection (Oyewole et al. 2014, Gallego-
Villar et al. 2014).
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It has been shown that persistent deprivation of oxygen, such as through hypoxia, leads to
mitochondrial dysfunction. This leads to increases in the formation of ROS and resulting in
oxidative damage, which has been supported by increased expression of endogenous
antioxidants in a rat hypoxia model (Chou et al. 2009, Toth and Warfel 2017). As had been
seen with H,O, treatment, Tiron pre-treatment demonstrated significant protection against
hypoxia-induced mtDNA strand break damage (Figure 4.15) alongside significantly (p<0.001)
reduced ROS availability (Figure 4.12), cytotoxicity (Figure 4.9) and lipid peroxidation (Figure
4.18). Hypoxia-induced double strand break DNA damage and MDA elevation has been
previously correlated with ROS production in primary lung fibroblasts and rat lung
homogenates. This was attenuated with antioxidant treatment, thus supporting the incidence
of such damage alongside elevated ROS in BEAS-2B cells as well as the protection offered
by Tiron (Bell et al. 2007, Purushothaman et al. 2011).

ROS occur in Oz depleted environments due to ETC inefficiency resulting from cytochrome c’s
inability to readily accept electrons from complex lll, leading to an abundance of unpaired
electrons (Chandel et al. 2000, Toth and Warfel 2017). Such formation of ROS was first seen
in BEAS-2B cells after 48 hours in hypoxia (Figure 4.6), with levels of ROS comparable to
those seen with 0.25 mM H,O, after 120 hours of hypoxia (221% vs. 204%; Figure 4.12 and
4.11 respectively). ROS readily stabilise HIF-1a during hypoxia through denaturation of prolyl
hydroxylases, resulting in the accumulation of HIF-1a and upregulation of vascular endothelial
growth factor (VEGF) and glycolysis, promoting O.-independent ATP synthesis, sustaining
cell viability and decreasing the reliance on OXPHOS as well as ROS formation (Guzy et al.
2005, Clanton 2007, Chan et al. 2009, Chua et al. 2010, Toth and Warfel 2017). This
upregulation of glycolysis could account for the absence of mtDNA damage observed after 48
hours of hypoxic culture (Figure 4.7) and has also been observed in pulmonary artery cells,
where exposure to hypoxia for 72 hours resulted in a significant increase in ROS generation
not observed at 24 or 48 hours, despite an increase in H.O, observed after 48-hours (Porter
et al. 2014). This hypothesis of glycolytic-facilitated preservation is further supported by the
finding in Figure 4.9 that hypoxic culture for 24 to 48 hours did not significantly reduce cell
viability (p=0.05). A similar event was observed in chapter 3 with HKC-8 cells whereby 25 mM
glucose treatment induced significant intracellular ROS but did not lead to significant mtDNA
strand break damage (Figure 3.14 and 3.15). Together, these demonstrate the activity of the
endogenous antioxidant defence through which ROS-induced damage is initially abrogated.
However, the increase in ROS generation after 48 hours does present an opportunity to use
supplementation, such as with Tiron, to prevent the development of ROS-induced damage
during hypoxia exposure such as during allergen-induced bronchoconstriction, which has

been shown to lead to the development of alveolar hypoxia (Chaouat et al. 2008).
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Reduced HIF-1a protein expression has been identified in COPD patient samples indicating
a deficient adaptive mechanism to hypoxia, accounting for increases in oxidative stress in
COPD and has been correlated with the development of pulmonary hypertension (Yasuo et
al. 2011, To et al. 2012). Pulmonary hypertension in COPD, associated with hypoxia, has
been correlated with elevated MDA and oxidative DNA damage (Bowers et al. 2004, Wong et
al. 2013). Antioxidants have been shown to modulate hypoxia-induced ROS in vivo resulting
in a decrease in pulmonary hypertension (Lachmanova et al. 2005, Jankov et al. 2008).
Therefore, the results obtained with Tiron demonstrating the reduction of ROS, preservation
of mtDNA and reduction of lipid peroxidation induced by hypoxia could be effective within the

treatment of pulmonary disease with the potential to also reduce pulmonary hypertension.

It was shown that pre-treatment with Tiron significantly (p<0.001) reduced MDA concentration
by 36% against H,O, and 47% following hypoxia (Figure 4.17 and 4.18). Serum levels of MDA
have been found to be elevated during exacerbation of COPD and asthmatics, with higher
levels correlating with hospitalisation frequency. Therefore any reduction of MDA, as is shown
with Tiron, could be deemed beneficial in reducing oxidative stress within these patients
(Ahmad et al. 2012, Voskresenska et al. 2015). However, with both hypoxia- and H,O»-
induced MDA augmentation, Tiron did not restore levels back to baseline, suggesting that
ROS-induced lipid peroxidation was not reduced to the same extent as seen with gPCR with
Tiron. The absence of this level of MDA inhibition was also observed in the HKC-8 cell line
(chapter 3). This indicates that Tiron is either unable to successfully ameliorate products of
lipid peroxidation which could be as a result of their chemistry, a selectivity suggested with
vitamin C and E previously (Niki 2014). This could then contribute to the cytotoxicity also
observed in BEAS-2B cells, which was not adequately protected against by Tiron (Figure 4.8
and 4.9).

An alternative explanation could be that the self-generating mechanism of MDA and lipid
peroxidation, resulting in the formation of other radicals, is greater than the action elicited by
Tiron (Niedernhofer et al. 2003, Ayala et al. 2014). The inability of Tiron to maintain levels of
lipid peroxidation to baseline in both HKC-8 and BEAS-2B cells indicates that this response is

not a cell specific phenomenon.

In consideration of this, the reduction of ROS levels to below that of the untreated control
following hypoxia and H.O, treatment indicate that the levels of ROS do not correlate with the
measured MDA increases. This has been shown in studies of protective compounds in other
lung-derived cells alongside alterations in endogenous antioxidant concentrations, including a
2011 study of isolated rat lung cells subjected to H,O, (Ganie et al. 2011, Liu et al. 2017). This

study compared the protection elicited by podophyllum hexandrum plant and vitamin E but
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also the responses across lung, kidney and liver cells. Reduction of MDA levels to baseline
was only achieved in liver cells with vitamin E, which correlates with the results of this thesis
in both HKC-8 and BEAS-2B cells (Ganie et al. 2011). Tiron has previously demonstrated
partial amelioration of MDA production comparable to the existing treatment for asthma,
dexamethasone, in a ovalbumin model of asthma (El-Sherbeeny et al. 2016). The finding that
Tiron was not able to adequately prevent MDA concentration increases in BEAS-2B cells,
unlike that achieved with mtDNA strand break prevention, is therefore in keeping with
published literature (Ganie et al. 2011, El-Sherbeeny et al. 2016, Liu et al. 2017).
Nevertheless, whilst not completely ameliorative of MDA, Tiron could still be used to reduce
lipid peroxidation within pulmonary disease especially considering the decrease in antioxidant

levels identified in such patients (Tug et al. 2004, Bajpai et al. 2017).

Considering that hypoxia incidence cannot always be pre-empted, such as in acute and severe
allergic reactions or asthmatic exacerbations, it was of interest to observe if Tiron could
provide protection against hypoxia without pre-treatment. When administered at the same time
as BEAS-2B cell incubation in hypoxia, Tiron was significantly protective against mtDNA
strand breaks as had been seen with pre-treatment (Figure 4.16). The high degree of
protection offered by Tiron as a result of co-treatment is also supported by results obtained by
El-Sherbeeny et al. (2016), who demonstrated that Tiron ameliorated established airway
inflammation in mice. Therefore, the protection against ROS-induced mtDNA damage as well
as ROS reduction shown in this thesis adds to, and supports, the evidence for Tiron’s efficacy
when administered at the time, or after in the case of EI-Sherbeeny et al's (2016) model, of
ROS elevation. Considering this, further work should be conducted to observe if combined
treatment of dexamethasone and Tiron could offer greater reductions in MDA biomarkers
within asthmatic models, not modelled by EI-Sherbeeny et al. (2016), and how this may affect

other biomarkers of oxidative stress and asthma.

Furthermore, Tiron could be administered to reactively reduce ROS such as generated during
allergen-induced airway hyperresponsiveness and bronchoconstriction. Sook Cho et al.
(2004) have suggested similar with a-lipoic acid supplementation in ovalbumin treated mice.
There is also potential to use Tiron to reduce ROS or other markers of oxidative stress with
supplementation as measured in breath condensates clinically, such as reported by Stefanska
et al. (2012), who found that nebulised apocynin significantly reduced H.O. levels in
asthmatics. It was suggested by Nakamoto et al. (2016) that elevated ROS within serum could
be used to predict the incidence of severe asthmatic exacerbations, which could then ensure
timely intervention. As such and with further experimentation, Tiron could be supplemented to

reduce these levels, supported by the Figures 4.11 and 4.12. Therefore, the finding that Tiron
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could be administered during ROS induction, such as is present within pulmonary disease,
could widen the therapeutic use of Tiron in that, as opposed to preventative therapy, Tiron
could be used acutely to manage ROS and minimise damage accumulation observed in
patients with chronic disease, such as COPD (Maluf et al. 2007). These results also support
the data in chapter 3, which demonstrated that co-administration of Tiron alongside glucose
(25 mM) consecutively for 72 hours was significantly protective and further indicates the use

of Tiron as a reactive therapy additional to its preventative role and expanding its potential.

It was indicated in Figure 4.13 that prolonged (=248 hours) treatment with Tiron significantly
(p=<0.001) increased ROS levels. However, when BEAS-2B cells were treated with H2O-
following prolonged treatment with Tiron, there was still a significant (p<0.001) decrease in
ROS levels, suggesting both the production and reduction of ROS by Tiron. Taiwo (2008)
demonstrated that Tiron forms a semiquinone radical independent of O, availability,
supporting the elevation of ROS in Figure 4.13, and that induction of ROS also enhances this
formation. Therefore, it can be suggested that the production of ROS by Tiron contributes to
the protection offered during co-treatment in a feed-forward mechanism (Figure 4.16).
However, the decrease in cell viability (Figure 4.10) as a result of prolonged treatment
suggests that supplementation with Tiron alone may elicit undesirable cytotoxicity, likely as a
result of its ROS generation, and should only be considered when ROS generation is present

such as during inflammation or exposure to low oxygen environments.

Further to this, Wong et al. (2015) found Tiron to enhance bradykinin-induced vasodilation
through H20: production during hyperoxia. It was shown that Tiron reduced hyperoxia-induced
O, resulting in the generation of H.O,, which was then ameliorated by co-treatment with
catalase and highlighting the production of ROS as a result of Tiron’s action (Wong et al.
2015). This could explain the protection of BEAS-2B cells after 120 hours of hypoxic
exposure, particularly following Tiron’s removal from cell culture medium after pre-treatment
(Figure 4.15), in that the ROS formed as a result of Tiron’s action could also induce the
endogenous response, enhancing ROS reduction (Wong et al. 2015). In support of this, it was

indicated that treatment with Tiron (=248 hours) significantly increased Nrf2 protein expression.

Previously Tiron’s action as a result of 24-hour pre-treatment was found to be independent of
Nrf2 in a knockdown maodel in human dermal fibroblasts (Oyewole et al. 2014). This was
supported by results obtained in Figure 4.19 where following treatment with H,O; (0.25 mM),
Tiron maintained comparable Nrf2 protein expression levels to the Tiron control. On the other
hand, when BEAS-2B cells were treated with Tiron for 48-120 hours, the induction of Nrf2
protein expression (Figure 4.20) was correlated with the elevation of ROS seen in Figure 4.13.

Increases in ROS-mediated Nrf2 expression have been evidenced previously in human and
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mouse pulmonary fibroblasts alongside the downstream target gene NAD(P)H: quinone
oxidoreductase 1 (NQO1) (Zucker et al. 2014, David et al. 2017). As such, it can be suggested
that the protection offered by Tiron is as a result of ROS-mediated Nrf2 induction, which in
turn would induce the expression of endogenous antioxidants. To support this hypothesis, the
effect of Tiron supplementation on the expression of endogenous antioxidants such as SOD
or catalase requires evaluation to understand if this is as a result of the elevated Nrf2 protein
expression seen in Figure 4.20, with evidence in vivo indicating that Tiron maintains control

levels of SOD in ovalbumin-induced asthma (El-Sherbeeny et al. 2016).

The use of exogenous Nrf2 inducers in pulmonary disease has yet to be extensively evaluated.
However, evidence is emerging illustrating Nrf2 deficiencies within diseases such as COPD
and asthma compared to control subjects (Li et al. 2013, Taha et al. 2014, Yamada et al.
2016). As such Tiron’s independent mechanism of Nrf2 as a result of 24-hour treatment could
be beneficial in conditions where Nrf2 activity is reduced and correlated with oxidative
damage, such as COPD, but could also be used to enhance the reduction of oxidative stress
potentially through endogenous antioxidant induction, which needs to be evidenced with
further study (Mercado et al 2011, Duan et al. 2017).

In summary, the study of Tiron supplementation in BEAS-2B cells demonstrated a protective
mechanism against ROS-induced damage. This was shown through reduction of oxidative
damage including cell viability loss, decreases in lipid peroxidation and the prevention of
mtDNA strand break formation and was found to be as a result of ROS reduction by Tiron in
models of ROS induced directly by H>O, and physiologically through hypoxic culture. The
development of a BEAS-2B-specific model of hypoxia-induced ROS within this chapter
permitted insight into the potential application of Tiron within pulmonary disease such as
COPD or asthma, where hypoxia is encountered as a result of restricted airflow, leading to
inflammation and oxidative stress. The preservation of BEAS-2B cells when Tiron was
administered as both a pre- and co-treatment is an important finding, suggesting that Tiron
could be used both preventatively and in response to acute situations known to induce ROS
production. The findings of this chapter demonstrate the protective capabilities of Tiron build
upon the evidence of Tiron’s efficacy within human cell lines of different origins and future
work must now be directed towards the application of Tiron in disease-relevant models to

further support its expansion into clinical use.
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Chapter 5— The Effect of Tiron in Human

Astroglial Cells

5.1 Introduction

5.1.1 Oxidative Stress within Alzheimer’s and Parkinson’s Disease

The brain is one of the most vulnerable organs to oxidative stress and associated damage
(Uttara et al. 2009). The incidence of oxidative damage within the brain is related to the
abundance of localised transition metals (Uttara et al. 2009, Chakrabarti et al. 2011). This is
further perpetuated by an absence of antioxidant enzymes relative to risk of oxidative stress
(Uttara et al. 2009, Nayernia et al. 2014).

A correlation between oxidative stress and neurodegenerative diseases, such as AD and PD,
has been identified in vitro and in patient samples, including 80OHdG and HNE (Lovell and
Markesbery 2007, Hwang 2013, Selvakumar et al. 2014). A study of AD patient samples found
elevated ROS production, measured by DCFDA, compared to healthy controls and when
challenged with amyloid-B peptides, an increase in ROS, MDA concentration and apoptosis
mediated by elevated caspase activity was evidenced (Cardoso et al. 2004). A study of PD
patient cerebrospinal fluid found a reduced concentration of coenzyme Q10 as well as oxidised
DNA, which is thought to contribute to the pathogenesis of PD through mitochondrial
dysfunction (Isobe et al. 2010). Increased 80OHdG within SNc mitochondria have also been
identified in PD alongside augmented formation of the dopamine oxidative by-product
cysteinyl-DOPA (Alam et al. 2002, Miyazaki and Asanuma 2008, Dias et al. 2013). Oxidative
damage to the DJ-1 protein, also known as PD protein 7, has been identified in PD and AD
patients (Choi et al. 2006). Cellular models of DJ-1 knockdown have shown primary astrocyte
impaired protection against oxidative stress as a result of mitochondrial dysfunction, thus
corroborating the importance of protecting DJ-1 from oxidative damage (Larsen et al. 2011).
As such, research is being directed towards the amelioration of ROS and associated oxidative
damage to understand the relationship and reduce the incidence or progression of

neurodegenerative disease.

There is a wealth of research indicating the benefits of antioxidant therapy for AD and PD in
vitro and in vivo (Aksenov et al. 2001, Di Matteo and Esposito 2003, Wang et al. 2006,
Manczak et al. 2010, Torres et al. 2011). MitoQ and resveratrol have both demonstrated a
reduction in amyloid-f toxicity in a murine cell model of AD as well as mouse neuroblastoma

cells (Manczak et al. 2010). A transgenic mouse model of AD also found MitoQ to attenuate
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amyloid- toxicity as well as reduce lipid peroxidation and caspase activity following 5 months
of treatment (McManus et al. 2011). Curcumin has been shown to reduce a-synuclein-induced
ROS generation, measured by DCFDA assay, in SH-SY5Y neuroblastoma cells (Wang et al.
2010). This study corresponded to the finding that a-synuclein overexpression in SH-SY5Y
cells leads to elevation of ROS generation, compromising neuronal cell viability (Junn and
Mouradian 2002). A 2017 study of rats administered with 6-hydroxydopamine, used to model
PD, found that pre-treatment with olive leaf extraction, rich in antioxidants, restored antioxidant

activity and reduced MDA concentrations (Ebrahimi and Moghaddam 2017).

There is also an abundance of clinical data examining various antioxidant-like compounds,
many measuring improvements in cognitive outcomes (Adair et al. 2001, Morris et al. 2002,
Rodacka et al. 2014). One of the first clinical trials to incorporate AD and antioxidant therapy,
carried out in 1997, found that those treated with vitamin E alongside their conventional
treatment and with vitamin E alone experienced a significant delay in AD symptoms (Sano et
al. 1997). It was also found that patients at significant risk of developing AD experienced
cognitive improvements, potentially delaying the onset of cognitive decline following 3-6
months of NAC supplementation (Adair et al. 2001). Furthermore, 3 month combined omega-
3 fatty acid and vitamin E supplementation also showed improvements in antioxidant capacity,
clinical PD disease rating and decreased C-reactive protein sensitivity, an inflammatory
biomarker (Zhang et al. 2002, Taghizadeh et al. 2017).

Nevertheless, there has also been a number of studies that suggest that exogenous
antioxidant supplementation has marginal or no benefit in AD and PD (Luchsinger et al. 2003,
Boccardi et al. 2016). As a result, inconsistencies in clinical data inhibit the progression and
investment in antioxidant research for neurodegenerative disease (Hermann 2016). This
demonstrates a clear need for better understanding of therapeutic mechanisms of action to

improve translation into humans.

Tiron, as detailed in chapter 1, is a free radical scavenger which has been shown to supersede
some exogenously supplemented antioxidants, including Resveratrol (Rodacka et al. 2014,
Oyewole et al. 2014). Rodacka et al. (2014) found that Tiron reduced GAPDH oxidation, a
protein which interacts readily with amyloid-B precursor proteins within AD, through ROS
reduction to a greater extent compared to Resveratrol and indicating that Tiron has the
potential to be used protectively in neurodegenerative disease (Butterfield et al. 2010). Tiron
has also been used in vivo within the brain, demonstrating permeability, good tolerance and
blood brain barrier (BBB) protection (Mayhan 2000, Sharma et al. 2007). However, Tiron has
yet to be evaluated in the prevention of oxidative damage within human-derived brain cells in

vitro.
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5.1.2 Aim

The aim of this study was to evaluate the use of Tiron as a protective agent against cellular
ROS generated in astroglial cells in vitro. The human astroglial cell line, SVGp12, was used
in models of H,O, and hypoxia induced ROS, the latter of which was used to model

physiologically derived ROS.
5.2 Methods

5.2.1 Cell Culture

Immortalised human foetal astrocyte (SVGpl2) cells (ATCC, UK) are a cell line first
characterised in 1985 (Henriksen et al. 2014). Derived from primary foetal brain cells, these
cells were cultured in eagle’s minimum essential medium (EMEM) (ATCC, UK) supplemented
with 10% FBS and 1% penicillin:streptomycin (5U/ml).

Figure 5.1. The morphology of SVGp12 cells during culture at 90% confluency, passage 12.
Original figure obtained prior to cell passage using a TS100 elipse microscope (Nikon, UK)

and cooled camera (Microtec, UK).

Astrocytes are one of the most abundant cell types within the brain and have been implicated
in the pathology of AD and PD with evidence of astrogliosis and apoptosis found in clinical
samples alongside oxidative stress (Kobayashi et al. 2002, Verkhratsky et al. 2015, Eugenin
et al. 2016). Similar to BEAS-2B cells, SVGp12 cells have often been used in the study of
oxidative stress, particularly in comparison to rodent primary or neuroblastoma cells (Lai et al.
2006, Smith et al. 2007). Together with the evidence of implication in neurodegenerative
disease, the use of astrocytes to study the protective effects of Tiron against oxidative is highly

relevant.
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5.2.2 Cell Treatment Protocol

5.2.2.1 The Induction of ROS

A concentration range of 0.25-1 mM H.O: was assessed in both the cell viability and mtDNA
strand break assay, concentrations used in the BEAS-2B cells, with the aim to identify a
concentration able to induce significant mtDNA damage (Kim et al. 2015). This protocol was

detailed in section 2.3.1.

5.2.2.2 Induction of Hypoxia

Hypoxia was used to induce physiologically derived ROS as had been conducted in chapter
4. The length of SVGp12 exposure to hypoxic conditions was optimised to ensure a significant
level of intracellular ROS was produced and that this was capable of causing substantial
mtDNA strand breaks. In the assessment of Tiron’s protective effect against hypoxia-induced
damage, cells were pre-treated with Tiron before being placed in hypoxia-incubated BEGM

media (24 hours).

5.2.2.3 Confirmation of Intracellular ROS Production

The generation of intracellular ROS by both hypoxia and H;O. was evaluated using the
DCFDA assay (Abcam, UK), which is detailed in section 2.3.3. During the H.O- treatment
protocol, SVGp12 cells were incubated with DCFDA reagent prior to induction of ROS. For
hypoxia treated cells, 20 uM of DCFDA stain was added to SVGpl2 cells following

trypsinisation as a result of stain stability (manufacturer’'s recommendation).

5.2.2.4 Treatment with Tiron

Tiron was supplemented into culture as detailed in section 2.4. Furthermore, and in-line with
chapters 3 and 4, the effect of prolonged exposure to Tiron was also observed for up to 120

hours before culture medium was replaced and ROS was induced.

Cell viability was assessed as following Tiron treatment as detailed in section 2.4 with the
TOX-8 and SRB assays (Sigma-Aldrich, UK).

5.2.3 Assessment of ROS-Induced Damage and Data Analysis

The assessment of Tiron’s protection against ROS-induced damage was assayed and

analysed as detailed in chapter 2.
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5.3 Results

5.3.1 The Effects of Increasing Tiron Concentrations on Cell Viability

The LD50 of Tiron in SVGp12 cells was estimated with the TOX-8 and SRB assays, consistent
with chapters 3 and 4, where SVGp12 cells were treatment with 0-2 M Tiron for 24 hours
(Figure 5.2). Tiron 50 mM to 2 M induced a significant (p<0.001) reduction in cell viability
compared to the untreated control (50 mM: 84+1.92%; 2 M: 8+0.60%; vs. 100£0.89%). As
such, the LD50 was estimated at 261 mM. This was corroborated with the SRB assay where
LD50 was 299 mM (50 mM: 86+1.19%; 2 M: 18+0.81%; vs. 100+£0.40%).
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Figure 5.2. The establishment of Tiron’s LD50 in SVGp12 cells after 24-hour treatment
(0-2M). The LD50 was calculated from the gradient and was found at 261 mM and 299mM,
using the TOX-8 (A) and SRB (B) assays. N=9 from 3 independent experiments; mean+SEM.

Treatment with Tiron at 1-10 mM for 24 hours was used to identify a suitable test
concentration. No significant effect on cell viability was observed with 1-4 mM compared to
the untreated control (p=0.05) (Figure 5.3). The results obtained were comparable with Figures
3.3 and 4.3. Treatment with 5-10 mM led to a significant reduction in cell viability (p<0.001),
as seen in previous chapters (5 mM: 90£0.75%; 10 mM: 72+1.24%; vs. untreated control:
100£0.40%). These results were confirmed with the SRB assay (5 mM: 93+£0.69%; 10 mM:
77+3.28%; vs. 100+0.62%).
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Figure 5.3. The effect of Tiron (1-10 mM) on cell viability after 24-hour treatment. Tiron
reduced cell viability at 5-10 mM in SVGp12 cells in both the TOX-8 (A) and SRB assays (B).
*** p<0.001 vs. untreated control; n=9 from 3 independent experiments; meantSEM, one-way

ANOVA with Dunnett’s post-hoc.

5.3.2 The Optimisation of H202-Induced ROS Damage Through Titration

H.0O, treatment (0.25-1 mM) demonstrated a significant effect on cell viability in SVGp12 cells
compared to the untreated control in the TOX-8 assay (H202 0.25 mM: 64+1.51%; 0.5 mM:
60+£1.10%; 1 mM: 53+£0.85%; vs. 100+1.56%) (Figure 5.4A). These results were confirmed
with the SRB assay (0.25 mM: 54+2.92%; 0.5 mM: 51+2.38%; 1 mM: 51+2.57%; vs.
100£0.62%).
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Figure 5.4. The effect of H,O, (0.25-1 mM) treatment on cell viability in SVGp12 cells. H,0;
significantly reduced cell viability at all concentrations in both the TOX-8 (A) and SRB (B)
assays. *** p<0.001 vs. untreated control; n=9 from 3 independent experiments; meanSEM,

one-way ANOVA with Dunnett’s post-hoc.
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SVGp12 cells cultured for 24 hours before treatment with H.O», at all concentrations for 1-
hour, led to a significant fold increase in CT value measured by gPCR and indicative of mtDNA
strand breaks (p<0.001) (Figure 5.5). Treatment with 0.5 mM H-O, led to the greatest reduction
in gPCR efficiency compared to 0.25 mM and 1 mM (0.25 mM: 2.93+£0.10; 0.5 mM: 4.11+0.17;
1 mM: 3.30+0.11; vs. untreated control: 1.03+0.03). Therefore, this was selected as the most

appropriate damage-inducing concentration for further experiments.
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Figure 5.5. The assessment of significant mtDNA strand break formation following H>O- (0.25-
1 mM) treatment. H.O, at all concentrations induced significant damage in SVGp12 cells
according to fold change in CT value from qPCR. *** p<0.001 vs. untreated control; n=6;

meanzSEM, one-way ANOVA with Dunnett’s post-hoc.
5.3.3 The Effect of Tiron on H202-Induced ROS Damage

5.3.3.1 The Preservation of Cell Viability with Tiron after H,O, Treatment

The most suitable and protective concentration of Tiron was first optimised in the TOX-8 and
SRB assays (Figure 5.6). Pre-treatment with Tiron at 1-5 mM for 24 hours before H.O-
treatment had a significant (p<0.001) effect on cell viability. A significant difference between
Tiron H20; treated and non-treated samples was also observed (p<0.001) (Tiron 1 mM + H>O>:
73+0.49%; 3 mM+ H202: 91+£1.35%; 5 mM + H202: 63+1.40%; vs. H.O2 52+0.35%). The SRB

assay supported these findings also.

152



>

120~
100+

o o
T 9

Cell Viability (%)
&

g fadialiod *hH

Fek

kK

B 120-
100-
80
60

40+

Cell Viability (%)

20~

0-
Tiron
(mM)
H,0,

(0.5 mM)

Figure 5.6. The preservation of cell viability with Tiron (1-5 mM) pre-treatment followed by

H.O, exposure. Tiron

presence of 0.5 mM H,O; in SVGp12 cells observed in both the TOX-8 (A) and SRB (B)

assays. *** p<0.001 si

n=9 from 3 independent experiments; mean+SEM, two-way ANOVA with Bonferroni

correction.

*kKk

Fekde Feded Fekde

* k%

1

*kk

significantly improved cell viability at increasing concentrations in the

gnificant difference with vs. without H,O, at each Tiron concentration;

153



5.3.3.2 The Prevention of H.O.-Induced MtDNA Strand Breaks with Tiron

Pre-treatment with Tiron (2-5 mM) for 24 hours before the addition of H.O. (0.5 mM)
significantly (p<0.001) preserved mtDNA determined by qPCR, similar to had been observed
in Figure 5.6 in preservation of cell viability (H202 +; Tiron 2 mM: 1.48+0.05; 3 mM: 0.79+0.02;
4 mM: 0.75£0.02; 5 mM: 1.34+0.06; vs. H>0O, 0.5 mM: 3.97+0.07) (Figure 5.7). As had been
observed in chapters 3 and 4, treatment with 3 mM offered a high degree of protection against
H20.-induced strand breaks. Therefore, these results supported the comparable use of Tiron
at 3 mM.
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Figure 5.7. The protection offered by Tiron (2-5 mM) against H.O»-induced mtDNA strand
breaks. Tiron demonstrated significant protection against mtDNA strand breaks in SVGp12
cells at concentrations between 2 and 5 mM. *** p<0.001 significant difference with vs. without
H202; n=6; mean+SEM, two-way ANOVA with Bonferroni correction.

5.3.3.3 The Effect of Tiron on H202-Induced ROS production

SVGp12 cells treated with 0.5 mM H.O- significantly (p<0.001) increased fluorescence
intensity measured by flow cytometry in the DCFDA assay, indicative of intracellular ROS
production (159+6.21% vs. untreated control: 100+2.06%). Pre-treatment with Tiron (3 mM)
reduced this significantly compared to the H>O, control and resulted in a decrease in
fluorescence intensity below the untreated control (p<0.001) (Tiron+ H>O,: 39+3.99%); vs.
H,O,: 159+6.21%; vs. 100£2.06%) (Figure 5.8). Furthermore, treatment with Tiron without
H»0O significantly reduced fluorescence intensity greater than the baseline (59+5.51%). These

results were also observed in the HKC-8 cells but not in BEAS-2B cells.
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Figure 5.8. The effects of Tiron (3 mM) on intracellular ROS production with and without H>O-
treatment (0.5 mM) in the DCFDA assay analysed by flow cytometry. (A) 0.5 mM H.O- (blue)
treatment significantly increased fluorescence intensity compared to untreated control (pink).
(B) Tiron pre-treatment (purple) significantly reduced intensity following H.O- treatment. (C)
Tiron pre-treatment significantly reduced DCFDA fluorescence following H,O- treatment in
SVGp12 cells. The colours shown directly relate to Figure 5.8A and B. *** p<0.001 vs.
untreated control; ### p<0.001 vs. H>O2; n=6; mean+SEM, one-way ANOVA with Tukey post-
hoc.
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5.3.3.4 The Effects of Tiron on Lipid Peroxidation

Treatment of SVGpl2 cells with 0.5 mM H20: significantly (p<0.001) induced lipid
peroxidation, measured by MDA (132+10.95% vs. untreated control: 100+2.31%). Tiron pre-
treatment resulted in a significant (p<0.001) decrease in MDA production compared to H>O»
(105£6.29% vs.132+10.95%). Unlike the results in Figures 3.8 and 4.8, Tiron pre-treatment
did not significantly increase MDA concentration (p=0.05) and was supported by an MDA
reduction with Tiron alone (70+£7.39% vs. 100£2.31%).
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Figure 5.9. The prevention of MDA concentration increases induced by H.O- with Tiron pre-
treatment. Tiron offered significant protection against H,O-induced lipid peroxidation in
SVGp12 cells through the measurement of the MDA biomarker. *** p<0.001 vs. cell only
control; ## p<0.01 vs. H,O,; $$ p<0.01 vs. Tiron; n=6; meantSEM, one-way ANOVA with
Tukey post-hoc.
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5.3.3.5 The Effect of 24-Hour Treatment with Tiron on Nrf2 Expression

As observed in chapters 3 and 4, SVGpl2 cells treated with Tiron for 24 hours did not
significantly increase Nrf2 protein expression as assessed by ELISA (p=0.05) (Tiron 3 mM:
103+7.07%; vs. untreated control: 100+5.08%) (Figure 5.10). Furthermore, treatment with 0.5
mM H»O, for 1 hour, after Tiron pre-treatment, did not significantly induce Nrf2 expression
compared to the H>O- control (Tiron + H202: 102+5.20%); vs. 336+13.27%). The absence of
an increase in Nrf2 protein expression following H.O, treatment after Tiron exposure was

similar to results observed in HKC-8 cells.
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Figure 5.10. The qualitative assessment of Nrf2 expression with Tiron (3 mM) after H.O- (0.5
mM) treatment. Pre-treatment with Tiron did not induce an increase in Nrf2 expression in
SVGp12 cells following ROS induction. *** p<0.001 vs. cell only control; ### p<0.001 vs. H>Ox;
n=6; meantSEM, one-way ANOVA with Tukey post-hoc.

5.3.4 The Effects of Prolonged Treatment with Tiron

5.3.4.1 The Effects of Prolonged Tiron Treatment on Cell Viability

The effect of 48-72 hour treatment on the cell viability of SVGp12 was assessed alone and
with the addition of 0.5 mM H,O- for 1-hour in the TOX-8 and SRB assays. Tiron significantly
reduced cell viability compared to the untreated control in the TOX-8 assay after 48 or 72
hours of exposure (Tiron 48 hours: 48+3.34%; 72 hours: 32+1.59%; vs. 100+2.88%) (Figure
5.11). Pre-treatment with Tiron followed by H.O. did not lead to a significant (p=0.05)

preservation of cell viability as had been observed in Figures 3.11 and 4.19 (Tiron 48 hours +
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H,O,: 30+£1.59%; 72 hours + H»0»: 28+1.23%; vs. H»O;: 60+1.10%). The SRB assay

confirmed this trend.
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Figure 5.11. The effect of prolonged treatment (48-72 hours) with Tiron (3 mM) on cell viability.
Tiron treatment longer than 24 hours significantly reduced cell viability in both the TOX-8 (A)
and SRB (B) assays. **,*** p<0.01,0.001 significant difference with vs.without H,O, at each
Tiron treatment duration; n=9 from 3 independent experiments; meantSEM, two-way ANOVA

with Bonferroni correction.
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5.3.4.2 The Effects of Prolonged Treatment with Tiron on Intracellular ROS Production

Treatment of SVGp12 cells for 48 hours with Tiron did not increase fluorescence intensity
fluorometrically, contrary to the negative effect on cell viability observed in Figure 5.11 (Tiron
48 hours: 99+2.23%; vs. untreated control: 100+2.93%). Treatment for 120 hours did increase
fluorescence intensity significantly, indicative of ROS production (p<0.001) (249+11.50%)
(Figure 5.12). Prolonged treatment with Tiron did have a protective effect when SVGp12 cells
were treated with H2O2, which was not indicated previously in Figure 5.11 (Tiron 48 hours +
H>0,: 177+5.29%; 120 hours + H»0,: 276+8.66%; vs. H202: 513+13.97%).
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Figure 5.12. The effects of prolonged treatment (48-120 hours) with Tiron on intracellular ROS
production. Prolonged treatment significantly reduced H.O»-induced fluorescence intensity
measured fluorometrically with the DCFDA assay in SVGp12 cells. *** p<0.001 with vs. without
H.O, at each Tiron treatment duration; n=9 from 3 independent experiments; meantSEM,

two-way ANOVA with Bonferroni correction.
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5.3.4.3 The Expression of Nrf2 Following Prolonged Treatment with Tiron

Corresponding to results in Figure 5.12, supplementation with Tiron for 48 hours did not affect
Nrf2 expression alone, measured by ELISA (Tiron 48 hours: 107+4.51%; vs. untreated control:
100+5.08%) (Figure 5.13). However, treatment with H>O5, induced significant Nrf2 expression
(p=<0.001) (Tiron 48 hours + H»O;: 200+11.31; vs. H,0, 0.5 mM: 336+13.27%). As shown in
Figures 3.13 and 4.20, 120-hour treatment with Tiron led to a significant (p<0.001) increase in
Nrf2 expression (Tiron 120 hours: 232+18.41%; vs. 100+£5.08%). This was also seen in
response to H;O, treatment (Tiron 120 hours + H202: 245+18%; vs. H:O> 0.5 mM:
336+13.27%).
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Figure 5.13. The expression of Nrf2 following prolonged treatment with Tiron (48-120 hours)
by ELISA. Tiron augmented Nrf2 expression in SVGpl2 cells as a result of prolonged
incubation with and without ROS induction by H>O.. *** p<0.001 significant difference with vs.
without H,O, at each Tiron treatment duration; n=6 from 2 independent experiments;

mean+SEM, two-way ANOVA with Bonferroni correction.

5.3.5 The Optimisation of Hypoxia-Induced Damage

The induction of ROS through culture of SVGp12 cells in hypoxic conditions (1% O») was
optimised over 1-48 hours in Figure 5.14. Exposure for 1-2 hours did not significantly increase

fluorescence intensity fluorometrically in the DCFDA assay (p=0.05). However, both 24 and
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48 hours significantly induced a fold change in fluorescence intensity, indicative of ROS
production (p<0.001) (Hypoxia 24 hours: 222+16.34%; 48 hours: 294+11.32%; vs. normoxic
(21% O3) control: 100+£5.62%). This was agreeable with published literature (Al Ahmad et al.
2012).
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Figure 5.14. The assessment of ROS production by prolonged culture in hypoxia. SVGp12
cells subjected to hypoxic conditions for 24 and 48 hours significantly increased intracellular

ROS, not seen after 1 and 2 hours. *** p<0.001 vs. normoxia (21% O,); n=6; mean+SEM.

The use of hypoxia to induce significant mtDNA strand breaks in SVGp12 cells was novel to
this study. In contrast to results in Figure 5.14, SVGp12 cells cultured in hypoxia for 24 hours
did not lead to a measurable induction of mtDNA strand break damage (p=0.05) (Hypoxia 24
hours: 1.00+0.01; vs. normoxic control: 1.02+0.01). Shown in Figure 5.15, incubation for 48
hours led to a significant (p<0.001) reduction in gPCR efficiency indicated by a fold reduction
compared to the normoxic control (Hypoxia 48 hours:2.92+0.10). This was a shorter hypoxic
incubation time than required in BEAS-2B cells (Figure 4.7).
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Figure 5.15. The induction of significant mtDNA strand breaks with gPCR following hypoxic
culture. SVGp12 cells subjected to hypoxic conditions (1% O;) for 48 hours significantly
reduced qPCR efficiency, indicative of mtDNA strand break damage. *** p<0.001 vs. normoxia

(21% Oy); n=6; mean+SEM, one-way ANOVA with Dunnett’s post-hoc.
5.3.6 The Effects of Tiron on Hypoxia-Induced ROS Damage

5.3.6.1 Preservation of Cell Viability with Tiron Pre-treatment Before Hypoxic Exposure

In agreement with Figure 5.14, a significant (p<0.001) decrease in cell viability was observed
after 24-hour culture in hypoxia (24 hours: 83+0.86%; 48 hours: 62+1.57%; vs. untreated
control: 100+0.55%). Similar to Figure 4.10, pre-treatment for 24 hours with Tiron significantly
preserved cell viability following hypoxic exposure (Tiron + hypoxia 24 hours: 94+1.56%; vs.
hypoxia 24 hours: 83+0.86%) (Figure 5.16). This was also observed with pre-treatment
following 48 hours of hypoxia (Tiron + hypoxia 48 hours: 93+£1.83%; vs. hypoxia 48 hours:
62+1.57%). These results were replicated in the SRB assay (Hypoxia 24 hours: 82+0.90%;
Tiron + hypoxia 24 hours: 95+£0.87%; 48 hours: 71+£1.00%; Tiron + 48 hours: 89+1.00%; vs.
normoxia: 100+0.86%).
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Figure 5.16. The effect of Tiron (3 mM) on cell viability preservation following hypoxic (1%
O) culture (1-48 hours). Hypoxia reduced cell viability at 24 and 48 hours in SVGp12 cells in
both the TOX-8 (A) and SRB (B) assays but was recovered with Tiron pre-treatment. ***
p<0.001 significant difference with or without Tiron treatment during hypoxia; n=9 from 3
independent experiments; meantSEM, two-way ANOVA with Bonferroni post-hoc.
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5.3.6.2 The Inhibition of Hypoxia-Induced MtDNA Strand Break Formation with Tiron

Pre-treatment with Tiron for 24 hours offered a high degree of protection against hypoxia-
induced mtDNA strand breaks in SVGp12 cells, demonstrated by a significant fold decrease
in CT value (p<0.001) (Tiron + hypoxia: 0.79£0.02; vs. hypoxia : 3.3510.08; vs. normoxia:
1.07+0.02). This was indicative of augmented qPCR efficiency in new strand formation (Figure
5.17).
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Figure 5.17. The inhibition of hypoxia-induced (1% O2) mtDNA strand break formation with
Tiron pre-treatment. Tiron demonstrated significant protection against hypoxia-induced
damage in SVGp12 cells after 48 hours. *** p<0.001 vs. normoxia (21% O,); ### p<0.001 vs.
hypoxia; n=6; meantSEM, one-way ANOVA with Tukey post-hoc.

5.3.6.3 The Effects of Tiron on Hypoxia-Induced ROS Production

Exposure of SVGp12 cells to hypoxia for 48 hours significantly (p<0.001) increased
fluorescence intensity, indicative of ROS production (133+3.38% vs. normoxia: 100£4.24%)
(Figure 5.18). Pre-treatment with Tiron prior to hypoxia led to a significant reduction in intensity
compared to the hypoxic control (32+2.52% vs. 133+£3.38%). Treatment of SVGp12 cells with
Tiron for 24 hours followed by 48-hour replacement of EMEM and culture in standard
conditions also led to a significant decrease in intracellular ROS (p<0.001) (40+2.83% vs.
100£3.10%). These results were similar to those obtained in the BEAS-2B cell line and Figure
5.8.

164



Count
o
Count

150+

-
[=]
e

Fluorescence Intensity
(% of untreated control)
(5]
(=)
1
*
¥

0- T T
Tiron (3 mM) - + - +

Hypoxia (48 hr) - - + +

Figure 5.18. The effect of Tiron on ROS production following hypoxic culture and Tiron pre-
treatment. (A) Hypoxic culture for 48 hours (blue) caused significant increases in intracellular
ROS vs. untreated control (pink). (B) Tiron treatment both with (turquoise) and without (green)
hypoxia induction significantly reduced fluorescence intensity. (C) Pre-treatment with Tiron
significantly reduced DCFDA fluorescence measured by flow cytometry following hypoxia
treatment in SVGp12 cells. The colours shown directly relate to Figures 5.18A-B. *** p<0.001
vs. normoxia (21% Oy); ##H# p<0.001 vs. hypoxia (1% O-); n=6; mean+SEM, one-way ANOVA
with Tukey post-hoc.
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5.3.6.4 The Effects of Tiron (3 mM) on Hypoxia-Induced MDA Increases

Tiron supplementation reduced the formation of MDA as a response to hypoxia significantly
(p=<0.001) (Tiron + hypoxia: 117+4.16%; vs. hypoxia 48 hours: 314+0.96%; vs. normoxia:
100+0.58%) (Figure 5.19). Hypoxia induced a greater increase in MDA production compared
to H20: in Figure 5.9. Similar to Figure 5.9, Tiron pre-treatment did not lead to a significant

increase in MDA compared to the untreated control.
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Figure 5.19. The prevention of augmented MDA concentration with Tiron following hypoxia.
Tiron offered protection against hypoxia-induced lipid peroxidation in SVGp12 cells through
the measurement of the MDA biomarker. *** p<0.001 vs. normoxic (21% O3) control; ###
p<0.001 vs. hypoxia (1% O,); $8% p<0.001 vs. Tiron; n=6; mean+SEM, one-way ANOVA with
Tukey post-hoc.
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5.3.7 The Effect of Co-treatment on Hypoxia-Induced ROS Damage

Shown in Figure 5.20, Tiron supplemented at the start of hypoxia induction for 48 hours offered
significant (p<0.001) protection against mtDNA damage, although not as protective as
measured in Figure 5.17 (Tiron + hypoxia: 1.34+0.02 vs. hypoxia: 2.72+0.03). Tiron being
present in cell culture medium for 48 hours without ROS induction caused no significant
mtDNA damage (p=0.05) (Tiron: 0.97+0.01; vs. untreated control: 0.9310.02).
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Figure 5.20. The effects of Tiron on mtDNA strand break damage administered at the time of
entry into hypoxia (48 hours). Tiron offered some protection against hypoxia—induced mtDNA
strand breaks in SVGp12 cells when administered at the time of hypoxia induction. *** p<0.05,
0.001 vs. normoxia (21% Oy); ### p<0.001 vs. hypoxia (1% Oy); n=6; meantSEM, one-way
ANOVA with Tukey post-hoc.
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5.4 Discussion

In the prevention of H>O, and hypoxia-induced damage, Tiron pre-treatment was found to be
significantly protective (p<0.001) against mtDNA strand breaks (Figure 5.7 and 5.17) and
preserved MDA to near baseline levels (105 to 117% respectively) (p<0.01) (Figure 5.9 and
5.19). The protection demonstrated by Tiron was also supported by preservation of cell
viability (Figure 5.6 and 5.16), 91 to 94%, and a significant decrease (p<0.001) in intracellular
ROS compared to the H.O, and hypoxia controls (39+3.99%; vs. HO;: 159+6.21% and
32+2.52% vs. hypoxia: 133+3.38%) (Figure 5.8 and 5.18). These results demonstrate the
protective effect elicited by Tiron against ROS-induced damage in astroglial cells. The
protection achieved by Tiron was shown to be a ROS reducing action, evidenced by the
reduction in DCF oxidation across all cell lines to levels comparable to the untreated control
or below (35-112% vs untreated control). Similar results have also been shown in prostate
cancer cells, where Tiron pre-treatment reduced lysophosphatidic acid-induced ROS levels to
that of the untreated control, supporting the evidence for Tiron’s ROS reducing mechanism
(Lin et al. 2012). This was also shown in hippocampal embryonal cells with Tiron treatment
reducing xanthine oxidase-induced ROS and demonstrating Tiron’s efficacy in another brain-
originating cell line (Genius et al. 2012). In vivo, Tiron treatment (471 mg/kg for 7 days) has
also been shown to mitigate toxicity following radiation and manganese exposure through the
reduction of H>O2 and MDA levels as evidenced within rat brains. Furthermore, it was shown
that Tiron increased MnSOD and glutathione as well as ETC activity within these samples,
resulting in increased concentration of coenzyme Q which maintained mitochondrial function
and further contributed to the antioxidants effects of Tiron and demonstrating Tiron’s efficacy
within the brain (Abdel-Magied et al 2019).The results obtained in chapters 3 to 5 add to
evidence from published literature suggesting that Tiron pre-treatment elicits a significant
protective action, mediated by the reduction of ROS levels across different cell and tissue

types, resulting in the reduction of ROS availability and oxidative damage.

The protection elicited by Tiron was achieved with a concentration of 3 mM, the same
concentration that had been used throughout chapters 3 and 4. In SVGp12 cells, whilst all
concentrations of Tiron demonstrated significant protection against H,O2-induced mtDNA
damage (p=<0.001), the preservation of cell viability followed the same trend as observed in
Figures 3.6 and 4.8 whereby 3 mM Tiron offered the highest cell viability (Figure 5.6) and with
higher concentrations demonstrating cell viability decreases (Figure 5.3). This unanimous
finding indicates that a concentration of 3 mM led to similar high degrees of protection across
all cell lines assessed in this thesis and that this dose could provide consistently high levels of

protection against ROS-induced damage independent of cell line origin. As has been stated
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in previous chapters, a concentration of 3 mM also correlates with the published results of
Oyewole et al. (2014), as well as another study which found Tiron to be protective against
radiation-induced mtDNA damage in primary Kkeratinocytes using the same qPCR
methodology and indicating that 3 mM is also a beneficial concentration in skin-derived human
cells (Hanna et al. 2018).

Additional to the supplementation of 3 mM Tiron in this thesis, the concentration of damage
inducing H2O2 was optimised unique to each cell line to ensure similar but significant (p<0.001)
levels of damage in each chapter. In SVGp12 cells 0.5 mM H20- led to a fold change of 4.11
in gPCR CT value, indicative of significant mtDNA strand break damage (Figure 5.5) with
similar fold changes observed in HKC-8 (4.89) and BEAS-2B cells (4.52). This demonstrates
that the high degree of protection achieved by Tiron was comparable across similar levels of
damage. Additionally, this concentration of H.O2 was not dissimilar to those used to induce
ROS-damage in astrocytes previously, indicating the relevance of this concentration and the
susceptibility of astrocytes to H.O,-induced damage at low concentrations (Fauconneau et al.
2002, Zhu et al. 2005, Park et al. 2012). Specifically, Park et al. (2012) identified that 0.5 mM
significantly increased ROS as well as phosphorylation of STAT6 in primary rat astrocytes,
leading to an inflammatory response. This study also found that H.O, could be inhibited by
the supplementation of catalase or NAC, corresponding to the results identified in this thesis

with Tiron (Figure 5.8) and supporting its ROS reducing action (Park et al. 2012).

Whilst the results across cell lines in this thesis demonstrate a reproducible and high degree
of protection by Tiron when assessing viability and DNA damage, there was a difference in
the level of protection offered against MDA in SVGp12 cells. In Figure 5.9, it was shown that
Tiron pre-treatment preserved MDA concentrations to near baseline levels. This was not
observed in HKC-8 and BEAS-2B cells (Figure 3.9 and 4.17), despite a reduction in MDA
concentration of 32 to 68% compared to the H>.O- control. This suggests that Tiron is more
effective against lipid peroxidation in astrocytes than the pulmonary or renal cell lines.
However, in this chapter and compared to the untreated control, H.O, treatment in SVGp12
cells induced the smallest increase in MDA (132%) than had been seen in HKC-8 (149%) and
BEAS-2B cells (186%). It has previously been suggested that the brain holds higher
concentrations of PUFAs compared to other tissues, which can readily react with ROS and
lead to the production of reactive aldehyde electrophiles such as MDA (Sultana et al. 2013,
Shichiri 2014). Therefore, SVGpl2 cells incurring the least augmentation in MDA
concentration compared to the other cell lines was unexpected. For example, a study of Wistar

rats exposed to an electromagnetic field of 1800MHz found that MDA levels were higher in
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the brain in all treatment groups, including the control, compared to levels in the liver, kidney
and blood (Bodera et al. 2015).

It could be hypothesised that there is an adaptive defence within astroglial cells, compared to
other brain-derived cells, which may correlate with the lower concentration of MDA as a result
of H,0O; treatment (Uttara et al. 2009, Saio et al. 2012). This has been evidenced when
comparing the levels of MDA in neurons and astrocytes after treatment with an amyloid-3
peptide, where at least double the concentration of MDA was measured in neurons,
suggesting that they are a more vulnerable than astrocytes (Aguirre-Rueda et al. 2015).
Additionally, it was shown that co-culture of neurons and astrocytes led to preservation of
MDA levels when challenged with amyloid- peptide, demonstrating the neuroprotective role
of astrocytes and also the importance of preserving the viability of this cell type to ensure the
efficacy of the endogenous defence (Desagher et al. 1996, Sidoryk-Wegrzynowicz et al.
2011). Therefore, experimentation in astrocytes for this assay could be a factor in the
perceived attenuation of H>O»-induced MDA increase with Tiron greater than observed in other
chapters of this thesis. It has been shown previously that astrocytes increase their antioxidant
capacity in response to inflammation and oxidative stress in vitro which conveyed protection
to adjacent neurons (van Horssen et al. 2008, Nijland et al. 2014). As such, more study is
required to understand the induction of lipid peroxidation within the brain and what implication
this may have within diseases which have recorded elevated biomarkers of lipid peroxidation
(Chen et al. 2007, Yoshida et al. 2013). Oxidative stress including increased levels of MDA as
well as SOD and catalase, have been correlated previously with cognitive decline in AD
patients (Delibas et al. 2002, Torres et al. 2011, Talarowska et al. 2012). Oxidative damage,
such as mtDNA strand breaks or adducts, have also been correlated with cognitive decline
(Wang et al. 2006), with a recent study suggesting that biomarkers such as decreased
glutathione levels could indicate cognitive decline (Hajjar et al. 2018). Despite accumulating
evidence, it still remains unclear as to how oxidative stress impacts cognition. Nevertheless,
work is required to understand the role in which Tiron could be used to reduce lipid
peroxidation and whether this may delay cognitive deterioration through the reduction of
oxidative stress. For example, a rat study has shown that supplementation with dietary
antioxidants including curcumin significantly reduced MDA levels which resulted in improved
memory, indicating a role for antioxidant supplementation in the reduction of cognitive deficits
(Liaquat et al. 2016). Considering the results obtained with MDA throughout this thesis, it
would also be of benefit to expand work with Tiron into the evaluation of HNE, another lipid
peroxidation biomarker, to understand how Tiron interacts with other biomarkers of lipid

peroxidation and further apply this to cognitive studies.
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HNE has been found to be elevated within AD patients alongside MDA and amyloid-3 deposits
(Hardas et al. 2013, Rani et al. 2017). Levels of HNE have also been correlated with cognitive
deterioration in AD compared to healthy controls (Keller et al. 2005, Butterfield et al. 2006)
Tiron has already been shown to abrogate HNE increases in rat adrenal pheochromocytoma
cells, indicating that it is not selective in MDA reduction (Lin et al. 2014). This is important in
understanding the potential therapeutic role of Tiron in treatment of neurodegenerative
diseases, which has been associated with both elevated levels of lipid peroxidation as well as
deficiencies in function and even loss of astrocytes (de Farias et al. 2016). For example, lipid
peroxidation has been found to precede amyloid-p plaque formation in transgenic mouse
studies, emphasising the requirement to target oxidative damage and lipid peroxidation to
reduce the manifestation of disease (Pratico et al. 2001). Similarly, significant increases in
MDA plasma levels have been identified in PD patients (Sanyal et al. 2009) whilst HNE has
been found to be localised within Lewy Bodies post-mortem and a-synuclein aggregates
(Castellani et al. 2002, Qin et al. 2007). These published findings highlight the importance of
the protective results obtained with Tiron pre-treatment against MDA increases in SVGp12
cells and indicate the therapeutic potential of Tiron within the treatment of nheurodegenerative
disease. This is further supported by evidence that Tiron is BBB permeable, therefore
indicating the feasibility of translating these results in vivo (Sharma et al. 2007). In support of
this, it has been previously demonstrated that Tiron does not alter BBB permeability, a barrier
that is regulated in part by astrocytes, and protects against increases in permeability (Mayhan
2000). This could be exploited in the treatment of AD and PD as dysfunction of the BBB has
been found to accelerate disease progression as well as neuroinflammation. This further
highlights the importance of the protection that Tiron conveys within SVGpl12 cells as
presented in this chapter (Mayhan 2000, Desai et al. 2007).

To mimic the hypoxia observed in AD, which has been associated with increases in APP and
amyloid-f plaque formations, a model of ROS induction as a result of hypoxia was developed
(Austin et al. 2011, Kim et al. 2015, Zhang et al. 2018). Culture of SVGp12 cells in hypoxia for
48 hours was found to significantly (p<0.001) induce intracellular ROS production and mtDNA
strand breaks, not seen consistently after 24 hours (Figures 5.14 and 5.15). In the generation
of intracellular ROS, both 24 and 48-hour incubation had a significant (p<0.001) effect on DCF
oxidation, demonstrated by an increase from 222% to 294% compared to the untreated control
and supporting the formation of ROS as a result of hypoxic exposure (Figure 5.14). An
increase in DCF oxidation has been seen in rat brain epithelial monolayers with increasing
lengths of hypoxic incubation also and supporting the formation of hypoxia-induced ROS
observed in Figure 5.14 (Al Ahmad et al. 2012). In the induction of mtDNA strand breaks

however, there was a significant (p<0.001) reduction of qPCR efficiency after 48 hours with a
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fold change of 2.92 compared to 24 hours, thus showing that 24-hour exposure to hypoxia did
not sufficiently induce mtDNA strand break damage compared to the untreated control (Figure
5.15). Also observed in BEAS-2B cells, significant (p<0.001) ROS generation was induced
within SVGp12 cells without a corresponding induction of mtDNA strand break damage. This
suggested that insufficient ROS levels were generated to induce mtDNA damage compared
to the levels induced by H,O:in chapter 4. However, in SVGp12 cells, the level of ROS induced
by 0.5 mM H,O; were 159% compared to the untreated control (Figure 5.8) and contrary to
this, the level of ROS induced following 24 hours of culture in hypoxia was greater at 222%,

which suggests that ROS levels should have been elevated enough to induce mtDNA damage.

In Figure 5.16, it was shown that cell viability was significantly compromised as a result of
hypoxic exposure for 24 hours (p<0.001), supported by significantly elevated ROS levels
detected in Figure 5.14. However, significant mtDNA damage was not detected at this
timepoint, shown in Figure 5.15. What this could suggest is that the absence of mtDNA
damage after 24 hours is as a result of the loss of cells, due to cytotoxicity, and that those
sampled have maintained an undamaged or wild-type phenotype. As a result of this, it is
probable that mtDNA strand breaks detected after 48 hours are due to damage incurred in the
viable cells identified after 24 hours, due to mitochondrial heteroplasmicity. Mitochondrial
heteroplasmicity, as introduced in section 1.3.1.2, is the accumulation of damaged or mutated
alongside wild-type mtDNA without compromising cellular function (Malik and Czajka 2013,
Wallace and Chalkia 2013). Therefore, it could be suggested that the results may be skewed
towards thinking that damage occurs only after 48 hours of hypoxic exposure. However,
damage is likely to have occurred earlier than 24 hours, but after at least 2 hours, correlating
with the cytotoxicity observed in Figure 5.16 as well as the significant generation of ROS in
Figure 5.14. As a result, the protection against hypoxia-induced damage achieved with Tiron
pre-treatment could occur during the first 24 hours of hypoxic exposure, supported by the
maintenance of cell viability at 95% in Figure 5.16 after 24 hours. The potential accumulation
of hypoxia-induced damage before 24 hours of exposure aligns with the brain’s reliance on O
and thus demonstrates that protection against such damage is paramount to preserving
cellular viability, particularly in astroglial cells which are heavily relied upon for neuronal cell
protection (Bélanger and Magistretti 2009, Cobley et al. 2018). Therefore, the protection
achieved by Tiron, despite only being measured after 48 hours of hypoxic exposure, is
important in the preservation of brain function and should be further evaluated in vivo to

understand whether the level of protection is translatable.

Whilst SVGp12 cells were exposed to hypoxia for a shorter period (48 hours) compared to

BEAS-2B cells (120 hours), the significant (p<0.001) fold change in CT value was comparable
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between the two tissues (3.35 vs 2.83-fold in BEAS-2B cells). This similar and significant level
of damage permitted comparison of Tiron’s protective action in the two cell lines, as had been
done with H,O,. Tiron pre-treatment was found to be significantly protective against hypoxia-
induced mtDNA strand breaks (Figure 5.17), as had also been seen with BEAS-2B cells, and
the protection elicited by Tiron against hypoxia-induced damage was found to be ROS
reducing. This is supported by Tiron’s significant (p<0.001) reduction of DCF fluorescence to
35% compared to the untreated control (Figure 5.18) and indicating a reduction in ROS
generation through Tiron pre-treatment. Chiu et al. (2015) also found that antioxidant

supplementation reduced hypoxia-induced ROS and supports Tiron’s protective mechanism.

As had been observed following H2O; treatment, Tiron pre-treatment significantly (p<0.001)
reduced MDA concentration as a result of 48-hour exposure to hypoxia (Figure 5.19). In
corroboration with the results observed in chapter 3 and 4, Tiron failed to offer reduction to
baseline levels following hypoxia-induced MDA formation but did reduce MDA concentration
by 92% compared to the hypoxia control (117% vs. 314%). This was the greatest reduction
observed with Tiron across this thesis as well as observing the greatest increase in MDA
concentration. Unlike the results following H2O., this increase in MDA concentration conforms
to the hypothesis that the brain has a greater concentration of PUFA susceptible to
peroxidation during oxidative stress and gives rise to the suggestion that a longer incubation
with H2O, may have elicited a greater increase in MDA formation, also offering explanation as
to why Tiron was able to elicit a greater level of protection (Sultana et al. 2013, Shichiri 2014).
This also supports the postulation that hypoxia-induced damage may occur earlier than, and
subsequently induce, the formation of mtDNA strand breaks given the findings of significant

ROS at 24 hours in Figure 5.14 and correlated reduced cell viability in Figure 5.16.

A correlation between increased MDA and the formation of mtDNA damage has been
identified, with MDA considered to be the most mutagenic product of lipid peroxidation
(Voulgaridou et al. 2011). Evidence to this, an increase in mtDNA damage following hypoxia
in the hippocampus, cortex and cerebellum has been found in rats as well as an elevation of
MDA (Lee et al. 2002). Accordingly, it has been hypothesised that elevation of both MDA and
mtDNA damage is as a result of MDA’s reactivity with DNA as well as its influence on ROS
production, therefore demonstrating the consequence of excessive and unmanaged elevation
in MDA concentration; warranting amelioration with antioxidants such as Tiron (Bono et al.
2010, Cline et al. 2010, Voulgaridou et al. 2011).

It has been shown previously that MDA is capable of inducing DNA damage including the
mutagenic adduct M1dG, which has been found in up to 100-fold higher concentrations in
mtDNA than nDNA (Otteneder et al. 2006, Chan and Dedon 2010, Wauchope et al. 2018).
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The formation of M:dG adducts has also been postulated to contribute to mitochondrial
dysfunction as well as being perpetuated by ROS (Otteneder et al. 2006, Chan and Dedon
2010, Wauchope et al. 2018). This indicates the importance of reducing ROS and MDA
concertation by Tiron to limit the incidence of damage, as highlighted by the results in Figure
5.18 and 5.19 respectively. Therefore there is weight to the hypothesis that whilst it took 48
hours to detect significant mtDNA strand breaks in SVGp12 cells subjected to hypoxia, there
could be damage-inducing increases in lipid peroxidation before the incidence of mtDNA
damage, which may be detectable and it is the reactivity of lipid peroxidation products that
may perpetuate the generation of ROS observed in Figure 5.14 and induce significant
damage, such as mtDNA strand breaks. However, to support this hypothesis, the

concentration of MDA as a result of 24-hour incubation in hypoxia would need to be assessed.

The brain has a heavy reliance on OXPHOS and the synthesis of ATP as a result of the high
rate of O, consumption relative to the weight of the tissue and because of this, diminished O-
can have dramatic consequences on brain function (Dong et al. 2012, Cobley et al. 2018). A
decrease in OXPHOS can impair the ETC leading to inefficient ATP synthesis causing cell
death and a catastrophic loss of neurons (Eltzschig and Carmeliet 2011, Gan and Johnson
2014, Dong et al. 2015, Terraneo et al. 2017, Cobley et al. 2018). As such, the brains reliance
on Oz makes it particularly sensitive to hypoxia, which has been shown in a murine model of
hypoxia, demonstrating significant mitochondrial ROS production and ETC impairment (Ishii
et al. 2017). This was also highlighted in Figure 5.14 of this chapter. Further contributing to
the brain’s sensitivity to O depletion and oxidative stress is the reduced antioxidant defence
compared to other tissues, which could be as a result of the frequency of ROS production
within the brain due to its reliance on OXPHOS and O, consumption (Cobley et al. 2018).
Whilst astrocytes have a higher antioxidant capacity than neurons, which is suggested to be
maintained with age, glutathione has been identified as being up to 50% lower in neurons than
other cell types and indicating that antioxidant supplementation could be employed to maintain
brain health particularly in the event of astrocyte loss such as observed in neurodegenerative
disease (Bélanger and Magistretti 2009, Liddell et al. 2010, Bell et al. 2015, Baxter and
Hardingham 2016, Dossi et al. 2018). Considering the reduced antioxidant capacity with the
brain, the effect of Tiron on Nrf2 protein expression was of interest to understand if
supplementation could be used to reduce oxidative stress but also whether treatment could

induce an endogenous defence to strengthen the ROS ameliorative action of Tiron.

Treatment for 24 and 48 hours with Tiron in SVGp12 cells without ROS induction, led to no
significant (p=0.05) increase in Nrf2 activity (Figure 5.10 and 5.13). Similarly, no augmentation
of ROS production was measured through DCF oxidation (Figure 5.12), thus indicating that
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Tiron treatment alone did not increase Nrf-2 expression and that Tiron’s protection was elicited
independently of the Nrf2 pathway. Treatment with Tiron for 24-hours in BEAS-2B and HKC-
8 cells was also found to be independent of Nrf2 in the presence of ROS, as has been
demonstrated previously with BEAS-2B and HDFn cells in vitro (Antognelli et al. 2014,
Oyewole et al. 2014).

The same finding in SVGp12 cells with Tiron treatment after 48 hours also being independent
of Nrf2 activity was not in keeping with previous chapters, illustrating the need to evaluate
Tiron in different cell lines to assess its potential therapeutic application. The absence of
measurable effect with Tiron, contrary to observed in other cell lines, could be due to Tiron’s
presence compensating for the lower antioxidant capacity suggested to be within this cell type
(Baxter and Hardingham 2016, Cobley et al. 2018). Within neurodegenerative disease, it has
been observed through analysis of patient samples that there is also a deficiency in Nrf2 which
contributes to the induction of neuroinflammation and neuronal cell death (de Vries et al. 2008,
Lastres-Becker et al. 2012). Therefore, the finding that Tiron is capable of protecting against
ROS independent of Nrf2 supports its potential use therapeutically within neurodegenerative
disease. If supplementation were to be reliant on the induction of the Nrf2 pathway in reducing
oxidative stress, exogenous supplementation would be hindered by the deficiency. Thus, Tiron
supplementation could be more effective in reducing ROS-induced damage within the brain
than Nrf2-reliant antioxidants such as sulforaphane, which has been shown to elicit some

beneficial effects in AD treatment (Tarozzi et al. 2013, Zhang et al. 2017).

However, the reduction in cell viability observed with Tiron treatment for 48 hours requires
consideration as to its benefit in prolonged supplementation due to the cell viability reduction
to 70% (Figure 5.11). It could be argued that Tiron supplementation alone could be detrimental
to SVGpl2 cell viability, as was also observed in HKC-8 and BEAS-2B, but that when
supplemented where ROS are in excess, such as identified within PD and AD, cell viability
may be preserved. This hypothesis is supported by the significant (p<0.001) reduction in
mMtDNA strand break damage observed in Figure 5.20 and the absence of strand break
induction in the Tiron only control as a result of supplementation with Tiron at the time of entry

into hypoxia.

Tiron has previously demonstrated significant protection when administered after the induction
of toxicity (Sharma et al. 2007). Sharma et al. (2007) dosed Sprague-Dawley rats daily with
aluminium chloride for 10 weeks to induce toxicity before treating with Tiron, glutathione or the
two combined for 7 days, 24 hours after the last dose of aluminium chloride. Tiron treatment
led to significant reduction in endogenous antioxidant levels including catalase and SOD as

well as a decrease in lipid peroxidation present within the brain, indicating a reduction in
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oxidative stress by Tiron as well as Tiron’s BBB permeability (Sharma et al. 2007). However,
contrary to the results obtained with co-treatment in HKC-8 and BEAS-2B cells, Tiron was not
as protective in SVGp12 cells. The absence of greater protection could be as a result of the
significant reduction of cell viability to 30% with Tiron treatment for 48 hours and challenged
with H20, compared to HKC-8 (63%) and BEAS-2B (83%) cells. Therefore, incidence of some
mtDNA damage in SVGp12 during co-treatment with Tiron in hypoxia could be as a result of
the previously discussed theory whereby the mtDNA samples obtained are not representative
of the cell population due to the substantial loss of viability in Figure 5.11. Alternatively, it could
be suggested that Tiron’s protection as a result of co-treatment requires the induction of the
Nrf2 pathway, which is supported by the results achieved in chapters 3 and 4 and also
correlates with the results of Figure 5.13, whereby Tiron treatment alone did not lead to a
significant induction of Nrf2 protein expression. It could be hypothesised that co-treatment of
Tiron alongside ROS-induction diminishes the concentration available for cell preservation,
leading to a reliance on endogenous antioxidant induction to increase or sustain the level of
protection conveyed. In SVGp12 cells, the absence of Nrf2 induction could therefore correlate
with the accumulation of damage when compared to Tiron’s influence on Nrf2 protein
expression observed in BEAS-2B and HKC-8 cells. Consequently, more work is required to
evaluate the efficacy of Tiron co-treatment in SVGp12 cells as a result of a shorter exposure
time as well as if the potential induction of Nrf2 with longer treatment with Tiron could influence
the level of protection achieved. However, the latter proposal is limited by the influence this
treatment may have on cell viability, indicated by the decrease is cell viability after 72-hour
Tiron treatment in Figure 5.11. As such, co-treatment may not be as effective over longer

periods in response to ROS-induced damage within astroglial cells.

Nonetheless, the finding that Tiron demonstrated a high degree of protection as a result of co-
treatment with ROS-induction presents an opportunity to use Tiron within a neurodegenerative
disease treatment regime to target the ROS produced as a result of disease manifestations.
This is a potentially crucial finding as the diagnosis of neurodegenerative disease is often
made following the observation of significant symptoms including declining cognition,
bradykinesia or a tremor, which nullifies the use of Tiron as a preventative supplement, also
suggested by the results in Figure 5.11 (Ellwanger et al. 2015, Hullinger and Puglielli 2016).
In particular, mutations within PINK1 (PTEN-induced kinase 1) in PD have been found to lead
to mitochondrial dysfunction through decreased ATP synthesis, reduced O, consumption as
well as increased ROS production (Dias et al. 2013, Joe et al. 2018). Therefore using hypoxia
to model the physiological induction of ROS as a result of diminished O supply not only
models the hypoxia observed in AD but also simulates mitochondrial dysfunction, which could

be symptomatic of PINK1 mutations (Dias et al. 2013, Joe et al. 2018). As such, the protective
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capabilities as a result of Tiron co-treatment present an opportunity to acutely reduce the
consequences of the PINK1 mutation, which cannot be adequately prevented by their very

nature; a direction for further research.

Whilst the results in chapters 3 and 4 suggested that Tiron could be used to prevent the
development of secondary conditions or disease exacerbations associated with DM or
asthma/COPD, this chapter suggests that Tiron’s use in neurodegenerative disease would be
primarily to delay the progression of disease. As a result, it would be pertinent to evaluate the
use of Tiron within neurodegenerative disease specific models including the protective effects
of Tiron against the toxicities associated with amyloid-$, tau phosphorylation or a-synuclein.
As highlighted in section 5.1, there have been a number of studies that have demonstrated
efficacy in the reduction of cognitive decline, inflammation and restoration of antioxidant
capacity within neurodegenerative disease (Sano et al. 1997, Adair et al. 2001, Morris et al.
2002, NINDS NET-PD Investigators 2007, Taghizadeh et al. 2017). Therefore, the evidence
suggesting that Tiron is effective when administered at the time of ROS induction should be
taken further and evaluated in models of neurodegenerative disease. For example, it has been
shown in a PD rat model that resveratrol is significantly neuroprotective through the reduction
of mitochondrial swelling, TNF-a and COX2 after 6-hydroxydopamine-induced PD and
demonstrating that antioxidants have been effective in neurodegenerative disease when

supplemented after the onset of disease (Jin et al. 2008).

To conclude, the treatment of SVGp12 astrocytes in vitro with Tiron was found to be protective
against mtDNA strand break damage and lipid peroxidation. This was following direct and
indirect induction of ROS-mediated damage by H>O, and hypoxia respectively and further
demonstrated significant preservation of cell viability alongside a reduction in ROS generation
as a result of both Tiron pre- and co-treatment. The comparative use of H.O- induction of ROS
in SVGp12 cells, as well as in chapters 3 and 4, demonstrates a high level of protection against
oxidative damage with Tiron across all assessed tissues, which is promising for Tiron’s
potential therapeutic use. The results in chapter 3-5 supported Tiron’s protective capabilities
against ROS-induced damage and suggested that this mechanism was both independent and
influenced the Nrf2 response pathway, depending on the length of treatment with Tiron, the
latter of which has not been indicated previously. Overall the results presented in this chapter
are congruent with those of chapter 3 and 4, supporting the protective action of Tiron as well
as the tolerance across multiple tissues without significant adverse effects, highlighting the

need for further research into the expansion of Tiron therapeutically.
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Chapter 6 — General Discussion

6.1 General Discussion

This thesis aimed to evaluate the use of Tiron, a ROS reducing agent, protectively against
oxidative damage and the reproducibility in different models of ROS induction in order to better
understand the potential application of Tiron. This was investigated through the direct
application of ROS with H2O; or physiologically induced with hypoxia or high concentrations
of glucose. The identification of different responses in each cell type within this thesis provided
insight into the potential use of Tiron, with results demonstrating consistently significant
degrees of protection across all cell lines. ROS-induced damage was measured though
several endpoints including; intracellular ROS generation; cell viability reduction; mtDNA
damage; and increases in MDA concentration. Physiologically relevant ROS induction was
used to model disease specific to each cell line and provided better understanding as to the
potential application of Tiron therapeutically. However, whilst Tiron demonstrated significant
levels of protection against oxidative damage, some assays indicated that treatment with Tiron
still incurred a degree of damage, such as in the amelioration of MDA, and that more work to
understand Tiron’s capabilities is required. Adding to this, the finding that Tiron’s mechanism
of action may be both independent and dependent on the Nrf2 pathway, whilst expanding on
previously published literature (Oyewole et al. 2014) warrants significant expansion to

understand the future benefits or consequences of Tiron’s use therapeutically.

Within this thesis, it was demonstrated that a concentration of 3 mM Tiron elicited significant
reductions in ROS-induced mtDNA strand breaks (Figures 3.7, 4.14 and 5.7) and high degrees
of protection against lipid peroxidation (Figures 3.9, 3.19 4.17, 4.18, 5.9 and 5.19) in renal,
pulmonary and astroglial cell lines as a result of 24-hour pre-treatment modelled with both
directly applied and physiologically produced ROS. These results were supported by a
preservation of cell viability offered by Tiron when challenged with ROS (Figures 3.16, 4.8 and
5.16). The results obtained in chapters 3-5 expand on work conducted by Fang el al. (2012)
and Oyewole et al. (2014), who determined that Tiron could be used preventatively against
the effects of UVR-induced oxidative damage in human skin cells and indicating that Tiron
could be used to prevent premature skin aging and damage, in line with Denham Harman’s
theory of aging (Harman 1956, Oyewole and Birch-Machin 2015). Therefore, the work
contained within this thesis adds to the knowledge of Tiron’s protective capabilities and
suggests that Tiron could be used beneficially against ROS-induced damage, both directly

and indirectly sourced, in cell types additional to human skin cells.
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However, whilst Tiron did demonstrate significant reduction of MDA levels as a result of pre-
treatment in all models of ROS, levels were not consistently maintained at baseline compared
to the controls, as had been observed with the gPCR and DCFDA assays. This has been
observed in vivo, where 7-day Tiron treatment post radiation or manganese toxicity induction
in rats led to a reduction in MDA but not to that of the controls (Abdel-Magied et al. 2019). The
same was observed in rats with titanium-induced hepatotoxicity (Morgan et al. 2018) as well
as a murine asthma model (EI-Sherbeeny et al. 2016). Therefore, whilst the results were not
as seen in other assays within this thesis, they are consistent with previously published
literature demonstrating the potential use of Tiron to reduce MDA levels. However further
experimentation is required to understand whether Tiron elicits greater effects on other lipid
peroxidation biomarkers, such as HNE. Such investigations may provide insight into Tiron’s
potential use in the reduction of lipid peroxidation with implications in the treatment of diseases

such as atherosclerosis (Niki 2014).

Another consideration is the reduction of cell viability observed with Tiron at concentrations
5 mM and above in all cell lines, albeit to 90%, indicating that Tiron concentration needs careful
refinement before translation. Similar cytotoxic results were also observed with prolonged
treatment, with viability reduced to 32% in SVGp12 cells after 72 hours (Figure 5.11). Whilst
Tiron still demonstrated a significant degree of protection against mtDNA strand breaks after
prolonged treatment, the reduction in viability warrants further investigation as results may
have been influenced by the loss of cells as discussed in chapter 5. Considering the results in
figures such as 5.12, the reduction in cell viability could be as a result of Tiron’s formation of
ROS after prolonged exposure (Taiwo 2008) and this may also apply at higher concentrations,
therefore inducing a level of oxidative stress and limiting the frequency of dosing possible in
clinic. This was in part indicated in figure 4.14 where mtDNA strand breaks were detected
compared to the control at 5 mM. Antioxidants at high concentrations have been shown to
compromise cell viability previously, including epigallocatechin gallate which demonstrated
concentration dependent decreases in cell viability in normal human lung and skin cells and
was suggested to be as a result of electron reduction as well as the potential increase in Oz,

the latter hypothesised within this thesis with Tiron (Lu et al. 2013).

Administering Tiron in a single cell environment, rather than multicellular in vivo, does not
adequately model how a drug may be metabolised and what concentration of the dose may
reach that cell type, which could indicate that cell viability reduction results may be
exaggerated in vitro; a limitation of this thesis. However, these results must be considered in
future work when optimising the dose required to provide significant oxidative stress

amelioration in vivo. Antioxidant-induced cytotoxicity within healthy individuals may
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inadvertently elevate ROS levels through the induction of apoptosis or parylation (Alano et al.
2010, Wei and Yu 2016). Repeated administration without consideration of potential
cytotoxicity may subsequently induce organ dysfunction and exacerbate the oxidative damage

it was initially meant to target.

Conversely, the use of antioxidant compounds to beneficially induce apoptosis has been
modelled within cancerous cell lines (Doughan and Dikalov 2007, Delmas et al. 2011, Zhang
et al. 2015). For example, Tiron has been shown to potentiate the cytotoxic effects of
magnolol, an autophagy inducer (Kumar et al. 2013), and also shown to induce apoptosis in
human promyelotic leukaemia (HL-60) cells (Kim et al. 2006).Therefore, future work is
required to understand whether the same cytotoxic effects in this thesis are observed in vivo

and how this can be reduced or used depending on application.

The mechanism by which Tiron elicits its protection was consistently shown to be as a result
of diminishing ROS in each chapter and cell line assessed, as demonstrated by reduced
oxidation of DCF (Figure 3.8, 3.18, 4.11, 4.12, 5.8 and 5.18) compared to the H2O3, high
glucose and hypoxia controls, which is supported by published literature identifying Tiron as
metal chelating and ROS scavenging (Domingo et al. 1993, Supinski et al. 1999, Yamada et
al. 2003, Han and Park 2009, Monticone et al. 2014). Some authors have also suggested that
Tiron is intracellularly localised due to its superior levels of protection compared to extracellular
antioxidants such as glutathione, demonstrated through DCF oxidation in vitro (Supinski et al.
1999, Silveira et al. 2003, McArdle et al. 2005).

The high degree of protection elicited by Tiron suggests that Tiron is capable of intracellular
localisation to sustain protection against ROS-induced damage, as evidenced by the
considerably high degree of protection measured 24 (Figure 3.17) and 120 hours (Figure 4.15)
after its removal from cell culture medium compared to damage controls. If Tiron was not
capable of such localisation, the removal of Tiron at the end of the 24-hour pre-treatment
protocol would have likely resulted in the accumulation of ROS-induced damage. Similar
responses have been shown in Flavonoids, where protection against H.O» was maintained
following removal from cell culture in caco-2 cells (Yokomizo and Moriwaki 2006).
Mitochondrial-targeted vitamin E (MitoVit E) has been also shown to reduce hepatic oxidative
stress within mice and to be 350-fold more potent than vitamin E supplementation (Mao et al.
2010). This suggests that mitochondrially-targeted antioxidants could be superior to
supplementation of untargeted antioxidants. However, this requires more thorough
investigation in light of the findings of Gottwald et al. (2018) and MitoQ toxicity, discussed in
chapter 3. Nevertheless, Tiron’s cell permeability is advantageous in its potential treatment of

disease in that it could directly target the ROS produced by mitochondrial dysfunction as well
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as reducing extracellular ROS and limiting the accumulation of damage. This is supported by
a number of cell-permeable antioxidants which have demonstrated positive results in patients,
including a study of coenzyme Q supplementation found to reduce lipid peroxidation and
restore antioxidant capacity in T2D patients (Rodriguez-Carrizalez et al. 2016). The availability
of these studies demonstrates the widening direction of this field of research into antioxidant
amelioration in disease with cell-permeable antioxidants, something that should be explored

with Tiron in the future.

As discussed throughout this thesis, oxidative stress and mitochondrial dysfunction has been
demonstrated in numerous diseases. Therefore the results in the thesis, coupled with the work
of Oyewole et al. (2014), Morgan et al. (2017, 2018) and Ateyya et al. (2016), the latter of
which showed Tiron to be protective against damage in the lung, kidney and liver as well as
reducing the effects of acute pancreatitis in rats, indicate the wider use of Tiron. Furthermore,
the provision of protection for up to 120 hours after Tiron removal, as observed in chapter 4 in
the reduction of ROS generation (Figure 4.12), mtDNA strand breaks (Figure 4.15) and MDA
(Figure 4.18), could shape how frequently Tiron needs to be applied clinically and expands
upon previous literature which has demonstrated Tiron’s efficacy shortly after ROS-induction
(mostly up to 24 hours) or termination of treatment (Shrivastava et al. 2007, Cheng et al. 2010,
Shoeib et al. 2016, Morgan et al. 2018). It has been suggested in a phase | clinical trial, that
the combination of antioxidant supplementation, such as ascorbic acid or a-tocopherol, with
antiviral therapy could improve the efficacy of treatment within hepatitis C patients, a condition
in which oxidative stress and lipid peroxidation has been shown to increase hepatic
inflammation and necrosis (Melhem et al. 2005, Paracha et al. 2013). As such, future work
should be directed towards the use of Tiron in other conditions where oxidative stress and
mitochondrial dysfunction have been implicated such as hepatitis C as well as rheumatoid
arthritis, schizophrenia, autism spectrum disorders, breast cancer and many more. Study in
other ROS-related diseases would build upon evidence from this thesis as well as published
literature, which has shown that Tiron is well tolerated and effective in multiple organs in vitro
and in vivo (Melhem et al 2005, Salim 2014, Anglin 2016, Ateyya et al. 2016, Bergman and
Ben-Shachar 2016, Hecht et al. 2016, Johar et al. 2016, Hollis et al. 2017, Morgan et al. 2018).

The high degree of protection and comparable results with 3 mM Tiron in each cell line,
following the induction of similar levels of ROS-induced damage, is important in understanding
the wider use of Tiron. By ensuring that levels of ROS damage were similar, as demonstrated
by the induction of a fold change of 4.11 in gPCR CT value in SVGp12 cells compared to HKC-
8 (4.89) and BEAS-2B cells (4.52) with different H,O, concentrations, the results obtained

evidence that Tiron’s protective capabilities are independent of cell type and provide a good
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premise for the use of Tiron protectively against oxidative stress in multiple tissues, adding to
previously published evidence of Tiron’s tolerance (Domingo et al 1992, El-Sherbeeny et al.
2016). As such, this could permit the use of Tiron in the treatment of diseases that are difficult
to prevent such as T1D but could also be used in the treatment of myocardial
ischaemia/reperfusion (I/R) injury, where the generation of ROS has been found to be a
contributing factor both experimentally and clinically (Giannini et al. 2007, de Vries et al. 2013,
Gonzalez-Montero et al. 2018, Zhou et al. 2018). H,O; has been identified as the main source
of ROS within I/R injury, a leading cause of cardiovascular disease-related death, with the use
of an antioxidant prodrug (BRAP) eliciting anti-apoptotic and anti-inflammatory action as well
as inhibition of oxidative stress (Lee et al 2015, Xia et al 2016). Tiron has already
demonstrated cardioprotective properties within a mouse model of I/R injury through the

reduction of O,-", demonstrating the wider application of Tiron (Jiao et al. 2009).

However, in conditions such as PD, where the aetiology is still widely unknown, modelling with
Tiron could provide better understanding as to whether ROS are causative of disease or if
they exacerbate symptoms and how this could be targeted (Sarrafchi et al. 2016, Puspita et
al. 2017). Whilst the exact cause of inflammatory bowel disease (IBD) is still unknown, the role
of oxidative stress in IBD has been evidenced with increased levels of MDA evidenced in
patient biopsies as well as DNA oxidation (Alzoghaibi et al. 2007, Bouzid et al. 2013, Pereira
et al. 2016). However, whether the presence of oxidative stress is causative of IBD or
contributes to the manifestation of symptoms is unclear, requiring further investigation.
Therefore, Tiron could be used to improve the understanding of the role of ROS within disease
where the aetiology has yet to be precisely underpinned through in vitro or in vivo modelling
additional to its therapeutic capacity. This would build upon published work that has used
Tiron’s ROS reducing action to understand the mechanism of anti-cancer agents such as

Bortezomib, a ROS-producing proteasome inhibitor (Ling et al. 2003).

Across all chapters, it was shown that Tiron reduced levels of ROS, mtDNA strand break
damage or MDA concentration to below that of the control when normalised. Whilst it has been
suggested within this thesis that this could occur as a result of Tiron reducing physiologically
produced ROS, which could have wider ROS mediated signalling issues and shown previously
with two day Resveratrol treatment and H>O» exposure in primary skeletal myotubes (Conlan
et al. 2010), it could also be suggested that the culture conditions of these cell lines are a
factor. Studies in immortalised cell lines provide homogeneity as well as economic benefits in
evaluating cellular mechanisms and early pharmacological leads. However, in vitro culture is
conducted in atmospheric O; (18-21%), levels which are up to 5-fold higher than experienced

in vivo, where tissues are exposed to 2-9% as a result of inhaled O dispersion, thus cell
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culture conditions could be considered hyperoxic (Halliwell 2014, Jagannathan et al. 2016a).
Immortalised cell lines do not experience growth inhibition at these high O2 concentrations,
which would be experienced by primary cells, eliminating the need to culture cell lines at
differing O levels (Brahimi-Horn and Pouyssegur 2007, Halliwell 2014). However, it has been
indicated that there may be a level of oxidative stress that could be associated with culturing
at high O levels, which could result in the generation of damage (Martin-Romero et al 2008).
It has been shown that high O, can exacerbate cellular response to inflammation of apoptosis
as shown in vitro with doxorubicin or UVR treated kidney cells, indicating the influence O, may
have on result presentation (Carrera et al 2010). This has also been shown to some extent
with neural primary stem cells, where higher levels of ROS were observed in comparative
immortalised cells, which could be related to the elevated mitochondrial activity, alongside
greater levels of apoptosis and different levels of SOD and catalase induction, indicating a
limitation of using immortalised compared to primary cell lines, which may be cultured at

physiologically relevant O, levels (Madhavan et al. 2009).

As such, it could be suggested that the presence of Tiron within culture could reduce the
culture-induced oxidative stress. This is indicated in Figures 3.7, 4.16 and 5.9 where Tiron
increased gPCR efficiency in the formation of new mtDNA strands compared to the control,
indicating that control samples may contain some degree of mtDNA damage. This was also
shown in Figures 3.8, 4.12 and 5.18, which demonstrated a lower level of ROS through DCF
oxidation with Tiron treated samples compared to the control. However, this phenomenon was
not evident in all results presented in this thesis. It has been suggested that mitochondrial
copy number may indicate oxidative DNA damage within samples before analysis (Qiu et al.
2013, Ji et al. 2014). Copy number reflects mitochondrial abundance within a cell, which is
influenced by energy demands, and has been positively correlated with oxidative stress and
indicative of mitochondrial dysfunction in vitro and within human tissue, peripheral blood
monocytes and leukocytes (Liu et al. 2003, Wang et al. 2011, Qiu et al. 2013, Al-Kafaji and
Golbahar 2013). Therefore, it could be suggested that control cells cultured at atmospheric O-
within this thesis may have increased copy numbers compared to Tiron treated samples,
indicating culture-related oxidative stress. However, whilst the 83bp qPCR assay did indicate
mitochondrial copy number per sample, this was not normalised to a specific cell concentration
but within the whole sample meaning it is not possible to evaluate if stress was evident in

control samples versus Tiron retrospectively.

Therefore, further experiments are required to understand if cell culture conditions account for
Tiron’s perceived reduction of oxidative stress greater than control levels. To investigate this,

cell lines could be cultured at O; levels that are physiologically relevant, such as approximately
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16% for BEAS-2B cells, using a dedicated workstation with regulated O, (Keeley and Mann
2019). To monitor intracellular Oz, the MitoXpress Intra® Intracellular Oxygen Assay Kit
(Agilent, USA) could be used, an assay that uses a probe to monitor intra- and peri-cellular O>
levels measured fluorometrically (Chapple et al 2016). Assay under these conditions could
elucidate if Tiron is reducing physiological ROS or that induced by ‘normal’ cell culture
conditions and may demonstrate greater levels of ROS-induced oxidative damage as it has
been suggested that some immortalised cell lines are more resistant to oxidative stress owing
to their culture in 21% O, (Jagannathan et al 2016, Keeley and Mann 2019). Conversely, it
has been shown that BEAS-2B cells cultured at 10% O- had a lower inflammatory response
less susceptible to H>O»-induced toxicity than at 21%, suggesting that lower O levels may
preserve cell viability (Jagannathan et al. 2016b). In support of this, lymphocyte proliferation
has been shown to be influenced by O levels with greater activation at atmospheric O
coupled with a decrease glutathione, demonstrating a greater level of oxidative stress which
could correlate with heightened inflammatory response (Atkuri et al. 2005, Atkuri et al. 2007).
It could therefore be suggested that culture at lower O, levels may offer reduced levels of
oxidative stress and subsequently higher concentrations of endogenous antioxidants capable
of reducing oxidative stress and that potentially lowering the levels of O, through ‘hypoxic’
culture such as within this thesis, may improve the endogenous ROS defence and convey a
degree of protection against oxidative stress potentially accounting for the prolonged period
of culture required to induce significant mtDNA strand breaks (Figure 4.7 and 5.15). As such,
maintaining cells in a lower O, atmosphere may provide more physiologically relevant
measures of ROS production and amelioration. Consequently, to establish the most
translatable results with Tiron, work should be conducted at physiological O- levels unique to
each cell type to establish whether the results observed within this thesis are emulated at
lower O,. Consideration must also be applied to hypoxia experiments and what is determined
hypoxic in each cell type to avoid significant cell loss, such as discussed in chapter 5 with
SVGp12 cells, and to potentially yield more physiologically relevant results and appropriate
modelling of hypoxia adaptation and the role in which Tiron plays, perhaps with evaluation of
multiple O; levels to understand the effect of differing levels of O, reduction or exposure
(Keeley and Mann 2019).

However, if results indicate that Tiron is capable of reducing physiological levels of ROS, this
requires mechanistic evaluation as highlighted throughout this thesis. By their nature, it is
impossible to differentiate between beneficial and ‘harmful’ ROS when utilising antioxidant
supplementation (Dindar and Aslan 2000, Poljsak and Milisav 2012). Therefore, too much
supplementation could lead to a reduction of ROS below physiologically beneficial levels,

resulting in ‘antioxidant stress’. This can impact negatively on physiological functions such as
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response to injury and other cell signalling cascades; increasing the susceptibility to damage
and disease. Therefore, it is important to refine antioxidant supplementation so that it does not
impede biological function. For example, decreased ROS levels have been shown to impair
the division of haematopoietic stem cells, reducing haematopoiesis and impacting their
differentiation into monocytes, neutrophils and lymphocytes (Schieber and Chandel 2014, Oh
and No6r 2015). This reduced differentiation as a result of decreased ROS availability, as could
be hypothetically achieved with Tiron supplementation, could therefore result in a deficient
immune response. Whilst Tiron has been shown to reduce inflammation within the treatment
of asthma in vivo, including a study of ovalbumin-induced asthma in mice (ElI-Sherbeeny et al.
2016), there has yet to be a study determining how supplementation could affect an acute

response to allergen-induced inflammation following routine treatment with Tiron.

The results obtained in Figures 3.12, 4.13 and 5.12 showed that prolonged supplementation
of Tiron led to an increase in ROS generation without exogenous influence, which would not
necessarily impact haematopoietic stem cell division as suggested by Oh and No6r (2015).
What is unclear from this thesis is the effect that this increased availability of ROS has on the
endogenous antioxidant concentration. Considering the corresponding induction of Nrf2
protein expression with prolonged supplementation (Figures 3.13, 4.20 and 5.13), it is likely
that Tiron has an influence on the expression of endogenous antioxidants. As such, this could
result in the reduction of ROS levels, such as seen in Figures 3.8, 3.18, 4.12, 5.8 and 5.18, to
a level which could potentially suppress an inflammatory response. As such, extensive work
is required to understand the effects of Tiron on antioxidant stress and the potential impact
this could have on ROS-reliant physiological processes, something that would be best

evaluated in vivo in order to utilise a multi-organ model.

However, the finding that Tiron could elicit significant levels of protection against oxidative
damage when supplemented at the time of ROS indicates that Tiron could also be used in
situations when ROS is acutely produced such as in conditions of decreased oxygen,
encountered during high altitude training, or in cases of acetaminophen (paracetamol)
overdose (Bakonyi and Radak 2004, Jaeschke and Bajt 2006, Saito et al. 2010, Quindry et al.
2015). The administration of intravenous NAC in acetaminophen poisoning was implemented
by the Commission on Human Medicines in 2012 and has been found to be significantly
beneficial in the reduction of hepatic damage (Bateman et al. 2014, Medicines and Healthcare
products Regulatory Agency 2014, Buckley et al. 2016). The adoption of a treatment protocol
using NAC demonstrates that exogenous supplementation of antioxidant-like compounds can
have considerable beneficial effects and highlights the relevance of evaluating compounds for

their therapeutic potential, such as with Tiron.
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Singular dosing as required would also reduce the decrease in cell viability observed with
prolonged supplementation in each cell line and could see Tiron used as a short-term
preventative supplement, such as postulated by Birch-Machin and colleagues (2015), before
known exposure to ROS including UV exposure. It could also be used promptly when excess
ROS is measured as could be encountered during a hyperglycaemic episode. Use in this
manner is supported by the results obtained with Tiron treatment at the time of ROS induction
within this thesis and proposes a new treatment methodology within disease. This expands
on the evidence that pre-treatment can be beneficial in preventing disease symptoms as has
been shown in vivo, something that was also supported by work within this thesis (El-
Sherbeeny et al. 2016, Morgan et al. 2017, 2018).

Also identified in this thesis, treatment with Tiron for greater than 48 hours alone resulted in
the production of ROS. This correlated with the formation of a reactive semiquinone by-product
by Tiron evidenced previously and indicated a degree of physiological ROS amelioration
(Krishna et al. 1992, Silveira et al. 2003, Taiwo 2008). Semiquinone has been identified as a
radical produced in the mechanism of action for doxorubicin, a chemotherapy agent, and also
in the reduction of O, to O (Nowicka et al. 2017, Sangomla et al. 2018). As such it is
suggested that the generation of O+~ can be targeted either by endogenous antioxidants as
well as remaining Tiron and indicating that Tiron’s protective mechanism could be as a result
of self-renewing activity. This was highlighted by the absence of mtDNA damage as well as
reduced ROS production and lipid peroxidation in all chapters with Tiron pre-treatment.
Therefore, the data within this thesis supports the production of a semiquinone or reactive by-
product of Tiron but also adds to Taiwo’s (2008) work, who only evidenced Tiron’s activity in
solution, by demonstrating the induction of ROS without exogenous stimulation consisting
within different human cell types. This should be explored further to elucidate its precise
mechanism and any implications this may have in signalling pathways, which could lead to
unwarranted effects (Hybertson et al. 2011, Erlank et al. 2011). As such, it is suggested that
the effects of Tiron on ROS generation are investigated, potentially through the detection of
specific ROS including semiquinone over time or whether there is activation of ROS mediated
pathways as a result of Tiron treatment as well as evaluating the effect on endogenous
antioxidants levels all of which may help to understand how Tiron is capable of sustaining its

protectivity.

The targeting of Nrf2 to restore oxidative balance is a research topic that is gaining momentum
with the use of compounds such as resveratrol and curcumin, which have recently evidenced
to activate Nrf2 in addition to their protective capabilities (Ben-Yehuda Greenwald et al. 2016,

Duan et al. 2017). Therefore, the finding that Tiron increases Nrf2 protein expression following
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prolonged exposure could expand its use, with further evaluation, to target the restoration of
oxidative balance through the induction of Nrf2. Resveratrol has also demonstrated
upregulation of Nrf2 activity through increased expression of heme oxygenase-1 (HO-1),
which has been shown to have antioxidant properties as well as restore glutathione levels in
vitro (Chen et al. 2005, Kode et al. 2008, Parfenova et al. 2012). Therefore, the potential use
of Tiron in a similar capacity could widen its application, particularly considering that Tiron has
exceeded the protection elicited by Resveratrol as evidenced in published literature (Lin et al.
2012, Oyewole et al. 2014, Rodacka et al. 2014).

A number of Nrf2 activators have been used within the treatment of disease including the use
of sulforaphane supplementation (100 puMol per day for two weeks) in asthmatic patients,
which ameliorated bronchoconstriction and improved pulmonary function in 27 of 45 patients
(Brown et al. 2015). Therefore, there is the potential to exploit the Nrf2 inducive potential of
Tiron, as shown in Figures 3.13, 4.20 and 5.13, for the restoration of antioxidant activity as
well as alleviation of disease symptoms. However, current published literature has suggested
that Tiron is independent of Nrf2 and suppresses its action when used as pre-treatment (<24
hours), a finding that was also emanated with the pre-treatment studies of this thesis (Smith
et al. 2012, Antognelli et al. 2018). Consequently, the indication that Tiron interacts with Nrf2
could be a significant finding. Whilst the potential mechanism is hypothesised in Figure 6.1,
the precise interaction requires considerable evaluation in light of the absence of supporting

published literature.
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Figure 6.1 Postulated action elicited by Tiron. (A) Tiron present within the cell culture
medium has a direct effect on ROS, whether produced directly with H.O- or indirectly through
high glucose or hypoxic conditions. (B) Tiron enters the cell and ameliorates ROS generated
within the cell. As proposed by Silveira et al (2003) and Taiwo (2008), Tiron’s reactive by-
product could react with other available ROS and have a neutralising effect. Similarly, this
could also facilitate the dissociation of Keapl from Nrf2. (C) Liberated Nrf2 can translocate
into the nucleus, bind with the ARE and lead to the transcription of antioxidants and other

detoxifying enzymes such as HO-1 and NQO1. An original figure.

Accordingly, understanding the role in which Tiron interacts with the Nrf2 pathway is an
important consideration for its use therapeutically and requires investigation, particularly with
respect to Tiron’s effect on antioxidant enzymes. This could indicate whether the action of
Tiron renders these enzymes redundant or whether it supplements the response with time as
suggested with prolonged treatment in this thesis. Furthermore, to elucidate Tiron’s elevation
of the Nrf2 pathway, it would be worthwhile to quantify Nrf2 activity across multiple timepoints

during treatment in order to ascertain at which point Tiron ‘loses’ it’s Nrf2 independence and
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whether increasing concentrations of Tiron can more readily stimulate the Nrf2 pathway. This
could be conducted by PCR or intracellular staining of downstream targets within the pathway
and would elucidate whether Tiron could be used in a similar capacity to compounds such as
sulforaphane (Chen et al. 2005, Hybertson et al. 2011). Both an independent action and
influence on Nrf2 was identified with a cocktail of tocopherols supplemented over two weeks
to wild-type and Nrf2 knockdown mice (Li et al. 2012). Interestingly, whilst the study
demonstrated that tocopherols were able to elicit protection against inflammation and
oxidative DNA damage independent of Nrf2, the reductions observed were less than those in
the wild type. This indicated that there was some independence of Nrf2 but also the possibility
of this cocktail to induce a greater response with Nrf2 (Li et al. 2012). A similar hypothesis can
be postulated in this thesis with the protection with Tiron achieved both independently and

inducive of Nrf2 across all three cell lines.

6.2 Limitations

In the evaluation of Tiron’s protective capability, it was demonstrated within this thesis that
Tiron offered high degrees of protection across all cell lines as a result of exposure to H.O; as
well as physiologically induced ROS. However, there are number of limitations within the study
design and methodology, which require further work to improve understanding of both the

mechanism and application of Tiron.

The DCFDA assay was used to detect ROS in all cell lines during optimisation of ROS-
induction but also to evaluate the effect of Tiron supplementation. As such, it was
demonstrated in Figures 3.8, 4.12 and 5.18 that supplementation of Tiron correlated with a
reduction of ROS, evident through decreased fluorescence related to DCF oxidation. Whilst
results were normalised against the untreated control to account for normal ROS availability,
the DCFDA assay lacked the specificity to identify the type of ROS produced; a limitation of
the assay. Therefore, these studies do not elucidate Tiron’s mechanism of ROS reduction and
should be supplemented with protocols that specifically measure the ROS being reduced,
such as MitoSOX or Amplex®Red (Thermo Fisher Scientific, UK) which would indicate
reactivity with O+~ and H.O, respectively. Results from these assays would therefore indicate
whether Tiron preferentially targets specific ROS, such as is the case for catalase. Irrespective
of the non-specificity of the DCFDA assay, the results obtained facilitated optimisation of
models of indirect ROS induction as well as indicating that Tiron’s protective action was as a

result of ROS reduction compared to relevant controls.

On the other hand, a limitation of the mtDNA strand break assessment is its specificity and

the absence of recording any mutations, base oxidation or single strand breaks that occurred

189



as a result of ROS exposure. Oxidative DNA damage has been implicated within
carcinogenesis, with 80HdG identified in breast cancer patients alongside reduced SOD
activity as well as in acute myeloid leukaemia, coupled with elevated MDA levels and
negatively correlated with relapse frequency (Himmetoglu et al. 2009, Zhang et al. 2010).
From the results presented in this thesis, it is not clear whether the significant protection
against mtDNA strand breaks is due to Tiron’s direct reduction of ROS or correlated with a
reduction in mutation accumulation leading to strand breaks. Therefore, more investigation is
required to assess the influence of Tiron supplementation on ROS-induced mutations or other
DNA damage biomarkers which may also provide insight as to Tiron’s use in reducing other

biomarkers of DNA damage within disease, such as 80HdG.

The same limitation is also attributed to the MDA assay, which was used to determine the
response of Tiron to lipid peroxidation. The principle of the assay is to measure MDA-TBA
adducts colourimetrically. However, TBA readily reacts with other by-products of lipid
peroxidation which could limit the detection of MDA within this assay. Therefore, to supplement
the results obtained in Figures 3.9, 4.17 and 5.9, measurement of other lipid peroxidation by-
products should be conducted. Associated with this, the absence of measuring MDA levels as
a result of Tiron prolonged treatment is also a limitation. Results were not obtained for MDA
levels following 48 and 120 hour treatment of Tiron considering the inability for Tiron to
consistently maintain MDA levels as a result of 24 hour pre-treatment (Figure 3.9 and 3.19),
with Tiron raising MDA levels in BEAS-2B cells (Figures 4.17-4.18). However, this evaluation
may have provided more insight as to whether greater lengths of Tiron treatment would be
required to reduce MDA levels, which have been suggested previously with Resveratrol which
demonstrated similar results to Tiron in vitro where amelioration of MDA to baseline levels was
not observed after 24 hours but after 7 day supplementation (Pandey et al. 2015, Fu et al.
2018, Li et al. 2018). As suggested in previous chapters, the evaluation of other lipid
peroxidation products, such as HNE or lipid hydroperoxides, could provide insight into whether
Tiron is incapable of reducing the formation of MDA to baseline or whether the response
extends to lipid peroxidation in general, the latter of which would be contrary to published
evidence demonstrating Tiron’s protection against HNE in cultured human saphenous veins
(Joddar et al. 2015), and could be used to evaluate the effect of prolonged Tiron treatment on
both biomarkers. However, previous evidence indicates that this may not be sufficient
therefore, evaluation should be expanded to understand if co-treatment with another
antioxidant may convey more efficient protection against MDA level increases (Morgan et al.
2018, Abdel-Magied et al. 2019). Nevertheless, the finding that Tiron does significantly reduce

MDA levels, even if not completely, is important for its clinical potential and thus could be used
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to reduce elevated MDA levels that have been observed in patients with ROS-associated
diseases (Sanyal et al. 2009, Lorente et al. 2015, Smriti et al. 2016).

The qualitative assessment of Nrf2 protein expression is also a study limitation. The motivation
behind this assessment was to evaluate if prolonged treatment with Tiron employed the
endogenous defence to prevent oxidative damage, similar to observed with sulforaphane and
potentially indicate that Tiron could be used as a preventative supplement (Tarozzi et al.
2013). This was in light of the results obtained in Figure 3.21 where repeated supplementation
of Tiron over 72 hours was found to be significantly protective against ROS induced by daily
replenishment of Glucose as well as the results obtained in Figures 3.13, 4.20 and 5.13 where
combined treatment led to significant protection against oxidative damage. As such, Tiron was
evaluated for its influence on Nrf2 protein expression and whether this may contribute to the
protection provided. Previous literature has shown that Tiron has no effect on HO-1 with 24-
hour pre-treatment, which was also partially indicated by the absence of Nrf2 protein
expression after 24-hour Tiron treatment in this thesis (Oyewole et al. 2014). Results in this
thesis indicated that, following prolonged exposure, Tiron has both a dependent and
independent relationship with Nrf2. This was demonstrated by the reduction of H.O»-induced
Nrf2 expression in HKC-8 cells treated with Tiron for 48 hours followed by 1 hour with H.O-
compared to the control (Figure 3.13). However, a limitation of this section of the study was
the absence of testing Tiron’s influence on Nrf2 in the presence of physiological ROS
induction, such as with glucose or hypoxia. Whilst the results suggested that prolonged
supplementation with Tiron could be used to induce the Nrf2 pathway potentially as a
supplement, which may have an immunomodulatory effect similar to Aspirin which has been
found to reduce inflammation and increase Nrf2 signalling in Sprague-Dawley rats (Wei et al.
2018), this thesis does not indicate how Tiron’s influence on Nrf2 may be modulated in the
presence of persistent ROS production such as in diabetes or hypoxia and requires further
evaluation. As such, work is required to address this gap to build on this preliminary study
indicating Tiron’s potential activation of Nrf2 alone and whether this is a phenomenon
experienced only in the absence of physiological ROS generation. In line with this, despite
data obtained suggesting Tiron does influence Nrf2 protein expression, to better understand
the mechanism of Tiron and its interaction with Nrf2, both alone and in the presence of ROS,
it would have been useful to evaluate the expression of downstream targets of Nrf2, such as
HO-1, NQO1 or other endogenous antioxidants. Nonetheless, whilst the mechanism of action
of Tiron is still not fully underpinned, this thesis did suggest that Tiron may influence the
Nrf2/ARE pathway in its ROS amelioration, but further work is required to clarify whether this

is also evident in the presence of physiologically-induced ROS.
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Another limitation of this study was that a second antioxidant-like compound was not assessed
alongside Tiron. The aim of this thesis was to establish the potential use of Tiron within a
number of human cell lines and whether these results were comparable and also reproducible
within models of physiological ROS, directly adding to the work of Oyewole et al. (2014). As
such, work was primarily focused on model optimisation and the effect of Tiron in said models
and whilst it has been demonstrated that Tiron can be beneficial in preventing ROS-induced
damage compared to the ROS controls, the response was not compared to another
antioxidant. As such, comparison of these results with a second antioxidant, such as
Resveratrol or MitoQ, is warranted to support Tiron’s ROS ameliorative action, indicated in
this thesis, but also identify if Tiron elicits a greater effect than other well studied antioxidants
and could direct work towards therapeutic use. A second antioxidant may also provide more
insight into Tiron’s results, particularly in relation to MDA. For example, vitamin E
demonstrated dose dependent lipid peroxidation reduction in lung surfactant whereas SOD
had no effect but vitamin C, melatonin and ebselen required higher doses before a significant
effect was observed (Bouhafs and Jarstrand 2002). Different combinations of these
antioxidants were then found to offer better levels of amelioration of MDA and HNE levels
suggesting that evaluation with a second antioxidant may have indicated whether Tiron’s
results were associated with the test antioxidant or limited by the assay performed and
whether combined supplementation may have yielded a greater reduction in MDA (Bouhafs
and Jarstrand 2002). Tiron has been previously evidenced alongside other antioxidants
including Resveratrol, Tempol, Trolox and NAC, with results predominantly showing Tiron’s
level of ROS amelioration to be superior across multiple cell lines including neutrophils,
adrenal pheochromocytoma, melanoma and dermal fibroblasts (Yamada et al. 2003, Yang et
al. 2007, Rodacka et al. 2014, Vorobjeva and Pinegin 2016). However, whilst Tiron has shown
superiority previously, the same cannot be hypothesised for the response within the cell lines
evaluated within this thesis in the absence of a comparative antioxidant. Despite this, the
results documented within this thesis demonstrate a clear role for Tiron in the reduction of
ROS-induced damage, supported by the comparable results obtained in the three different
human cell lines and add to previously published evidence in human skin cells as well as in
vivo investigations (Pi et al. 2003, Fang et al. 2012, Oyewole et al. 2014, Shoeib et al. 2016).

Overall, the work presented in this thesis has contributed to the widening of Tiron’s application
in its reduction of ROS-associated damage in vitro. However, studies are required to
understand Tiron’s mechanism of action, including its effect on endogenous antioxidants, the
immune system as well as signalling pathways to visualise any unexpected effects of Tiron
supplementation which could hinder its translation clinically. Such investigations could be

conducted using gPCR or flow cytometry protocols.
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Currently, therapeutic regimes are predominantly targeted to treat or manage disease
symptoms rather than ROS such as the use of analgesics, opioids or anti-inflammatory drugs
within rheumatoid arthritis, where oxidative stress has been implicated within disease
pathology alongside a diminished antioxidant response (Wilcox 2005, Miyazaki and Asanuma
2008, Phull et al. 2018). Therefore, Tiron should be applied to disease-specific models outside
the scope of those incorporated within this thesis, such as evaluated by El-Sherbeeny et al.
(2016) and Shoeib et al. (2016), to understand if the promising in vitro effects can be
successfully modelled in vivo and if disease state may influence this before expansion into
clinic. Expanding on this, it would also be important to model the effect Tiron has on the
efficacy of established therapies so not to impede disease prognosis, with studies already
indicating that Tiron does not negatively affect the response of metformin in a diabetic model
(Domingo et al. 1992, Cheng et al. 2010).

6.3 Conclusion

To conclude, the antioxidant-like compound Tiron has demonstrated a consistently high level
of protection against ROS-induced damage throughout this thesis. In the absence of in vivo
modelling, this thesis optimised relevant models of physiologically-induced ROS in three
different human cell lines which provided evidence that Tiron could be used beneficially in
multiple cell lines and using the same concentration. This supports its use clinically and
indicates that Tiron is capable of indiscriminately reducing ROS-associated damage. The
investigations outlined within this thesis should now be built upon, as highlighted above and
throughout this thesis, to expand the use of Tiron in vivo and in other disease-specific models
in order to evaluate its therapeutic potential. This could lead to wider application into the
treatment of ROS-implicated diseases, such as rheumatoid arthritis, hepatitis C or IBD.
Overall, the findings of this thesis support the use of Tiron as a protective agent in vitro both
as a result of pre- and co-treatment and indicates that this significant degree of protection
could be advantageous within the treatment of ROS-related disease, building on previously

published literature.
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