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Abstract 

 

Reactive oxygen and nitrogen species (RONS) are continuously produced within the 

body during oxidative metabolism, and through normal immune function. When 

contained within a homeostatic balance, these molecules are part of a normal 

physiological function, and play integral signalling roles in cell growth, proliferation, and 

differentiation. This equilibrium is tightly regulated by a range of enzymatic and non-

enzymatic antioxidants which seek to prevent detrimental reactions to biologically 

important macromolecules. The purpose of this thesis was twofold. Firstly, the use of 

various high-intensity exercise protocols was employed to investigate the effect on 

oxidative stress within circulating peripheral blood mononuclear cells and skeletal 

muscle tissue with a particular emphasis on DNA damage. Additionally, an 

environmental stressor was used via normobaric hypoxia to comprehensively elucidate 

the cell DNA damage-repair response, alongside systemic measures of oxidative 

stress following constant-load high-intensity exercise. Secondly, this thesis aimed to 

examine the efficacy of novel antioxidant supplementation on measures of exercise-

induced oxidative stress; specifically, a plant-based combination of barley- and wheat-

grass juice, and the mitochondrial-targeted antioxidant, Mitoquinone. Across all 

studies, it was confirmed that exercise of sufficient intensity (regardless of duration) 

provided a challenging physiological stress capable of inducing oxidative damage to 

DNA and lipids; likely through the generation of RONS, and concurrent reduction in 

antioxidant capacity. Furthermore, it was determined that peripheral blood 

mononuclear cells have an efficient and effective DNA damage-repair response, with 

maximal repair occurring within 24-hours for both single- and double-strand DNA 

damage; this response was marginally exacerbated in the hypoxic condition. The 

aforementioned modifications to DNA as a function of exercise, were concurrently 

aligned with systemic biomarkers of oxidative stress; including but not limited to, lipid 

peroxidation, lipid soluble antioxidants, and the ascorbyl free radical. With regards to 

plant-based antioxidant supplementation, although there was no meaningful 

prophylactic effect on a statistical level, a combination of barley- and wheat-grass juice 

did appear to provide a marginal protective effect against exercise-induced oxidative 

stress. On a more molecular level, mitochondrial-targeted supplementation for 21-days 

abrogated oxidative damage to the mitochondrial genome following high-intensity 

intermittent exercise; likely, through the scavenging of exercise-induced RONS, and/or 
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secondary oxidation products of mitochondrial lipid peroxidation. The results of the 

studies demonstrate an increase in oxidative stress following high-intensity exercise 

as evidenced by an increase in DNA damage (single-strand breaks, double-strand 

breaks, base oxidation) across nuclear and mitochondrial genomes, and changes to 

other systemic measures, such as: lipid hydroperoxides, lipid soluble antioxidants, and 

the ascorbyl free radical. The DNA damage-repair response was exacerbated by 

normobaric hypoxia with single- and double-strand DNA damage returning to baseline 

by 48-hours and 24-hours respectively. Finally, the data also indicates a potential 

prophylactic effect by supplementing with a plant-based nutraceutical, and 

mitochondrial-targeted antioxidant; however, further research is warranted to elucidate 

the underlying biochemical processes.  
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Chapter 1: 

General Introduction 

 

1.0 Introduction 

Oxygen was first discovered in the early-to-mid 1770s, when the English chemist, 

Joseph Priestley described the capability of ñdephlogisticated airò to increase the 

survival of mice within a sealed container, and additionally demonstrated the ability to 

reignite an ember of wood (Priestley, 1775). It is understood that Joseph Priestleyôs 

obsession with the theory of phlogistonôs prevented him from furthering this 

monumental discovery. Although Priestley is often credited with this accomplishment, 

the first person to discover oxygen was Carl Wilhelm Scheele who, in 1772, isolated 

ñfire-airò based on its ability to combust with mercuric oxide and potassium nitrate 

(Scheele, 1977). Finally, in 1778, Antoine Lavoisier was the first scientist to correctly 

quantify the combustible properties of the gas and provided a more descriptive 

definition; famously coining the gas, óoxigeneô. Collectively, these three scientists 

conceptualised and provided the foundations for all photosynthetic and cellular 

respiratory research to come (West et al., 2014). 

Priestley forewarned that life could become enervated as a consequent of the 

gasô purity; however, it wasnôt until the late 20th century were the adverse effects of 

oxygen was first documented. Paul Bert (Bert, 1943), and later James Lorrain Smith 

(Edmonds et al., 1992), respectively highlighted central nervous system toxicity, and 

pulmonary toxicity as a result of hyperoxia; thus, the oxygen paradox was conceived. 

The chemical reactivity of oxygen hangs in the balance between our reliance on the 

oxidation of compounds to sustain human life (namely, carbohydrate and fat), and the 

toxic effects that are detrimental to human life.  

The mechanism of action behind oxygens virulent effect was first elucidated in 

1954, when Rebeca Gerschman and colleagues (1954) documented the radiation- and 

hyperoxia-induced generation of oxidising free radicals was comparable to that of 

oxygen toxicity. In the same year, Barry Commoner and colleagues (1954), published 

an equally compelling report, detailing the use of electron paramagnetic resonance to 

detect free radicals within living cells. These two papers arguably launched the area of 

free radical biology and medicine; solidified by the exponential rise in research 

publications.  
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Free radicals (e.g., superoxide, hydroxyl radical) are a group of short-lived, 

highly reactive biological molecules (Halliwell, 2006); their varying range of reactivity 

is paramount to their specific impact at the molecular level. Initially thought to be a 

harmful by-product of oxidative phosphorylation, free radicals have been implicated in 

a variety of physiological process within cells; such as, immune responses (oxidative 

burst), to signalling pathways (NF-əɓ, MAPK) (Zhang et al., 2016). The significance of 

free radicals in the progression of pathological diseases is now well documented 

(Alfadda & Sallam, 2012). The endogenous generation of free radicals, coupled with 

their removal by cellular antioxidant mechanisms, occurs continuously to prevent the 

potential damaging effects of free radicals to deoxyribose nucleic acid (DNA), 

ribonucleic acid (RNA), lipids, and proteins; collectively known as oxidative stress 

(Patel et al., 2017). 

With specific interest to DNA, it is documented that free radicals can interact 

with nucleic acids, resulting in structural modifications and potential mutagenic effects 

(Evans & Cooke, 2006). Specifically, the hydroxyl radical can perturb structures of all 

components of DNA inducing a plethora of DNA-specific lesions; such as single-strand 

breaks, double-strand breaks, and base damage. These lesions can have downstream 

mutagenic consequences, and as a result, directly affect DNA replication and 

transcription (Jena & Mishra, 2012). Given the potential pathophysiological relationship 

between DNA damage and free radicals, it is surprising that the majority of cellular 

components under normal circumstances are error free. For one, specialised enzymes 

protect DNA from erroneous and mutagenic effects by executing approximately 1016-

1018 repair events per cell per day. This requires the recognition of the specific DNA 

lesions, and the subsequent recruitment of the corresponding repair process; although 

the intricacies of these processes are not fully elucidated, base excision repair, 

nucleotide excision repair, mismatch repair, and double strand break repair are thought 

to be the primary DNA repair pathways (Cadet & Wagner, 2013). There are a myriad 

of exogenous and endogenous sources of free radicals with potential of inducing 

damage to DNA and other biomolecules, however, the primary focus of this thesis 

examines exercise-induced DNA damage and other markers of oxidative stress. 

The relationship between exercise and oxidative stress was pioneered by 

Dillard et al. (1978), and Brady et al. (1979), who demonstrated an increase in expired 

pentane as a result of exercise; indicating that exercise causes lipid peroxidation. This 

increase in oxidative stress was later confirmed by Davies et al. (1982) using electron 
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paramagnetic resonance (EPR) spectroscopy in the skeletal muscle of rats. It is 

proposed the increased physiological demand of exercise causes an increase in 

mitochondrial electron transport chain activity, NADPH oxidase, xanthine oxidase, and 

phospholipase A2-dependent processes (Powers & Jackson, 2008); in turn, increasing 

the likelihood of superoxide generation, and downstream hydroxyl radical formation. 

Due to the high reactivity and short half-lives of free radicals, EPR spectroscopy is the 

only methodology capable of direct quantification of free radical production. As a result, 

indirect measurement of free radicals focus on more stable molecular products of free 

radical reactions to quantify oxidative damage (Fisher-Wellman & Bloomer, 2009); 

these include, but not limited to nucleic acids [8-hydroxy-2-deoxyguanosine (8-OHdG), 

oxidized DNA bases and strand breaks, lipid hydroperoxides, and oxidised proteins. A 

summary of additional key milestones within the area of exercise-induced oxidative 

stress are highlighted in Table 1.1. 

 

Table 1.1 Seminal papers associated with the development of the area of exercise 
and free radical research 

Reference Key Finding 

Chance & Williams (1956) Mitochondria produce reactive 
species 

Harman (1956) Free Radical Theory of Aging 

McCord & Fridovich (1969a,b) Discovery of superoxide dismutase 

Dillard et al., (1978) Exercise-induced oxidative stress 

Davies et al., (1982) Skeletal muscle produced reactive 
species 

Quintanilha et al., (1983a,b) Exercise improves antioxidant 
capacity 

Sies & Cadenas (1985) Definition of oxidative stress 

Novelli et al., (1990); Shindoh et al., 
(1990) 

Reactive species contribute to 
muscle fatigue 

Hammeren et al., (1992) Exercise training variables are 
associated with adaptations in 
primary antioxidant capacity 

Reid et al., (1993) Redox status modulates force 
production 
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Notwithstanding the known effect of exercise-induced free radical production on 

important biomolecules such as DNA, the attenuation of free radicals via endogenous 

enzymatic and non-enzymatic antioxidants have also been used as a method to 

quantify oxidative stress. Additionally, the use of exogenous antioxidant 

supplementation (pharmacological or natural food sources) for the purpose of 

mitigating exercise-induced oxidative damage is equivocal. For one, research has 

shown that antioxidant supplementation can reduce (Ryan et al., 2010), or indeed 

contribute to oxidative stress (Poljsak et al., 2013). Moreover, others have proposed 

antioxidant supplementation may attenuate the beneficial adaptive responses 

associated with exercise (Gomes-Cabrera et al., 2006). More recently, the efficacy of 

mitochondrial-targeted antioxidants has been examined within clinical populations 

(Orsucci et al., 2019). To date, no research has investigated the effect of mitochondrial-

targeted supplementation of exercise-induced oxidative stress. 

 

1.1 Experimental Aims and Objectives 

The primary aim of this thesis is to further develop the narrative aligned to high-intensity 

exercise and DNA damage. The comprised studies have employed the use of (i) 

maximal, exhaustive exercise, (ii) high-intensity steady state exercise, and (iii) high-

intensity intermittent exercise. Although exercise was utilised as the primary 

mechanism to induce oxidative damage, severe hypoxia was also used as an 

independent oxidative stressor. A natural plant-based antioxidant comprising of barley 

grass and wheat grass was used to examine the efficacy of this novel nutraceutical on 

oxidative stress responses following exercise. Additionally, with the growing interest in 

mitochondrial dysfunction and the therapeutic use of targeted antioxidants, the efficacy 

in attenuating exercise-induced oxidative damage through the use of the 

mitochondrial-targeted antioxidant, Mitoquinone, was employed as a supplement 

intervention. Oxidative stress was investigated in a variety of biological sample types 

including lymphocytes, plasma, serum and mitochondrial DNA, extracted from 

peripheral mononuclear blood cells and skeletal muscle tissue. 

 In addition to the human work, the medium of cell culture work was 

incorporated to further elucidate the effect of high-intensity exercise on the DNA 

damage and/or repair response. Firstly, human primary lymphocytes were cultured to 

allow for the detection of residual and/or unrepaired DNA damage for up to 72-hours 
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following hypoxic exercise. Secondly, C2C12 mouse myoblasts were used as a 

positive control for mitochondrial DNA damage following hydrogen peroxide exposure. 

 

The study aims are outlined below:  

 

1.1.1 Study One 

Aim: To investigate the potential prophylactic effects of a novel plant-based 

nutraceutical product on oxidative stress biomarkers (including DNA damage) as 

induced by incremental, exhaustive exercise.    

 

1.1.2 Study Two 

Primary Aim: To robustly examine changes in the DNA damage response and systemic 

oxidative stress following constant-load high-intensity exercise in hypoxia.  

 

Secondary Aim: To investigate the DNA repair response following constant-load high-

intensity exercise in hypoxia using human lymphocytes. 

 

1.1.3 Study Three 

Aim: To determine the efficacy of acute and chronic supplementation of the 

mitochondrial-targeted antioxidant, MitoQ, on mitochondrial genome DNA damage 

following high-intensity intermittent exercise. 

 

Secondary Aim: To investigate the mitochondrial DNA damage response within C2C12 

mouse myocytes following hydrogen peroxide exposure using long-amplicon PCR. 
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Chapter 2: 

Review of Literature 

 

2.0 Free Radical and Reactive Oxygen Species 

A free radical, is defined as any species capable of independent existence that 

contains one or more unpaired electrons (Gutteridge & Halliwell, 1994). The first 

pervasive empiricism of a free radical was in 1900, when organic chemist Moses 

Gomberg published an epochal study on the discovery of the first óstableô free radical; 

triphenylmethyl (Gomberg, 1900; Wang, 2010). Six years prior to the discovery of 

triphenylmethyl, in a letter Henry Fenton disclosed that in the presence of iron (II) and 

hydrogen peroxide, tartaric acid becomes oxidised (i.e. the gain of oxygen and/or loss 

of electrons) in a distinct manner, generating dihydroxymaleic acid (Fenton, 1894); 

however, the involvement of a free radical within this reaction was largely overlooked. 

Fenton and others, subsequently elucidated the damaging nature to organic matter 

from this reaction (Symons & Gutteridge, 1998); solidifying the central role of Fenton 

chemistry in modern free radical biology and medicine. Commoner and colleagues 

later in 1954 discovered the presence of free radicals within biological systems using 

electron paramagnetic resonance (Commoner et al., 1954; Phaniendra et al., 2015) 

Free radicals are biologically reactive molecules (represented by a superscript 

dot) which are generated through a range of physiological and pathophysiological 

processes (Valdez et al., 2000). Free radicals are implicated in the progression of a 

number of diseases including, but not limited to, type 2 diabetes mellitus (Bo et al., 

2013) and a range of cancers (Valko et al., 2007; Trachootham et al., 2009). According 

to the definition presented by Gutteridge and Halliwell (2015) diatomic (O2), or ground 

state oxygen, is itself, a di-radical and ubiquitous in aerobic systems; these 

characteristics make it central to many biological processes. The molecular 

arrangement of ground state oxygen contains two free electrons occupying two 

molecular orbitals as represented by Figure 2.1. 
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Figure 2.1. Molecular arrangement of ground state oxygen. 

 

 

These two free electrons have the same quantum spin state and thus cannot pair. 

In accordance to the Pauli Principle, ground state oxygen cannot accept a pair of 

electrons from a single molecular orbital (Gilbert, 1981). It would be logical to discern 

that having two unpaired electrons in two molecular orbitals would make ground state 

oxygen highly reactive; however, this is not the case. Due to the spin restrictions, 

oxygen prefers to gain electrons one at a time. This principle of reactivity applies to all 

free radicals and states the paramagnetic characteristics of the species is derived from 

the electron spin state and the magnitude of the magnetic moment (Halliwell & 

Gutteridge, 2007). The reaction of free radicals with other radicals, and indeed non-

radicals, usually occur during oxidation and reduction reactions (i.e. the loss or gain of 

electrons, respectively). Four types of reactions involving free radicals within biological 

systems currently exist, (i) initiation reactions, (ii) propagation reactions where free 

radical numbers remain constant, (iii) propagation reactions where free radical 

numbers reduce, and (iv) termination reactions, which can be summarised within the 

following equations (Kehrer et al., 2015): 

 

i. X ï Y Ą X· + Y· 

ii. X ï Y + X· Ą X ï X + Y· 

iii. R· + O2(·O=O·) ᵵ ROO· 

iv. X· + X· Ą X ï X 

 

(Halliwell & Gutteridge, 2015) 
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Termination reactions, by which free radicals react with other free radicals, rarely 

occurs in biological organisms. For the most part, free radicals will usually react with 

non-radicals thus propagating a radical; in turn, creating a chain of events that can lead 

to the destruction of many biological macromolecules (Halliwell & Gutteridge, 2015). 

During the tetravalent reduction of oxygen to water during normal respiration, no 

oxygen intermediates are formed. However, oxygen can accept óescapedô electrons in 

alternate univalent reduction reactions that results in the formation of reactive oxygen 

species (ROS); the one-, two-, or three-reduction of oxygen, generate the partially 

reduced species superoxide, hydrogen peroxide, and the hydroxyl radical respectively 

(Powers et al., 2011). Due to the nature of free radicals, these propagation reactions 

continue until stable molecules are generated; for example, water. Table 2.1 outlines 

key free radical species and reactive oxygen and nitrogen species (RONS).  

 

Table 2.1. An overview of the chemical and biological aspects of reactive oxygen and 
nitrogen species 

Reactive Species Chemical Formula Half-life (seconds) 

Superoxide O2·- 1 x 10-5* 

Hydrogen Peroxide H2O2 Stable* 

Hydroxyl  OH· 1 x 10-9* 

Alkoxyl  RO· 1 x 10-6* 

Ascorbyl  Asc· StableÀ 

Peroxyl  ROO· 7ÀÀ 

Singlet Oxygen 1O2 1 x 10-6 

Hypochlorous Acid HOCL Stable 

Nitric Oxide  NO· 1-10#ÀÀ 

Peroxynitrite ONOO- 0.05-1* 

Semiquinone  Q·- DaysÀÀ 

Source: *Finaud et al., 2006; #Janzen, 1994 ÀShyu et al., 2014; ÀÀKehrer et al., 2010 

 

2.0.1 - Superoxide 

The existence of superoxide anions (O2·-) was first predicted by Linus Pauling in a 

seminal paper titled, ñThe Nature of The Chemical Bondò in 1931, where he discussed 

the theory of quantum mechanics behind one- and three-electron bonds (Pauling, 

1931; McCord & Edeas, 2005). However, it wasnôt until his reflections in 1979 that he 

realised the possibility of superoxide possessing sufficient stability, existing with a 

three-electron bond plus a single bond (Pauling, 1979; McCord & Edeas, 2005). Since 
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its conception, superoxide has been exponentially cited within the literature, and is a 

key component of redox biology and free radical research. Superoxide is a primary 

free radical species produced through the monovalent reduction of ground state 

oxygen (O2 + e- Ą O2
·-; Halliwell, 1995).  

Unlike more reactive molecules, superoxide acts as a reductant (EÁô = +940 mV) 

in the generation of secondary molecules, such as hydrogen peroxide (Powers & 

Jackson, 2008). Although superoxide is impermeable to lipid membranes and reacts 

rapidly, its toxicity lies in its ability to inactivate iron-suflur cluster containing enzymes; 

in turn, liberating free iron in the cell (Imlay, 2014). Consequently, this can generate 

the highly reactive hydroxyl radical through Fenton chemistry (Halliwell & Gutteridge, 

2007). Superoxide is produced in vivo by physiological processes such as oxidative 

phosphorylation and oxidase-enzymes, however, exposure to radiation and ultraviolet 

light can also generate said radical (Heck et al., 2003; Azzam et al., 2012). 

 

2.0.2 - Hydrogen Peroxide 

By definition, hydrogen peroxide (H2O2) is not a free radical due to its full outer valence, 

however, it can be characterised as a ubiquitous oxidising agent; and thus, classified 

as a ROS (Jensen, 2003). The physicochemical properties of hydrogen peroxide, 

allows it to fulfil the criteria associated with signalling molecules (D.Autréaux & 

Toledano, 2007); for one, the kinetic and spatial relationships of a given RONS 

determine the specificity of its interaction with effectors within signalling pathways 

(Forman et al., 2014). 

The generation of hydrogen peroxide is driven through several monovalent and 

divalent reduction reactions (Breton-Romero & Lamas, 2014; Sies, 2017); including 

NADPH oxidases, xanthine oxido-reductase, uncoupled endothelial nitric oxide 

synthase and the electron transport chain (Lassegue et al., 2012; Brand, 2016). Other 

sources of hydrogen peroxide production include lipoxygenase, cyclooxygenase and 

the cytochrome P450 system (Cai, 2005); however, over 30 enzymatic sources have 

been identified (as reviewed by Go et al., 2015). The generation of hydrogen peroxide 

is formed primarily through the dismutation of superoxide: 
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Due to a high activation energy requirement, hydrogen peroxide is relatively 

unreactive with most biological molecules, including low-molecular weight 

antioxidants; as a result, many of the reactions derived from hydrogen peroxide are 

kinetically driven (Winterbourn, 2013). Within the Fenton-mediated production of free 

radicals, a Haber-Weiss reaction can also occur (Suresh & Annam, 2013). These 

reactions are illustrated as below (Winterbourn, 2013): 

 

O2·- + Fe3+ 
Ą Fe2+ + O2 

H2O2 + Fe2+ 
Ą Fe3+ + OH· + OH- 

Net Reaction: H2O2 + O2·-  
Ą OH· + OH- + O2 

 

As outlined by Sies (2017), cellular control of hydrogen peroxide is achieved 

through the fine balance of generation (Nauseef, 2014), translocation (Henzler & 

Steudle, 2000; Bienert et al., 2007), and removal (Antunes et al., 2002; Rhee & Woo, 

2011). Cobley and colleagues (2015) postulate that hydrogen peroxide can act as an 

upstream bifurcation point between exercise-induced redox signalling and damage. 

For one, mitochondrial- and/or Fenton-mediated generation of hydrogen peroxide have 

the potential to damage nuclear and mitochondrial DNA (Murphy, 2012). It is equally 

plausible to infer that DNA damage can act as an indirect activator of redox-sensing 

pathways aligned to the regulation of DNA repair proteins (Radak et al., 2013). On the 

contrary, detoxification of hydrogen peroxide via peroxiredoxins, glutathione 

peroxidases, and protein thiols, is likely to activate redox signalling pathways (Cobley 

et al., 2015). In support of this concept, hydrogen peroxide is a known multifunctional, 

oxygen-derived metabolite which can exert both physiological and pathological effects 

associated with oxidative distress and oxidative eustress (Niki, 2016; Ursini et al., 

2016). This relationship is summarised in Figure 2.2 below. 
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Figure 2.2. The generation of hydrogen peroxide and downstream consequences. 
Hydrogen peroxide may act as a redox signal via reversible modifications as indicated 
within the green dashed lines. Similarly, when hydrogen peroxide accumulates in high 
concentrations, Fenton reactions may occur; in turn, producing the hydroxyl radical 
and downstream damage to DNA and other biomolecules. 

 

Adapted from Sies (2017). 

   

2.0.3 - Hydroxyl Radical  

The hydroxyl radical (OH·), is the most damaging oxidant in biological systems 

(reduction potential EÁô = +2310 mV), with no specificity in preference for co-reactants 

(Forman et al., 2010). Additionally, the existent of the hydroxyl radical within biological 

systems can only be confirmed by circumstantial and indirect evidence (Pastor et al., 

2000; Powers & Jackson, 2008). Estimates of OH· accumulation indicate that 

individual cells can produce 4 million hydroxyl molecules per day (Ayala et al., 2014); 

resulting in a wide range of molecular modifications (Kehrer et al., 2010).  

Within eukaryote cells, the primary mechanism of hydroxyl radical production is 

known to occur through Fenton chemistry as depicted above. Biological systems tightly 

regulate the redox status of cells, modulating free transition metals; namely iron (Valko 

et al., 2007). The short half-life and high reactivity of the hydroxyl radical suggests all 

radical associated effects are within 50 nm from site of generation (Pryor, 1994); in 

turn, producing an unpredictable trend of molecular changes (Kehrer et al., 2015).  

 

2.0.4. Singlet Oxygen 

Singlet oxygen (1O2) is a highly reactive radical derived from molecular oxygen when 

it enters an excited state; this can function as two entities (namely 1ҟg and 1ʅg), 
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achieved by overcoming the spin restriction associated with molecular oxygen (Agnez-

Lima et al., 2012). In contrast to molecular oxygen, singlet oxygen is highly reactive 

with electron-rich biological molecules such as lipids (Girotti, 1985; Frankel, 1998), 

thiols (Buettner & Hall, 1987; Rougee et al., 1988), ascorbate (Bodannes & Chan, 

1979; Rougee & Bensasson, 1986; Bisby et al., 1999) and DNA (Cadet et al., 2008; 

Agnez-Lima et al., 2012). 

With respect to the enzymatic generation of singlet oxygen, it is thought one 

potential mechanism occurs through the inflammatory process; specifically, from 

eosinophils, macrophages and neutrophils (Cilento & Nascimento, 1993; Teixeira et 

al., 1999). Due to its reactive nature, and availability of biological targets, it has been 

suggested that singlet oxygen has a total life span of approximately 3 µs to around 100 

ns (Moan & Berg, 1991; Schweitzer & Schmidt, 2003). It should be noted however, as 

outlined by Powers and colleagues (2011), the existence of singlet oxygen within 

skeletal muscle still remains equivocal. 

 

2.0.5. Hypochlorite 

Hypochlorite is a ROS produced through the enzyme myeloperoxidase (MPO); this 

typically occurs from the interaction of hydrogen peroxide in the presence of chloride 

ions with MPO (Weiss et al., 1982). Although primarily involved within microbicidal 

immune defence, this ROS has accessory roles associated with the generation of the 

family of strong oxidising agents known as chloramines (Thomas et al., 1986; Hammer 

et al., 2001).  

With respect to the biological production of hypochlorite in vivo, the likely source 

is during oxidative burst associated with neutrophils and monocytes (Hammer at al., 

2001). This revelation is significant as there is evidence demonstrating hypochlorites 

ability to react with DNA and proteins (Hawkins & Davies, 1998; Hawkins & Davies; 

2002); consequently, generating reactive nitrogen-centred radicals and fragmentation 

of protein backbones (Wakins et al., 2002). 
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2.1 - Reactive Nitrogen Species 

2.1.1 - Nitric Oxide 

Nitric oxide (NO·) is defined as a free radical due to an unpaired electron on the 

antibonding 2ˊ*
ɔ orbital, however, it doesnôt partake in initiation reactions. Nitric oxide 

synthase (NOS) and NADPH catalyses the reaction of the non-essential amino acid, 

L-arginine, to form NO· and L-citirulline (Darley-Usmar et al., 1995). Within biological 

systems, NO· can exert both autocrine or pancrine effects, allowing for the regulation 

of various biological systems including the immune and cardiovascular systems 

(Pacher et al., 2007). The primary function of NO· is to act as a mediator of 

vasodilation, however, it has also been implicated in inflammatory processes, pain 

perception, and platelet function (Mackenzie et al., 2008). Similarly, to oxygen-centred 

radicals, the overproduction of nitrogen-based radicals can be characterised as 

nitrosative stress (Ridnour et al., 2004), which has the potential to propagate 

nitrosylation reactions leading to altered protein architecture, and inhibition of their 

normal physiological function (Valko et al., 2007). NO· is relatively unreactive to non-

radicals, yet it will readily react with superoxide causing the generation of the potent 

oxidant, peroxynitrite (Kadlec et al., 2016).  

 

2.1.2 ï Peroxynitrite 

It was first thought that NO· acted as an antioxidant by scavenging superoxide (Feigl, 

1988; McCall et al., 1989); however, it was later discovered that the hydroxyl radical 

could be produced more efficiently from peroxynitrite compared to the Fenton reaction 

or the Haber-Weiss reaction (Beckman et al., 1990; Durley-Usmar et al., 1992; Hogg 

et al., 1992). Peroxynitrite can be categorised as a highly toxic, reactive nitrogen 

intermediate which is produced by the reaction of superoxide with NO· (McCafferty, 

2000). This reaction occurs at a rate constant of 7 x 109 M-1 s-1 and can be 

demonstrated below: 

O2·- + NO· Ą ONOO- 

 

The rate of production of peroxynitrite can be as high as 50-100 µM per min 

(Alvarez et al., 2004). In addition to peroxynitrites ability to cross cellular membranes, 

it can oxidise sulfhydryls, iron-sulfur centres and zinc-thiolates (Radi et al., 1991a; 

Castro et al., 1994; Crow et al., 1995). Furthermore, peroxynitrite has been shown to 
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initiate lipid peroxidation (Radi et al., 1991b), and has been suggested to play a critical 

role in inflammatory diseases (Pacher et al. 2007).  

 

2.2 ï In Vivo Formation of RONS 

2.2.1 ï Mitochondrion 

Mitochondria are central cellular organelles within energy metabolism and generate 

ATP through the citric acid cycle, coupled with the electron transport chain (Bertram et 

al., 2006).  More recently, there has been a growing appreciation for other physiological 

functions of mitochondria such as apoptosis (Yee et al., 2014), cell cycle progression 

regulation (Antico-Arciuch et al., 2012), and the production of RONS (Hekimi et al., 

2016). An overview of the key components of the mitochondria is depicted in Figure 

2.3.  

 

Figure 2.3. Structural overview of the mitochondria and key organelle components. 

 

 

The large integral proteins of the electron transport change differ greatly with 

regards structure and function. Complex I (NADH:ubiquinone oxidoreductase), is the 

largest multi-subunit component of the electron transport chain which transfers 

electrons from nicotinamide adenine dinucleotide (NADH)  to ubiquinone which helps 

contribute to the proton gradient with a stoichiometry of 4 H+/2eī (Lenaz et al., 2006). 

Mitochondrial complex II (succinate:ubiquinone oxidoreductase), is often thought of as 
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a separate entity and is comprised of four protein subunits which are encoded by the 

nuclear genome (Bliek et al., 2017). In contrast to the involvement of NADH in Complex 

I, Complex II uses flavin adenine dinucleotide (FADH2) to transfer electrons, however 

unlike other complexes, it does not contribute to the electrochemical, proton gradient. 

Complex III (cytochrome bc1), is comprised of 11 subunits controlled by both the 

mitochondrial and nuclear genome. Its primary function is to modulate the Q-cycle, as 

detailed by Crofts et al. (2008), whereby Coenzyme Q is oxidised, while 

simultaneously, cytochrome c becomes reduced; in effect, this process pumps protons 

into the intermembrane space. The final enzyme, Complex IV (cytochrome c oxidase) 

is the terminal oxidase comprising of 13 subunits and functions by transferring 

electrons from ferro-cytochrome c to molecular oxygen; consequently, contributing to 

the transmembrane electrochemical gradient (Rak et al., 2016). In turn, this process 

drives the production of adenosine 5ô-triphosphate (ATP) via the tetravalent reduction 

of oxygen to water (Davies, 1995) as shown below. 

 

O2 + 4e- + 4H+ Ą 2H2O 

 

Mitochondrial redox research was progressed  by Chance and colleagues in the 

early 1970ôs (Boveris et al., 1972; Boveris & Chance, 1973); however, the work by 

Jensen in 1966, inferred a small percentage of oxygen contributed to the formation of 

hydrogen peroxide following NADH/succinate oxidation. The two major forms of ROS 

within the mitochondria are superoxide and hydrogen peroxide; specifically, it is 

thought that superoxide accumulates at a concentration of 5- to 10-fold higher in the 

matrix compared to the cytoplasm or nucleus (Cadenas, 2000; Brand, 2010). 

Mitochondrial ROS production can be viewed in Table 2.2. 
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Table 2.2. Chemical reactions associated with free radicals specific to the 
mitochondria. 

Mitochondrial ROS Production Chemical Reaction 

Monovalent Reduction O2 + e- ŸO2·- 

Ferric Iron Oxidation O2·- + Fe3+ Ÿ Fe2+ + O2 

Cytochrome C Oxidation Cyt c-Fe3+ + O2·- Ÿ cyt c-Fe2+ + O2 

Dismutation 2O2·- + 2H+ Ÿ H2O2 

Glutathione Peroxidase H2O2 + 2GSH Ÿ 2H2O + GSSG 

Peroxiredoxins 2H2O2 Ÿ 2H2O + O2 

Fenton Chemistry Fe2+ + H2O2 Ÿ Fe3+ + OHĿ + OH- 

 

There are seven well-accepted sites of superoxide generation within 

mammalian mitochondria which include, pyruvate dehydrogenase, 2-oxoglutarate 

dehydrogenase, the FMN-containing NADH binding site of complex I, the ubiquinone 

reduction site of complex I, the electron transferring flavoprotein ubiquinone 

oxidoreductase, glycerol 3-phosphate dehydrogenase, and the outer quinone-binding 

site of the Q-cycle in complex III; the majority of which, produced at the iron-sulphur 

clusters and/or the flavin of complex I and site IIIQo of complex III  (Brand, 2010).  

Early calculations postulated that 2-5% of total oxygen through the electron 

transport chain leads to superoxide formation (Boveris & Chance, 1973; Loschen et 

al., 1974). It was thought that the increased contractile activity during exercise, and 

subsequent oxygen flux during mitochondrial respiration, cause arbitrary electrons to 

óleakô from complex I (site IQ) and complex III (site IIIQo) (Brand, 2010); thus, causing 

an increase in superoxide production (Kanter, 1995; Urso & Clarkson, 2003). However, 

these assumptions are now known to be incorrect as these estimations are based on 

the use of antimycin to produce superoxide from complex III (Chance et al., 1979). 

More recent observations by Saint-Pierre and colleagues (2002) demonstrate the 

production of superoxide at different sites of the electron transport chain in a variety of 

tissues including skeletal muscle, and suggest a conservative estimate of the total 

mitochondrial electron flow, of which approximately 0.15% contributes to superoxide 

anion formation; this coincides with earlier estimations by Hansford et al. (1997). In 

support of these suppositions, it is evident that during mitochondrial respiration is in 

state 4 which then transitions to active state 3 when muscle contraction begins; this is 
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classically characterised with a rapid breakdown in ATP and an accumulation of 

mitochondrial ADP (He et al., 2016). Surprisingly, the rate of superoxide production is 

greater in basal state 4 respiration as opposed to active state 3 in skeletal muscle 

tissue; suggesting that during exercise, the mitochondria may not be the primary 

source of RONS (Kavazis et al., 2009; Sakellariou et al., 2014).  

 

2.2.2 ï NADPH Oxidase 

Nicotinamide adenine dinucleotide phosphate-oxidase, or NADPH oxidase (NOX), 

describes the transmembrane flavocytochrome complexes which facilitate the 

transportation of electrons across biological membranes (Bedard & Krause, 2007). 

Comprising from a group of seven enzymes, the NOX family produces superoxide 

through the univalent reduction of oxygen; contributing to oxidative stress, and redox 

homeostasis (Manea & Simionescu, 2012). Although the NOX/DUOX enzymes are 

structurally very similar, in that, they each share helices which allow them to bind to 

plasma membranes and have a binding C-terminal domain (Rada & Leto, 2008); they 

do possess minor structural alterations which allow for differentiation between the 

isoforms (Jackson et al., 2010). The key structural components of the NOX/DUOX 

complexes can be observed in Figure 2.4. 

 

Figure 2.4. Key components of the NADPH-oxidase complexes and the generation of 
superoxide. 

 

Adapted from Rada & Leto (2008). 
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Depending on the cellular distribution, NADPH oxidase abstracts electrons from 

the cytosolic NADPH, across the plasma membrane, and into the phagosome, 

mitochondria, extracellular space, or other cellular compartments whereby oxygen acts 

as the electron acceptor (Lassegue & Griendling, 2010). This compartmentalisation of 

the NOX family allows them to possess a number of physiological roles, such as 

cellular differentiation, apoptosis, hormone release and calcium release, and more 

isoform-specific roles, such as host defence (NOX2; Rada et al., 2008), otoconium 

formation (NOX3; Krause, 2004), and thyroid hormone iodination (DUOX2; Milenkovic 

et al., 2007) to name a few. In addition to the physiological roles of NOX isoforms, a 

variety of pathological conditions have been associated with NOX-dysfunction 

including, chronic granulomatous disease (NOX2; Berendes et al., 1957), 

gastrointestinal inflammation (NOX1/NOX2; Rokutan et al., 2008), atherosclerosis 

(NOX5; Guzik et al., 2008), and cystic fibrosis (DUOX1/2; Pongnimitprasert et al., 

2008). 

More recently, research has shifted to focus on the interplay of NOX-

compartmentalisation, the ability of cells to have multiple isoforms of NOX, and 

context-specific signalling pathways affected by RONS production (Ghouleh et al., 

2011). For instance, research demonstrates that the NADPH oxidase-mediated 

production of superoxide, modifies the ryanodine receptors within skeletal muscle 

tissue, and thus contributes to the release of calcium from the sarcoplasmic reticulum 

(Sun et al., 2011). This release of calcium is essential for many physiological processes 

including cardiac and skeletal muscle contraction (Santulli & Marks, 2015). Due to the 

comprehensive cellular distribution, the generation of RONS via NADPH-oxidase has 

been implicated in the activation of various signalling pathways relating to regulation 

of the vascular system (Prieto-Bermejo & Hernandez-Hernandez, 2017), neuronal 

differentiation and signalling (Sorce & Krause, 2009), and the cellular stress response 

(Jiang et al., 2011).  

 

2.2.3 ï Xanthine Oxidase 

Xanthine oxidase (and xanthine dehydrogenase) is an enzyme that catalyses the 

oxidation of hypoxanthine to xanthine and subsequently, xanthine to uric acid (Enroth 

et al., 2000). Specifically, xanthine oxidase acts as a reducing agent causing molecular 

oxygen to accept an electron; this results in the formation of the superoxide anion 

(Reznick et al., 1998). This process is shown in Figure 2.5. 
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Figure 2.5. The enzymatic conversion of hypoxanthine to uric acid by the enzyme, 
xanthine oxidase. Unlike xanthine dehydrogenase, xanthine oxidase uses oxygen as 
an electron acceptor in the conversion of hypoxanthine to uric acid; consequently 
producing superoxide. 

 

 

Purine degradation is catalysed by the enzyme xanthine oxidoreductase 

whereby electrons are transferred to a FAD moiety, consequently reducing NAD+ to 

NADH (Keeley et al., 2010). It has been suggested that the breakdown of ATP to AMP 

via the adenylate kinase reaction during ischaemia may enhance the production of 

xanthine (McCord, 1985). Within biological systems, this ubiquitous 

metalloflavoprotein (~ 300kDa) exists as xanthine dehydrogenase and xanthine 

oxidase. Although xanthine dehydrogenase is the preferential isoform, it can be readily 

converted to xanthine oxidase following thiol oxidation of sulfhydryl residues or via 

proteolytic cleavage (Pacher et al., 2006). In doing so, oxygen becomes the terminal 

acceptor; thus, yielding superoxide.  

During aerobic exercise, ATP is broken down to allow for muscle contraction; 

however, in some instances AMP is formed owing to the accumulation of 

hypoxanthine, xanthine, uric acid, and indeed, superoxide; thereby exacerbating 

oxidative stress via xanthine oxidase (Mastaloudis et al., 2001). Additionally, as a result 

of the energy demand associated with high intensity exercise, blood flow can be 

redirected to the working muscles, while simultaneously shunting blood flow from 

extraneous organs and tissues (Sarelius & Pohl, 2011; Joyner & Casey, 2015). This 

exercise-mediated ischemia-like effect, triggers the conversion of xanthine 

dehydrogenase to xanthine oxidase; consequently, upon exercise cessation and 

reoxygenation of shunted tissues, superoxide and hydrogen peroxide are generated. 

(Li & Jackson, 2002; Milar et al., 2007). It has been hypothesised that this 

interconversion may be due to the contractile activity of exercise triggering a 

disturbance in calcium equilibrium, thereby allowing the activation of calcium 

dependent proteases (Vollaard et al., 2005). It should be highlighted that these data 

have been reported mainly in animal models (Vina et al., 2000; Gomez-Cabrera et al., 
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2005); however, following strenuous eccentric exercise Hellsten and colleagues (1997) 

observed an increase in xanthine oxidase possibly due to secondary inflammatory 

processes, such as activated neutrophils. 

 

2.2.4 ï Autoxidation Reactions 

Biological molecules such as ascorbic acid and glucose can slowly oxidise over time 

in the presence of oxygen; consequently, resulting in the formation of the superoxide 

free radical (Millar et al., 1990). Superoxide produced from these reactions can 

potentiate further oxidation of the initiating molecule leading to a propagation reaction 

of free radical products (Halliwell, 1996; Young and Woodside, 2001). Furthermore, 

the autoxidation of oxyhaemoglobin to methaemoglobin in human erythrocytes can 

also produce superoxide (Rifkind et al., 2013; Simoni et al., 2009) and at any given 

time, it is thought that the concentration of methaemoglobin is 0.5-1% in normal healthy 

erythrocytes (Salvati & Tentori, 1981).  

Although the transport of oxygen is tightly controlled due to the binding capacity 

of oxygen to Fe2+, evidence by Rifkind and colleagues (2003) would suggest 3% of 

haemoglobin is autoxidised over a 24-hour period; this process is then exacerbated by 

several orders of magnitude when the partial pressure of oxygen reduces (Abugo & 

Rifkind, 1994). Due to the low cellular concentration of antioxidants within erythrocytes, 

the RONS generated from this process can result in membrane damage, or indeed, 

RONS leakage from the red blood cells (Nagababu & Rifkind, 2000; Nagababu et al., 

2002). 

It is also important to highlight the role of glucose autoxidation within the 

production of RONS. It is known that blood glucose is tightly regulated below 5.6 

mmol/L in a supply-and-demand manner; this of course achieved by the rate of glucose 

synthesis from the liver (Klover & Mooney, 2004) and kidney (via renal 

gluconeogenesis; Gerich et al., 2001), and the uptake of glucose by tissues. 

Subsequently, glucose is oxidised with electrons being stored in NADH for the purpose 

of oxygen reduction during oxidative phosphorylation. During periods of excessive 

NADH accumulation, complex I of the electron transport chain will attempt to oxidise 

the increasing amounts of NADH. Conversely, this increased NADH to NAD+ ratio, 

causes a discourse in the amount of NAD+ molecules available for electron transport; 

thus, leaving for a greater propensity for electron leakage and univalent reduction of 

oxygen to superoxide (Ceriello, 2005; Hirst et al., 2008; Kim et al., 2008). It is also 
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noteworthy, the superoxide generated can consequently inhibit glyceraldehyde 3-

phosphate dehydrogenase due to its redox-sensitive cysteine residue (Trentham, 

1968; Rivera-Nieves et al., 1999). As a result, the superoxide-mediated inhibition of 

glyceraldehyde 3-phosphate dehydrogenase and downstream effects of other glucose 

metabolism intermediates, reduces the efficiency of glycolysis and the Krebs cycle 

(Ussher et al., 2012). Conclusively, these glycolytic intermediates need to be disposed 

off through additional processes namely, the polyol pathway, the hexosamine pathway, 

protein kinase C activation, advanced glycation end products, and the glyceraldehyde 

autoxidation pathway; all of which produce RONS as by-products. Although these 

mechanisms are minor and relatively insignificant in comparison to the other sources 

of RONS generation, these five pathways have been linked to the production of RONS 

and oxidative stress (Poitout & Robertson, 2002; Robertson, 2004; Davidson et al., 

2005; Adbul-Ghani & Defronzo, 2008; Poitout & Robertson, 2008).  

 

2.2.5 ïPhospholipase A2 Processes 

Phospholipase A2 (PLA2) is a family of enzymes which cleaves the peroxidised lipid 

resulting in the release of arachidonic acid (Zuo et al., 2004). The family of PLA2 

enzymes can be categorised as Ca2+-dependent cytoplasmic, and Ca2+-independent 

cytoplasmic isoforms (Korbecki et al., 2013). Both the dependent and independent 

form of phospholipase A2 have shown to increase the generation of superoxide in 

biological systems (Nethery et al., 2000; Powers et al., 2011) by activating NADPH 

oxidase (Zhao et al., 2002). As calcium is essential for contractile activity, it has been 

suggested that calcium-dependent phospholipase A2 is a prominent source of 

superoxide within mitochondria and during exercise. Whereas, the calcium-

independent phospholipase A2 enzymes have been suggested to enhance cystolic 

RONS during resting conditions (Gong et al., 2006; Powers et al., 2011). Sources of 

RONS and the contribution of phospholipase A2 processes are summarised in Figure 

2.6. 
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Figure 2.6. Contribution of phospholipase A2 to the generation of reactive oxygen 
species. The involvement of phospholipase A2 in RONS formation are produced by a 
number of cellular oxidative metabolic processes involving xanthine oxidase, NADPH 
oxidases, metabolism of arachidonic acid by cyclooxygenases and lipoxygenases, 
monoamine oxidases, and mitochondrial electron transport chain. Additionally, non-
enzymatic sources are also evident such as autoxidation of catecholamines. 
 

 

 

2.2.6 ï Calcium Accumulation 

Calcium (Ca2+) is an important physiological element for signal transduction which has 

the ability to cross cell membranes through transmembrane calcium channels. The 

main role of calcium within mitochondria is the regulation of ATP synthesis (Adam-Vizi 

& Starkov, 2010). Berridge (2012) also states that calcium regulates apoptosis, cell 

metabolism, and gene expression. Additionally, Gorlach and colleagues (2015), 

identified the mutual interplay between calcium and other signalling molecules such as 

hydrogen peroxide (Holmstrom & Finkel, 2014) as illustrated in Figure 2.7. 
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Figure 2.7. The interplay between calcium and reactive oxygen and nitrogen species. 
Interactions between calcium and RONS are bidirectional wherein RONS can regulate 
cellular calcium signalling, while calcium signalling is essential for RONS production. 

 

 

Within mitochondria, Krebs cycle enzymes and oxidative phosphorylation are 

stimulated by calcium, and as a result, the increased metabolic activity may consume 

more oxygen, potentially increasing RONS through electron leakage (Yoon et al., 

2004, Sohal & Allen, 1995).  Mitochondrial metabolic state contributes to the interplay 

between calcium and RONS (Gorlach et al., 2015). As such, during periods of low ATP 

synthesis, calcium uptake results in low RONS generation, and conversely, when the 

membrane potential of the mitochondrial is depolarised, RONS production is increased 

(Adam-Vizi & Starkov, 2010). There is also evidence to suggest that excess Ca2+ 

accumulation can alter the opening of mitochondrial permeability transitional pores, 

thus increasing the production of RONS (Yoon et al., 2004). Although this mechanism 

is debateable, Castilho et al. (1995) and Crompton (1999), found that alterations to the 

mitochondrial membrane via excess calcium, can inhibit antioxidant scavenging ability 

and cause proteins to be released from the inner membrane of the mitochondria (Yan 

et al., 2006). 

 

2.2.7 ï Peroxisomes 

Peroxisomes are small, membrane-bound, self-replicating organelles which contain a 

number of enzymes including glycollate oxidase, urate oxidase and flavoprotein 

dehydrogenases (Alberts et al., 2002). De Duve and Baudhuin (1966) were the first to 

discover that although peroxisomes are primary sources of hydrogen peroxide, they 

also contain significant concentrations of catalase. Peroxisomes contain no DNA or 

ribosomes, and thus import all their proteins from the cytosol. (Halliwell & Gutteridge, 

2015). The primary function of peroxisomes is the oxidation of organic molecules; 

resulting in the formation of hydrogen peroxide (Wanders & Waterham., 2006). 
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 Peroxisomes generate hydrogen peroxide through various metabolic processes 

including fatty acid Ŭ- and ɓ-oxidation, enzymatic reactions of flavin oxidases, and the 

disproportionation of superoxide radicals. Many of the enzymes involved within these 

pathways generate free radicals as part of their normal catalytic function; for example, 

acyl-CoA oxidase, D-amino oxidase, xanthine oxidase, and inducible nitric oxide 

synthase (Fransen et al., 2012). The primary source of hydrogen peroxide within 

mammalian peroxisomes is attributed to these oxidases that transfer hydrogen from 

their corresponding substrates, to molecular oxygen (Schrader & Fahimi, 2006). 

 

2.2.8 ï Nitric Oxide Synthase 

Nitric oxide is synthesised from the substrate, L-arginine via the enzyme nitric oxide 

synthase (NOS) as outlined in Figure 2.8. 

 

Figure 2.8. The nitric oxide pathway. NO· is a free radical that arises from the 
enzymatic oxidation of the amino acid L-arginine. NOS I is mainly present in the 
nervous system where it is responsible for the physiological release of NO· as a 
neurotransmitter. In the cardiovascular system, the most relevant isoenzyme for 
physiological purposes is NOS III. NOS II can be induced within smooth muscle cells, 
endothelial cells, and cardiac cells. It should be noted  L-citrulline can be resynthesised 
to L-arginine (not shown). 

 

 

Typically characterised as a messenger/signalling molecule, NO· regulates a 

variety of biological functions including, neurotransmission (OôDell et al., 1991), 

vascular tone (Sandoo et al., 2010), mRNA translation (Liu et al., 2002), and ADP 

ribosylation-driven post-translational modifications (Brune et al., 1994). NO· can be 

generated from one of three NOS-isoforms, each with their own specific attributes; 

neuronal (NOS I), inducible (NOS II), and endothelial (NOS III) (Forestermann, 2000). 

The activity of these isoforms is regulated at the transcriptional, translational, and post-

translational levels (Stamler & Meissner, 2001). 

Elucidating to the mechanism of action, NO· readily interacts with superoxide 

molecules to generate peroxynitrite (Figure 2.9); although itself not a free radical, it 
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does possess powerful oxidant capabilities (rate constant 7 x 109 M-1 S-1), which can 

alter biological structures and deplete thiol groups (Uppu et al., 1996; Pfeiffer et al., 

1999). The availability of NO· relies on the enzymatic and non-enzymatic generation, 

and removal of NO·, as a result of interactions between NO· and superoxide (Dyakova 

et al., 2015). As superoxide accumulates, there is potential for a concomitant decrease 

in NO bioavailability, and increase in oxidative damage to cellular structures. In 

addition, there are data demonstrating the ability of exercise to increase the 

bioavailability of NO, improve endogenous antioxidant capacity, and reduce the 

expression of RONS-forming enzymes (Gliemann et al., 2014). 

 

Figure 2.9. The interplay between superoxide and nitric oxide, and the downstream 
propagation of other reactive oxygen-nitrogen species: parallel but connecting paths. 
Nitroxyl anion (NOī), a one-electron reduction product of nitric oxide (NO·), is unlikely 
to arise from ẗNO under physiological conditions, but is considered be a primary and 
more toxic product of NOS. Reaction of reactive nitrogen species with cysteine 
sulfhydryls can lead either to S-nitrosylation or to oxidation to the sulfenic acid, as well 
as to disulfide bond formation (not shown), all of which are potentially reversible. 
Peroxynitrite anion (OONOī) and peroxynitrous acid (OONOH) have distinct patterns 
of reactivity. OONOH spontaneously decomposes via species resembling the reactive 
radicals, hydroxyl (OHẗ) and/or nitrogen dioxide (ẗNO2). 
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Although these consequences are unwarranted, NO can play beneficial, 

protective roles by sequestering other radicals; the ability of NO to quench peroxyl 

radicals (k2 = 1-3 x 10-9 dm3 mol-1 s-1), results in the inhibition of the lipid peroxidative 

process (Hughes, 2008). This has been supported across multiple cell types including 

endothelial cells and macrophage cells (Struck et al., 1995; Hogg et al., 1995). 

Additionally, within the context of terminating lipid peroxidation, NO has been shown 

to exert a greater antioxidant effect in comparison to Ŭ-tocopherol (OôDonnell et al., 

1997).  
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2.3 ï Redox Biology, Oxidative Stress and Related Terminology 

One of the major goals in biology in this new century is to completely understand the 

chemistry, biochemistry, and all aspects of the regulatory pathways of cells, tissues, 

and organisms. This initially began with the Human Genome Project in 1990 to 

understand the nature and functioning of genes and their corresponding proteins; more 

recently however, the focus has shifted to examining our knowledge and 

understanding of the redoxome. Defined by Buettner and colleagues in 2013, the 

redoxome is a composite of quantitative information on the redox enzymes and 

proteins as well as the unstable, quasi stable, and redox active species that determine 

the redox environment of cells and tissues. These unstable, quasi stable, and redox 

active species are fundamental regulators of genes, proteins, and connecting 

pathways and networks. It is now recognized by the greater research community that 

redox active molecules in conjunction with RONS are at the base of the regulation of 

biological processes (Foreman et al., 2003). These very reactive species set the redox 

state of the many redox couples and pathways in cells and tissues thereby leading to 

health or disease (Schafer & Buettner, 2001). Missing in all of the above is quantitative 

information on these transient, unstable, and quasi-stable redox active species that 

provide the connection between metabolism, protein function, lipid use and function, 

and gene expression. This is initiated with the use of dioxygen by cells (Wagner, 2011) 

and subsequent formation of reactive oxygen and nitrogen species, the concentration 

and redox state of the many thiols and disulfides (cysteine, glutathione, thioredoxin, 

glutaredoxin, the peroxiredoxins, mixed protein thiols etc.) as well as the actual 

concentrations of antioxidant enzymes (superoxide dismutase, glutathione 

peroxidases, peroxiredoxins, catalase, etc.). These enzymes have traditionally been 

considered solely as antioxidant enzymes; however, their cellular role reaches much 

further. Because they control the steady-state levels of RONS, they are involved in the 

regulation of signalling processes. In the broadest sense, redox biology aims at 

understanding the coupling and coordination between electron gradients and the 

overall organization of living organisms. In between, at the interface between electron 

flow and cellular functions, are the redox modifications of cellular components. As 

such, redox biology is an extremely broad field that covers metabolism, free radical 

and oxidative stress biology (Chance et al., 1979; Sies, 1986), sulfur and selenium 

chemistry (Jacob et al., 2003; Winterbourn & Hampton, 2008 ), and many other 

aspects. It is now known that physiological levels of intracellular and extracellular 
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RONS function as ótriggersô for signalling cascades whereas excessive accumulation 

of RONS is known to induce deleterious effects, causing oxidative damage to different 

kinds of biomolecules; these processes are referred to as oxidative stress. 

Although not strictly defined, oxidative stress has been a concept in redox 

biology since the 1950s as work largely focussed on the correlation and mechanisms 

associated with oxygen toxicity and aging (Gerschman et al., 1954; Harman, 1956). 

The first notable definition of the term óoxidative stressô was proposed by Helmut Sies 

in 1985, describing oxidative stress as a relatively simple homeostatic equilibrium of 

antioxidants versus pro-oxidants (Sies, 1985; Sies & Cadenas, 1985). Later, Sies and 

Jones proposed a more inclusive definition taking into consideration oxidative damage 

to macromolecules and/or redox signalling (Sies & Jones, 2007); this relationship can 

be observed in Figure 2.10.  

 

Figure 2.10. Relationship between oxidative stress and redox signalling. Low oxidant 
exposure allows for addressing specific targets in the use for redox signalling (oxidative 
eustress), whereas high exposure leads to disrupted redox signalling and/or damage 
to biomolecules (oxidative distress). Adaptive responses modulate and counteract. 
The outcome contributes to health and disease processes 
 

 

 

Adapted from Sies (2018). 
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The model proposed by Sies (2018; Figure 2.10) centres around the idea that 

oxidative stress can be classified according to intensity, with the continuum ranging 

from physiological oxidative stress whereby redox signals address specific targets 

(Eustress), to toxic oxidative stress which damages unspecified biomolecules 

(Distress). This observation can be classically defined as the hormesis theory as 

developed by Stebbing (1982), and extended to various fields by others (Minois, 2001; 

LeBourg, 2003; Radak et al., 2005). The term óhormesisô refers to the beneficial effects 

of low exposure to potentially harmful substances; consequently, forming a bell-shaped 

curve. The basis of this hypothesis within the area of free radial biology is supported 

by the notion that RONS are physiological products of metabolism; whereby, at low 

concentrations have a stimulating effect (signalling, receptor stimulation, enzymatic 

stimulation etc.), while high concentrations can cause macromolecule damage and 

apoptosis (Radak et al., 2005).  

With specific attention to this thesis, it is well-established that exercise 

ñreleasesò a set of local and systemic stressors that trigger integrated acute responses, 

which in the long-term result in phenotypic adaptations in all human body systems 

(Margaritelis et al., 2020). Despite the traditional view that reactive species are 

exclusively detrimental molecules, recent evidence suggests that exercise-induced 

RONS are essential upstream signals for the activation of redox-sensitive transcription 

factors and the induction of gene expression associated with exercise. These redox 

processes are an integral part of the exercise-associated metabolism; the acute 

responses and training induced adaptations will be discussed later in section 2.5.6 of 

this chapter. 

It should be noted, modifications to redox signalling can occur in the absence 

of oxidative damage, and vice-verse (Cobley et al., 2015). More recently, Cobley and 

colleagues (2017) have presented recommendations when reporting on oxidative 

stress in order to prevent confusion and indeed interpretational errors. Firstly, oxidative 

stress must be strictly defined, and described in relation to the assay used. Secondly, 

oxidative stress must be interpreted impartially, unless evidence of functionality is 

presented; these recommendations also apply to nitrosative and reductive stress. 

Powers and Jackson (2008) classified biomarkers which characterised in vivo 

oxidative stress into four main groups: (i) production of oxidants, (ii) concentration of 

antioxidants, (iii) products of oxidation, and (iv) redox balance. Due to the short half-

life of many salient free radicals, direct measurement of oxidant production is virtually 
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impossible in living cells. However, by using techniques such as fluorescent probes 

and spin trapping (i.e. 5,5-dimethyl-1-pyrroline-N-oxide and N-tert-butyl-Ŭ-

phenylnitrone), quantification of specific radical by-products can yield an accurate 

measure of oxidant production (Han et al., 2000; Hwang & Kim, 2007). With that being 

said, oxidative stress encompasses redox balance, thus quantification of oxidants 

alone is not enough to accurately assess oxidative stress. With regards using 

antioxidant concentration as a measure of oxidative stress, antioxidant status 

(concentration or activity) can increase or decrease as a function of oxidative stress 

and vary depending on tissue type (Kawamura & Muraoka, 2018). Although they can 

be useful biomarkers, it should be highlighted that nutritional status of the participants 

may influence outcome measurements (Nordberg & Arner, 2001; El Abed et al., 2011; 

Birben et al., 2012). The third category of oxidative biomarkers relates to the products 

of oxidation to macromolecules. Biomarkers of lipid, protein and DNA oxidation are 

commonly used to quantify oxidative stress (Kasai, 1997; Hwang & Kim, 2007). Finally, 

redox markers such as the reduced/oxidised glutathione ratio, are extremely useful but 

can be influenced by improper sampling technique or handling of the tissue (Cobley et 

al., 2017). 

With all of these categories, a common issue which can affect sensitivity, and 

indeed accuracy, is the handling and processing of samples. As outlined by Halliwell 

& Gutteridge (2007), improper handling of samples can cause autoxidation resulting in 

the diminution of antioxidants from the sample. It is clear from the literature that there 

are a number of limitations with each biological measure of oxidative stress, and there 

is no optimal biomarker for the quantification of oxidative stress (Powers et al., 2010). 

Therefore, it is widely advised that multiple biomarkers be used to provide a more 

comprehensive representation of oxidative stress in vivo (Powers & Jackson, 2008). 

Similar to the original definition of oxidative stress as clarified by Sies in 1985, 

nitrative stress describes the physiological state whereby reactive nitrogen species 

(RNS) exceed the endogenous detoxification pathways associated with RNS. One of 

the most common sources of nitration within biological systems is through the action 

of peroxynitrite (Szabo et al., 2007; Radi, 2013); this can be characterised through the 

addition of a nitro group (-NO2) to a target compound. Nitration by peroxynitrite can 

interact with lipid peroxidation (Radi et al., 1999), DNA adduct formation and strand 

breakage (Beckman et al., 1990; Kennedy et al., 1997), thiol oxidation (Quijano et al., 

1997; Bonini & Augusto, 2001) and tyrosine residues (Radi, 2004). 
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 The final related term refers to the nitrosylation of redox active protein thiols 

and metallocofactors; this addition of a nitroso group (-NO) is known as nitrosative 

stress. This state of nitrosative stress is evidently involved in several signalling 

pathways and regulatory roles (Jaffrey et al., 2001; Foster et al., 2003; Liu et al., 2004); 

with growing interest in the nitrosylation modification of post-translational proteins 

(Stamler et al., 2001; Lane et al., 2001; Foster et al., 2003). Although the body of 

literature is clear regarding the physiological roles of nitrosative stress in biological 

systems, there is evidence directly implicating nitrosative stress in the pathology of 

several diseases (Dalle-Donne et al., 2003; Klandorf & Dyke, 2012; Pandey et al., 

2013). 
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2.4 ï Antioxidants 

As previously established, oxygen is toxic to many aerobes which has resulted in the 

evolutionary development of a protective defence system comprising of enzymatic and 

non-enzymatic antioxidants. One of the first empirical reports on the relationship 

between free radical-induced toxicity and the prophylactic effect of antioxidants was 

published by Recknagel (1967), who proposed RONS-driven lipid peroxidation could 

be prevented by Ŭ-tocopherol supplementation. 

 

Table 2.3. The general antioxidant attributes found within biological cells and their 
corresponding definitions. Adapted from Marambe & Wanasundara (2012).  

General Antioxidant 
Principles  

  
Definition  

    

Reactive Species Removal   Certain antioxidants catalytically remove 
reactive species for example superoxide 
dismutase, catalase, and glutathione 
peroxidase     

Controlling Reactive 
Species Formation    

Molecules within this category comprises 
of proteins that minimise pro-oxidant 
availability such as iron or copper ions.  

    
Protectors    These molecules minimise or prevent 

oxidative damage by other mechanisms. 
For example, enzymatic determination of 
mitochondrial PUFA or proteins that coat 
DNA. 

    

    
Sacrificial    These are molecules which sacrifice 

themselves in place of more biologically 
important molecules. These include Ŭ-
tocopherol, ascorbate, and urate.     

 

Halliwell and Gutteridge (2015) define an antioxidant as any molecule capable 

of delaying, preventing, or removing oxidative damage to a target molecule; an 

overview of these functions is detailed in Table 2.3. This biological network of 

enzymatic and non-enzymatic antioxidants maintains RONS at a physiological 

threshold; thereby, enabling RONS to exert essential signalling processes (Barbieri & 

Sestili, 2012). An overview of the major antioxidants in vivo is depicted in Figure 2.11. 
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Figure 2.11. Overview of the major endogenous and exogenous antioxidants. 

 

 

2.4.1 Enzymatic Antioxidants 

2.4.1.1 Superoxide Dismutase 

First discovered in 1969 by McCord & Fridovich, superoxide dismutase (SOD) 

is a primary antioxidant for the defence against superoxide anions and can be 

categorised as a ubiquitous metalloenzyme (Poljsak & Milisav, 2013). SOD exists as 

three isoforms within mammalian tissue (Zelko et al., 2002); the molecular properties 

of these isoenzymes are summarised in Table 2.4. SOD catalyses the dismutation of 

superoxide, in turn producing hydrogen peroxide, which is summarised below: 
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Table 2.4. Summary of the molecular characteristics associated with SOD isoenzymes. 
Abbreviations ï SOD ï superoxide dismutase; Mt ï mitochondria. Data based on the 
evidence reported in Hearn et al. (1999) and Suzuki et al. (2000). 

 Location 
Metal/ 

Monomer 
Molecular 

Weight (kDa) 
Subunit 

Rate 
Constant 
with O2· 

SOD1 
Cytosol and Mt 
intermembrane 

space 
1 Cu, 1 Zn 32.5 Dimer 0.62 x 109 

SOD2 Mt matrix 1 Mn 24.7 Tetramer 1.2 x 109 

SOD3 Extracellular 1 Cu, 1 Zn 30 Tetramer 0.72 x 109 

 

Superoxide radicals are relatively unreactive and do not react well with 

biological structures; although there are exceptions such as modifying the redox state 

of proteins, or the reduction of heme within cytochrome c (Weidinger & Kozlov, 2015). 

It is thought that SOD was an evolutionary adaptation for the survival of biological 

organisms; this is evident across multiple species (Elchuri et al., 2005; Unlu & Koc, 

2007), whereby deletion of one or more of the SOD enzymes leads to an increase in 

mortality. This has been confirmed in humans exhibiting spinal neuron apoptosis as a 

result of mutated SOD1 (Fridovich, 1995). Additionally, it could be conceivable that this 

fundamental necessity of SOD is reflected by its compartmentalisation across several 

subcellular locations; for instance, SOD2 exists to quench superoxide radicals 

produced within the mitochondria at a rapid rate (əå2 x 109 M-1 s-1) (Mailloux et al., 

2013). 

The activity of these isoforms within skeletal muscle is not constant; research 

suggests that the activity of SOD can be altered as a function of exercise. The 

consensus of the literature demonstrates that exercise increases the activity of SOD1 

and SOD2 ([20-112%], Criswell et al., 1993; Oh-ishi et al., 1997; Vincent et al., 2000; 

Lawler et al., 2006). With that being said, some data demonstrates that even after 

chronic endurance training, SOD activity remains unchanged (Laughlin et al., 1990; 

Helsten et al., 1996; Lambertucci et al., 2007). It should be noted that there is little 

consistency with regards to methodology and training programs used; more so, it has 

been suggested by Oyanagui (1984) that there could be a 10-fold difference in variance 

in assays used to quantify SOD activity. This would potentially elude to the failure to 
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detect small differences of SOD activity due to the low sensitivity of assay. 

Furthermore, the physiological differences in animal and human tissue, and fibre type 

of the participants should not be ignored as increases of exercise-induced SOD activity 

is greater in type I and type IIa fibres (Powers et al., 1994). 

 

2.4.1.2 Catalase 

Catalase is a monofunctional, tetrameric, haem-containing enzyme, found in almost all 

aerobically respiring organisms (Chelikani et al., 2004) with the highest accumulation 

present in mature erythrocytes and the liver. The primary role of catalase is to generate 

oxygen and water from the oxidoreductase-decomposition of hydrogen peroxide (~107 

M/Sec; Goyal & Basak, 2010) with iron or manganese acting as co-factors. Briefly, 

catalase acts through two mechanisms of action; the catalatic pathway (2H2O2 Ÿ O2 

+ 2H2O) and the peroxidatic pathway (H2O2 + AH2 Ÿ A + 2H2O) (Kabel, 2014).  

As a result of the location within erythrocytes, catalase acts to protect 

haemoglobin, however it has also been implicated within inflammation, mutagenesis, 

and prevention of apoptosis; which appears to be dependent on the type of tissue and 

the mechanism of oxidant-mediated tissue injury (Ho et al., 2004). To this end, 

catalase, in addition to SOD and glutathione peroxidase, are considered first line 

defence antioxidants. This is evident in individuals with catalase polymorphisms or 

acatalasemia, who tend to have increased susceptibility to certain pathological 

conditions such as type 2 diabetes mellitus, cancer, vitiligo, and Alzheimerôs disease 

(Zamocky & Koller, 1999; Goth et al., 2004).  

 

2.4.1.3 Glutathione 

Glutathione (ɔ-glutamyl-cysteinyl-glycine; GSH) is a low-molecular-weight thiol (0.5-

10mmol/L) and encompasses the primary redox couple in human cells; glutathione 

(GSH): glutathione disulfide (GSSG). Glutathione is most abundant within the cytosol 

of human cells (1-5mM; Newsholme et al., 2012), however, it does exist within 

subcellular compartments such as the mitochondria and peroxisomes (Lu, 2000); this 

compartmentalisation determines the functionality of glutathione. Mitochondrial 

glutathioneôs primary function is to modulate apoptosis/necrosis (Yuan & Kaplowitz, 

2008), whereas nuclear glutathione has a cardinal role within the cell division process 

(Pallardo et al., 2008). With that being said, glutathioneôs functionality relies on its 

ability to scavenge hydrogen peroxide, and organic hydroperoxides, through the 5-
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member glutathione peroxidase (GPx1-GPx5) family of tetrameric enzymes; except for 

the monomeric structure of GPx4 (Moran & Cortazar, 2012) 

In tandem, the reducible two FAD molecules with glutathione reductase (GR), 

synthesises glutathione disulfide back to the sulfhydryl form, with the reducing power 

coming from NADPH (GSSG + NADPH + H+ ź 2GSH + NADP+) (Kabel, 2014). An 

overview of this pathway is depicted in Figure 2.12. Interestingly within mitochondria, 

GSH cannot be synthesised, and therefore, relies on electroneutral exchange from the 

cytosol via oxoglutarate, and dicarboxylate mitochondrial carriers for cell survival 

(Griffith & Meister, 1985).   

 

Figure 2.12. A simplified overview of the role of GSH:GSSG in the scavenging of 
hydrogen peroxide. GSH undergoes a redox reaction using glutathione peroxidase 
GPx to detoxify ROS like hydrogen peroxide (H2O2). The main source of H2O2 is from 
the conversion of superoxide anion (O2-Ā) by the enzymatic action of superoxide 
dismutase (SOD). GSH is converted to an oxidized form (GSSG) and is recycled back 
to GSH by the enzymatic reaction of glutathione reductase (GR) which requires the 
cofactor nicotinamide adenine dinucleotide phosphate (NADPH) to form a redox cycle. 

 

 

With regards to the glutathione mechanism of action, the enzymatic active site 

contains a selenoprotein and selenocysteine residue, which undergo a redox cycle 

using selenol (E-SeH) to reduce hydrogen peroxide (107 M-1s-1) and organic peroxides 

(Winterbourn, 2013); in turn, producing seleneyl derivatives. Once the hydrogen 

peroxide has become reduced, the seleneyl sulfide adduct resynthesises the active 

form of the enzyme with water being produced in the process (Patlevic et al., 2016). 
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Glutathione reductase is equally as important as its peroxidase counterpart, as 

it regulates the ratio of GSH:GSSG, in favour of the former, which is critical to cell 

survival in normal healthy individuals (Jozefczak et al., 2012). This is evident in the 

upregulation of signalling pathways associated with a reduction in cell proliferation and 

apoptosis (Flohe, 2013). Additionally, disruptions to the GSH:GSSG redox state have 

been implicated in the etiology and pathophysiology of a number of diseases 

(Reynolds et al., 2007; Valko et al., 2007). 

Some evidence would also point to glutathioneôs ability to act as an electron 

sink (Winterbourn, 1993). To clarify, in the presence of free radicals, GSH can act as 

a substrate for hydroperoxide reduction; in turn generating a sulfur-centered radical 

which is subsequently detoxified through SOD as outlined below; 

 

GSÅ + GSH Ÿ GSSGÅ- [8 × 108 M-1s-1] 

GSSGÅ- + O2 Ÿ GSSG + O2
Å-  [1.6 × 108 M-1s-1] 

 

Although both kinetically, and thermodynamically sound, the role of GSH (and 

subsequent enzymatic dismutation of SOD), to act as an electron sink is controversial 

and the evidence is scarce (Forman et al., 2013). 

 

2.4.1.4 Thioredoxin 

Thioredoxin is a ubiquitous disulfide reductase system comprising of the enzymes 

thioredoxin and thioredoxin reductase, which serve to maintain a pool for electrons to 

be transferred during DNA synthesis and protection against oxidative stress (Nordberg 

& Arner, 2001). The thioredoxin system contains two major pathways; cytosolic Trx1 

plays an essential role in redox regulation and NO· signalling (Holmgren, 2000), while 

the mitochondrial-bound Trx2 is needed for mitochondria-dependent apoptosis and cell 

growth (Tanaka et al., 2002).  

The antioxidant capacity of thioredoxin comes from its ability to transfer 

electrons to peroxiredoxins and methionine sulfoxide reductases. Thioredoxins, in 

synergy with the glutathione system, aims at removing RONS; thus, exists a 

compensatory cross-talk between the two antioxidant systems (Lu & Holmgren, 2014). 

A schematic representation can be observed in Figure 2.13. Although thioredoxin is 

present in the plasma and can exert antioxidant properties through the removal of 

hydrogen peroxide, it is thought that it serves a back up to glutathione by providing 
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additional thiol buffering capacity; this has been suggested due to the relatively low 

concentration of thioredoxin (6 nM) compared to glutathione (1 µM) present in the 

plasma (Nakamura et al., 1997; Berntsen et al., 1998). It is clear the thioredoxin system 

has a key responsibility in cellular antioxidant capacity, and this is only reiterated in the 

high concentrations observed in pathophysiology such as malignant disease, HIV, and 

cardiac conditions (Burke-Gaffney et al., 2005). 

 

Figure 2.13. The mutual interplay between the thioredoxin, peroxiredoxin, and 
glutathione antioxidant systems. Hydrogen peroxide (H2O2) can be reduced by 
peroxiredoxins (Prx) or glutathione peroxidases (GPX), which couple reduction of 
H2O2 with oxidation of glutathione (GSH). Oxidized Prx can be reduced by 
thioredoxins (Trx). Subsequently, oxidized Trx become reduced by thioredoxin 
reductase (TrxR) in a NADPH-dependent manner. Oxidized glutathione disulfide 
(GSSG) is reduced by glutathione reductase (GR) in the presence of NADPH. Further, 
glutaredoxins (Grx) can reduce disulfide (S-S) bonds in proteins (Pr), and glutathione 
S transferase (GST) is using GSH to conjugate and thus to detoxify reactive 
electrophilic compounds (R). 

 

From Espinosa-Diaz et al. (2015). 
 

 

2.4.1.5 Peroxiredoxins 

Peroxiredoxins are a large family of ubiquitous peroxidases, capable of sequestering 

hydrogen peroxide, alkyl hydroperoxides, and peroxynitrite; however, unlike 

glutathione and thioredoxin, peroxiredoxin requires no co-factors for their reducing 

power (Perkins et al., 2015). Together, peroxiredoxins, thioredoxins and glutathione 

work synergistically to act as a guardian against oxidative stress, and regulatory 

processes as depicted in Figure 2.14. 
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Although peroxiredoxins have evidence for their ability to protect against 

oxidative damage (Fisher, 2011), it would seem excessive for cells/organisms to have 

multiple enzymes to remove peroxides (Rhee, 2016); namely, catalase, glutathione 

peroxidase, ascorbate peroxidase, and indeed peroxiredoxins. To elaborate, not only 

are peroxiredoxins recognised for their antioxidant activity, but much of the research 

has focused on peroxiredoxin as a modulator of peroxide concentration to stress and 

non-stress processes; specifically, signalling processes linked to growth factors, 

angiogenesis, and cytokine signalling (Oakley et al., 2009; Finkel, 2011). 

Located throughout cellular compartments (nuclei, mitochondria, cytosol, 

endoplasmic reticulum; Rhee et al., 2005), peroxiredoxin functions to excite several 

divergent physiological functions, including apoptosis, lipid metabolism, protection of 

genomic instability, and cellular homeostasis (Fujii & Ikeda, 2002). Uniquely, 

depending on the context, peroxiredoxins may also inhibit, or promote the development 

of cancer tumour growth (Park et al., 2016). 

 

Figure 2.14. The primary antioxidant pathway of the peroxiredoxin system. 

 

Peroxiredoxins scavenge hydrogen peroxide (1), which is subsequently reduced by 
the thioredoxin system (2). Peroxiredoins also become hyperoxidised to prevent toxic 
effects (4,5). SH group donors such as GSH and/or TRX reduce the hyperoxidised 
peroxiredoxin back to its active form. Adapted from OôFlaherty (2014). 
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2.4.2 Non-Enzymatic Antioxidants 

2.4.2.1 Vitamin E 

Vitamin E is the name given to the lipid-soluble, chain-breaking micronutrients 

comprised of two subfamilies; the Ŭ-, ɓ-, ɔ-, ŭ-tocopherols which contain a phytyl tail 

and three chiral centres, and the Ŭ-, ɓ-, ɔ-, ŭ-tocotrienols, each with relatively similar 

antioxidant potencies (Zingg, 2007). Although the free radical scavenging activity are 

similar, there are clear molecular differences with regards to reactivity within the 

tocopherols; Ŭ > ɔ > ɓ > ŭ (Azzi & Stocker, 2000). Alpha-tocopherol has the highest 

rate constant (k1 = 2.35 x 106 M-1 s-1 at 30°C) of all the tocopherols for hydrogen 

abstraction (Burton & Ingold, 1983), and has the highest bioavailability. Thus, for the 

purpose of this thesis, research presented will focus on the Ŭ-tocopherol moiety unless 

stated otherwise. 

Alpha-tocopherols antioxidant function lies in its ability to inhibit lipid 

peroxidation by sacrificing an electron; in turn, generating the Ŭ-tocoheroxyl free radical 

(Leonard et al., 2004; Richelle et al., 2004). This reaction occurs at a rate several 

orders of magnitude than that of the lipid peroxyl radical during the propagation phase 

of lipid peroxidation (Dutta & Dutta, 2003). The regeneration of Ŭ-tocopherol by 

ascorbate and ubiquinol-10 (Schneider, 2005), has led to a plethora of investigations 

using vitamin C and vitamin E tandem interventions (Tucker & Townsend, 2005). The 

ability of ascorbate to regenerate tocopherol is based on the premise of ascorbates 

redox potential (280 mV) in contrast to that of tocopherol (500 mV) which can be 

summarised in Figure 2.15. 

 

Figure 2.15. Schematic overview of the resynthesis of Ŭ-tocopherol with ascorbate 
acting as the reductant [2 × 105 M-1s-1]. 

 

Taken from Tucker & Townsend (2005). 
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Alpha-tocopherol is abundantly located within the membranes of cells and 

subcellular organelles where it can exert its antioxidant effect by quenching lipid-

targeted free radical damage (Liu et al., 2002). Upon interaction with a lipid 

peroxidative free radical, the newly formed tocoperoxyl radical can undergo several 

further reactions; (i) propagating further lipid peroxidation, (ii) the downstream 

production of tocopheryl quinones, (iii) the generation of unreactive tocopherol dimers, 

or (iv) the resynthesis of tocopherol. These reactions can be summarised below 

(Rathore et al., 2011): 

1. ROO· + Ŭ-TOH ­ ROOH + Ŭ-TOH· [105 - 106 M-1s-1] 

2. Ŭ-TOH· + CoQ10H2 ­ Ŭ-TOH + CoQH· 

CoQH· + e- Ą CoQ 

3. ROO· + Ŭ-TOH· Ą Non-Radical Products 

4. Ŭ-TOH· + RH (PUFA) Ą Ŭ-TOH + R· (Alkyl Radical) [1 × 10-1 M-1s-1] 

R· + O2 Ą ROO· (PUFA-Dervied Peroxyl Radical) 

 

2.4.2.2 Vitamin C 

Vitamin C (ascorbic acid, ascorbate, and dehydroascorbic acid) is a cytoplasmic, water 

soluble antioxidant with the ability to sequester superoxide and hydroxyl radicals (Li et 

al., 2010). Due to its water-soluble properties, the biological cells lose approximately 

3% of its ascorbic acid content per day (Delanghe et al., 2007). Moreover, ascorbic 

acid recycles Ŭ-tocopherol. Once it has been involved in oxidation, other reducing 

agents such as, glutathione, alpha-lipoic acid, nicotinamide adenine dinucleotide 

(NADH), and NADPH, can resynthesise it back to ascorbic acid (Tripathi et al., 2009).  

 

Figure 2.16. Schematic overview of the reactions associated with ascorbate 
metabolism. 

 

 

Ascorbic acid can exhibit a pro-oxidant effect under certain circumstances. To 

clarify, oxidation of ascorbate generates a relatively unreactive ascorbyl free radical 

(Traber & Stevens, 2011). However, the ascorbyl free radical has poor reactivity partly 
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due to the localisation of the unpaired electron in the molecular orbital (Halliwell, 2001). 

Additionally, evidence from in vivo models suggest that ascorbate has the pro-oxidant 

potential to reduce Fe3+ to Fe2+ (Powers et al., 2004); subsequently increasing the 

likelihood of downstream superoxide production (Bowry et al., 1995). Ascorbate can 

also produce hydroxyl radical in the presence of transition metals and hydrogen 

peroxide by Fenton chemistry (Pompella et al., 2003).  

 

2.4.2.3 Alpha-Lipoic Acid 

Alpha-lipoic acid (ALA; C8H14O2S2) is an organosulfur that forms an intramolecular 

disulfide bond in its oxidised form, which also exists as dihydrolipoic acid in its reduced 

form (DHLA) as illustrated in Figure 2.17. 

 

Figure 2.17. Structure of ALA (A), and its reduced form, dihydrolipoic acid (B); * the 
structure contains a chiral centre. 

 

 

ALA and DHLA have been shown to act as biological antioxidants and modulate 

the intracellular thiol redox status (Rochette et al., 2015). The ratio of ALA:DHLA is 

often portrayed as the óuniversal antioxidantô due to its potent redox potential; -320 mV. 

When contrasted to the GSH:GSSG redox potential of approximately -240 mV, it would 

suggest that DHLA offers superior protection from RONS-mediated oxidative damage. 

Additionally, this ALA:DHLA couple can also resynthesis other cellular antioxidants 

such as GSH, ascorbic acid, and vitamin E  (Marangon et al., 1999); however, unlike 

ascorbate, DHLA possesses the remarkable ability to resist transforming into a free 

radical itself upon sequestration of RONS (Petersen Shay et al., 2008). 

Early research by Packer and colleagues (1995) demonstrated the ability of 

ALA:DHLA to quench the hydroxyl radical, singlet oxygen and hypochlorous acid 

(Kaiser et al., 1989; Scott et al., 1994; Vriesman et al., 1997; Trujillo and Radi, 2002). 

Additionally, others have observed a reduction in NO·/O2·--driven production of 



45 
 

peroxynitrite, despite negligible outcomes associated with in vivo models (Trujillo and 

Radi, 2002).  

On an experimental level, supplementation of ALA has been used in several 

murine and human studies to examine the effect on oxidative stress. For example, 

supplementation of 600mg/day for a period of 8 weeks, decreased biomarkers 

associated with lipid peroxidation in humans (Marangon et al., 1999). Similarly, in the 

murine model, 150 mg/kg body wt/day for a total of 8 weeks resulted in an attenuation 

of exercise-induced lipid peroxidation across a variety of tissue types (Khanna et al., 

1999). It should be emphasised, there is a plethora of evidence showing similar 

conclusions across a multitude of tissue types, and (patho)physiological outcome 

measures associated with oxidative stress (Hagen et al., 2000; Arivazhagan & 

Panneerselvam, 2000; Arivazhagan et al., 2001; Packer et al., 2001; Fogarty et al., 

2013). Paradoxically, several reports have demonstrated pro-oxidant mechanisms 

associated oxidative tissue damage, transition metal-driven hydroxyl generation and 

lipid peroxidation following ALA and/or DHLA administration (Romero et al., 1992; 

Slepneva et al., 1995; Morkunaite-Haimi et al., 2000; Lyublinskaya et al., 2014).  

 

2.4.2.4 Carotenoids 

The term ócarotenoidsô, characterises the ubiquitous fat-soluble disposition of over 600 

pigments synthesised by plants, fungi, and algae micro-organisms (Stahl & Sies, 

2003). Evidence would suggest carotenoids play accessory roles within immune 

system function, signalling pathways (Bertram, 1993), apoptosis and cell differentiation 

(Krinsky, 1993), along with other significant physiological processes including 

antioxidant defence (Palozza et al., 2009; Young & Lowe, 2018). 

Although it has been suggested over 600 carotenoids exist, it is thought that the 

human diet consists of approximately 10% of these with only 20 being present within 

blood and tissue (Khachik, 2006; Parker, 1989). The most prominent carotenoids 

within human plasma include Ŭ-, ɓ-, ɔ-, and ɕ-carotene, lycopene, lutein, neurisporene 

and zeaxanthin (Breecher & Khachik, 1992); often residing within the lipid bilayer or 

perpendicular to the membrane (Wisniewska & Subczynski, 1998; Wisniewska & 

Subczynski, 2006). 

The antioxidant mechanisms associated with carotenoids can be characterised as 4 

chemical reactions; 
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(i) Oxidation     Car + R·+ ­ Car·+ + R 

(ii) Reduction    Car + e- ­ Car·+  

(iii) Hydrogen Abstraction  Car[H] + R· ­ Car·  + RH 

(iv) Hydrogen Addition  Car + ROO· ­ [Car-ROO]·  

     [Car-ROO]· + ROO· ­ ROO-Car-ROO 

Due to the multifactorial nature of the endogenous antioxidant system, some of 

the research surrounding carotenoids has focused on their ability to network with other 

antioxidant compounds. To elaborate, the redox potentials of carotenoids can range 

from 980-1060 mV and thus are able to abstract a hydrogen/electron from ascorbic 

acid or Ŭ-tocopherol. This premise has mixed support as some would state carotenoids 

protect Ŭ-tocopherol (Bohm et al., 1997), whereas others would conclude carotenoids 

use Ŭ-tocopherol and ascorbic acid to resynthesis (Mortensen & Skibsted, 1997; 

Valgimigli et al., 1997). 

 

2.4.2.5 Polyphenols 

Polyphenols characterises the family of over 8000 ubiquitous antioxidants which are 

abundantly found within plant food products (Pandey & Pizvi, 2009); their commonly 

shared phenolic hydroxyl group(s) provide the premise for their antioxidant properties 

(Frankel et al., 1993; Rice-Evans et al., 1996; Rice-Evans et al., 1997). Due to their 

profusion of health benefits, there is a plethora of evidence examining the effects of 

polyphenols on cardiovascular disease (Surh, 2003; Scalbert et al., 2005; Kuriyama et 

al., 2006; Schewe et al., 2008). 

Polyphenolic compounds can exhibit both direct and indirect antioxidant effects; 

the former relating to direct scavenging and subsequent consumption of the 

antioxidant, in contrast to the influencing/activating of redox pathways associated with 

indirect antioxidant activity (Dinkova-Kostova & Talalay, 2008). The outcomes 

associated with polyphenolic-mediated antioxidant activities are contentious; this is 

primarily due to the large variations of polyphenol concentrations used between 

research models (Scalbert & Williamson, 2000; Halliwell et al., 2005; Vauzour et al., 

2010). Secondly, many direct antioxidants operate on a competitive nexus (Hu, 2011); 

and as such are likely to outmatch polyphenols on a competitive-concentration basis 

(Dieber-Rotheneder et al., 1991; Wen et al., 1996; Lee et al., 1997; Ness et al., 1999). 

The more plausible explanation of polyphenolic antioxidant properties relates to how 
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they interact with enzymatic antioxidant expression and cytoprotective proteins; for 

example, SOD, CAT, thioredoxin, GPx, hemeoxygenase-1 and NADPH:quinone 

oxidoreductase-1 (Motohashi & Yamamoto, 2004; Chen & Kong, 2004; Pan, 2008; 

Halliwell, 2008). With specific interest to polyphenol supplementation and beneficial 

effects associated with exercise performance or oxidative stress, the literature remains 

equivocal (Myburgh, 2014). It appears the evidence is insufficient to make 

recommendations for endurance performance; similarly, there is insufficient evidence 

to suggest polyphenolic compounds, either supplementation or food produce, should 

be avoided (MaCrae & Mefferd, 2006; Cureton et al., 2009; Davis et al., 2010; Nieman 

et al., 2010; Kressler et al., 2011). It is thought this could be associated with exercise-

induced excess radical generation, neutrophil oxidative burst, breakdown of 

myoglobin, and oxidative damage to lipids and proteins (Goldfarb et al., 2011; 

Myburgh, 2014). 

 

2.4.2.6 Coenzyme Q10 

Coenzyme Q10 (ubiquinone) is a benzoquine (2,3-dimethoxy-5 methyl-6-decaprenyl-

benzoquinone) found within almost every cell of the human body (Turunen et al., 2004), 

and is synthesised endogenously from the acetyl-CoA-mediated mevalonate cycle 

(Bentinger et al., 2010).  

The primary physiological function of Coenzyme Q10 is to act as an electron 

transporter within the mitochondrial transport chain specifically, between the 

complexes NADH dehydrogenase to succinate dehydrogenase, and from succinate 

dehydrogenase to the cytochrome bc complex (Bentinger et al., 2010). It achieves this 

due to its oxidoreductase properties whereby upon accepting electrons it exists as 

ubiquinol in contrast to when it transfers electrons to the target downstream complexes 

where it returns to its oxidised form of ubiquinone (Molyneux et al., 2008). It has been 

suggested the efficiency and stability of these electron transport chain supercomplexes 

prevent this electron leakage and subsequent production of ROS (Genova & Lenaz, 

2014; Milenkovic et al., 2017; Hernandez-Camacho et al., 2018). An overview of the 

primary functions of coenzyme Q10 associated with the mitochondria are illustrated in 

Figure 2.18. 
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Figure 2.18. An overview of the mitochondrial functions of CoQ10. The main function 
of CoQ10 in mitochondria is to transfer electrons to CIII. By transferring two electrons 
to CIII, the reduced form of CoQ10 is oxidized to ubiquinone. The pool of ubiquinol can 
be restored by accepting electrons either from members of the electron transport chain 
(CI and CII), GPDH and DHODH that use cytosolic electron donors, or from ACADs. 
CoQ10 is also a structural component of both CI and CIII and is associated with 
respiratory supercomplexes, especially the depicted supercomplex I+III+IV. CoQ10 is 
an obligatory factor in proton transport by UCPs with concomitant regulation of 
mitochondrial activity. 

 

Abbreviations ï C, complex; GPDH, glycerol-3-phosphate dehydrogenase; DHODH, 
dihydroorotate dehydrogenase; ACADs, acyl-CoA dehydrogenases; UCP, uncoupling 
proteins; ETF-QOR, electron transferring flavoprotein:ubiquinone oxidoreductase. 
Adapted from Hernandez-Camacho et al., (2018). 

 

Coenzyme Q10 can exert a number of direct and indirect antioxidant properties 

within the cell. Directly, it can participate in the attenuation in RONS-induced damage 

to DNA and lipid peroxidation by scavenging free radicals (Sugiyama et al., 1980; 

Yasukazu et al., 2006). Additionally, it can also contribute indirectly to redox balance 

by preventing excess calcium accumulation (Casagrande et al., 2018) and 

regenerating tocopherol (Martin et al., 2007). Coenzyme Q10 ingestion is beneficial for 

cardiovascular disease (Flowers et al., 2014), neurodegenerative diseases (Asencio 

et al., 2016), Parkinsonôs (Liu et al., 2011), diabetes (Fan et al., 2017), and in chronic 

fatigue syndrome (Campagnolo et al., 2017).  
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2.4.2.7 Uric Acid 

Uric acid (C5H4N4O3; 7,9-dihydro-1H-purine-2,6,8(3H)-trione) is the final metabolic 

product associated with purine degradation, catalysed by xanthine oxidoreductase 

(Harrison, 2002); the overarching metabolic processes can be observed in Figure 2.19. 

 

Figure 2.19. Purine metabolism in humans. Pertinent pathways: formation of the purine 
nucleotide inosine monophosphate (IMP) from non-purine precursors (synthesis de 
novo), or purine bases (salvage reactions); purine nucleotide interconversion 
reactions; degradation to the end product uric acid (catabolic reactions). 
 

 

Abbreviations: ADA, adenosine deaminase; APRT, adenosine phosphoribosyl 
transferase; HPRT, hypoxanthine posphoribosyl transferase; PNP, purine nucleoside 
phosphorylase; PRPP, phosphoribosyl pyrophosphate synthase; XDH, xanthine 
dehydrogenase. Adapted from Simoni et al., (2007). 
 

Uric acid has the ability to exhibit antioxidant properties associated with 

oxidative attack to erythrocyte lipid membranes (Kellogg & Fridovich, 1977; Ames et 

al., 1981). With that being said, a large majority of research focuses on the ability of 

uric acid to provide protection to the central nervous system (Hooper et al., 1998; Duan 

et al., 2002; Spitsin et al., 2002; Amaro et al., 2007). It has been estimated that uric 

acid accounts for approximately 60% (200 - 400 µmol/l; 3.4 - 6.8 mg/dl) of human 

plasma antioxidant capacity (Maiuolo et al., 2016). It has also been postulated that uric 

acid may chelate transition metals within serum, thus stabilising ascorbic acid (Davies 

et al., 1986; Einsele et al., 1987; Miura et al., 1993). Whiteman and colleagues suggest 

uric acid may attenuate the decomposition of peroxynitrite (Whiteman et al., 2002), 


