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Chapter 1

Oxygen (O2) makes up 20.9% of the atmosphere and is the key component needed in 
aerobic metabolism of all higher life forms. Aerobic metabolism using O2 is a major source 
of cellular energy but also contributes to the production of metabolic byproducts known 
collectively as reactive oxygen species (ROS). These include superoxide anion (O2

.-), hydrogen 
peroxide (H2O2), singlet oxygen (.O2), and hydroxyl radical (.OH), with the latter being one of 
the most reactive chemical species known (Klaunig et al., 2010; Murphy, 2009; Turrens, 
2003). Mitochondria represent a major site of ROS production, which occurs during electron 
transport leading to oxidative phosphorylation (OXPHOS) as well as the fully reduced form 
of oxygen, H2O. OXPHOS is carried out by four multiprotein complexes (Complex I–IV) of the 
electron transport chain (ETC) where electrons are ultimately donated to oxygen at Complex 
IV. Three of the complexes (I, III and IV) pump protons from the mitochondrial matrix to 
the intermembrane space generating an electrochemical gradient. A fifth OXPHOS complex, 
also described as ATP synthase, uses the energy generated by the electrochemical gradient 
to phosphorylate adenosine diphosphate (ADP) to adenosine triphosphate (ATP). The 
transferred electrons are derived from nicotinamide adenine dinucleotide (NADH) and flavin 
adenine dinucleotide (FADH2), which are generated in the citric acid cycle. The premature 
electron release from the complexes (I and III) of the ETC can react with O2 resulting in ROS 
production (Finkel,2011a; Jonckheere et al., 2012; Ramsden et al., 2012). 

In addition to mitochondria, enzymes such as NADPH oxidase, xanthine oxidase, 
cyclooxygenases, and lipoxygenases are also thought to be sources of ROS. NADPH oxidases 
belong to a family of enzymes including the catalytic subunits Nox 1-5 and Duox1-2, whose 
function is to catalyze the transfer of electrons to O2 generating ROS needed for numerous 
biological processes such as antimicrobial defense and cellular signaling responses to 
growth factors (Dikalov, 2011; Gao et al., 2012; Leto et al., 2009). They depend on the 
reducing agent NADPH for their activity. NADPH oxidases were first thought to only be 
functional within phagocytic cells, but have been shown to be widely expressed (Finkel, 
2011b). Xanthine oxidase (XO) is one of two forms of xanthine oxidoreductase (XOR) that 
is involved in the purine catabolism step of catalyzing the hydroxylation of hypoxanthine to 
xanthine and of xanthine to urate. As O2 is the terminal electron acceptor in this reaction, 
the activity of XO is leading to ROS production (Granger and Kvietys, 2015; Harrison, 2002; 
Kuppusamy and Zweier, 1989). Cyclooxygenases (COX) are a family of enzymes located at the 
endoplasmic reticulum and nuclear membrane and they catalyze the reaction of arachidonic 
acid (AA) to prostaglandin H2, which can be subsequently transformed into prostaglandins 
and thromboxane. The two isoforms COX-1, COX-2 are mostly reported, with COX-1 shown 
to be constitutively expressed and COX-2 being an inducible isoform, with overexpression 
during inflammation. ROS is thought to be generated as a byproduct of AA metabolism. 
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Lipoxygenases (LOX) catalyze the addition of oxygen to AA, a process that generates oxidized 
metabolites. Depending on the site of insertion, LOX can be classified as LOX-5, -8, -12, and 
-15. When properly oxidized, these metabolites have been shown to be involved in the 
regulation of several biological processes. Like COX, LOX also produces ROS as a byproduct 
of AA metabolism. (Rinnerthaler et al., 2015; Sobolewski et al., 2010; Kim et al., 2008; Zuo 
et al., 2004; Kukreja et al., 1986) (Figure 1) 

Figure 1: Sources of endogenous ROS generation by mitochondria (top left), NADPH oxidase enzymes (top right), Xanthine oxidase 
(bottom left), and Cyclooxygenases (COX) and Lipoxygenases (LOX) (bottom right). Figures adapted from Finkel T. 2011, Kim, 2008 
and Zuo, 2004).  
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Cellular antioxidant defense mechanisms

 The cell contains an extensive antioxidant defense system to ensure controlled levels of 
ROS. Detoxification of ROS occurs through enzymatic antioxidants, such as the superoxide 
dismutases (SODs), catalase and gluthatione peroxidase. Superoxide dismutases catalyze 
the conversion of superoxide anion into the less reactive hydrogen peroxide. There are three 
SOD isoforms: the copper and zinc containing cytoplasmic SOD1 (CuZnSOD), the manganese-
containing mitochondrial SOD2 (MnSOD) and the copper and zinc containing extracellular 
SOD3 (extracellular CuZnSOD) (Fukai and Ushio-Fukai, 2011; Miller, 2012). Human catalase 
is a haem-containing enzyme, which is involved in the detoxification of hydrogen peroxide 
by catalyzing its dismutation into oxygen and water. Glutathione peroxidases also play a role 
in the detoxification of hydrogen peroxide, but, while catalase is predominantly localized 
in peroxisomes, glutathione peroxidases are localized in the cytosol and mitochondria. 
Glutathione peroxidases catalyze the oxidation of glutathione and in the process neutralize 
hydrogen peroxide (Gough and Cotter, 2011; Balaban et al., 2005; Young and Woodside, 
2001). Additionally, the thioredoxin system also plays an antioxidant defense role in 
cells. This system consists of NADPH, thioredoxin reductase (TrxR), and thioredoxin (Trx). 
The antioxidant function relies on the electron transport to peroxiredoxins which in turn 
removes free radicals. Thioredoxin serves as a reducing agent for ribonucleotide reductase 
and methionine sulphoxide reductases, both enzymes are involved in repair of oxidative 
damage (Lu and Holmgren, 2014) (Figure 2 adapted from Espinosa-Diez et al., 2015; Muller 
et al., 2007). In addition to the enzymatic antioxidant defense system, the cell also relies on 
non-enzymatic antioxidant such as vitamin C and vitamin E.
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Figure 2: Illustration of antioxidant defense mechanisms. A) Dismutation of superoxide anion occurs via superoxide dismutase 
(CuZnSOD/SOD1, MnSOD/SOD2 and ecCuZnSOD/SOD3) into hydrogen peroxide (H2O2) in different cellular location. In turn hy-
drogen peroxide can be inactivated by Glutathione peroxidases (Gpx) and Catalase (Cat). B) Hydrogen peroxide is reduced by 
peroxiredoxin. Electrons are provided to peroxiredoxin by thioredoxin which receives its electrons from thioredoxin reductase. 
GSH: Glutathione; GSSG: glutathione disulfide; GR: glutathione reductase; Trx: thioredoxins; red: reduces; ox: oxidized. (Figure 2 
adapted from Espinosa-Diez et al., 2015; Muller et al., 2007).  

Cyt C

e-

Complex I

Complex II
e-

CoQ
e-

Complex IVComplex III

e-

FADH2 FADH+

NADH
NAD++ H+

ATP + Pi ATP

O2 H2OO2
O2.-

O2
O2.-

Cytoplasm

H2O2

MnSOD/SOD2

O2.-
CuZnSOD

/SOD1
H2O2

Extracellular space

Mitochondrial matrix

H2O

Catalase
Peroxiredoxins 

Glutathione 
Peroxidase 

GSH GSSG

O2.- H2O2
H2O

Glutathione 
Peroxidase 

ecCuZnSOD
/SOD3

GR

H2O

Peroxiredoxins 

H2O2 H2O

Trx red
Trx ox

Thioredoxin reductase 

NADPH NADP+

A B



14

Chapter 1

The previous section discussed the antioxidant defense system that is responsible for 
the removal of ROS; however, there are other cellular antioxidant defense mechanisms. 
This includes the managing of ROS formation through uncoupling proteins (UPC). 
Uncoupling proteins are mitochondrial proton transporters located in the inner membrane 
of mitochondria. They are thought to uncouple oxygen consumption from ATP synthesis 
causing the chemical energy to become released as heat. Most studies usually describe the 
UPC proteins UPC1-3; however, two more proteins have been reported, UPC4 and UPC5. 
UPC1, expressed mainly in brown adipose tissue was the first identified uncoupling protein 
and has been mainly associated with the maintenance of body temperature. The rest of 
the proteins have been reported to play a role in the defense against oxidative stress. As 
mentioned previously, electron leakage to oxygen during OXPHOS leads to the generation 
of ROS, which is thought to be reduced by the uncoupling of ATP synthase. The generated 
oxygen species superoxide is thought to activate UPC proteins resulting in a change in 
proton leak regulation and subsequently decrease of ROS production (Ramsden et al., 2012; 
Mailloux and Harper, 2011; Toime and Brand, 2010; Azzu et al., 2010).  

ROS: the good and the bad

For the most part, production of ROS has been associated with pathological processes; 
however, there is an evolving paradigm shift focusing on the role of controlled ROS 
production in physiological processes. Redox signaling by H2O2 is thought to occur with the 
oxidation of the thiol group on cysteine forming sulfenic acid (RSOH) and therefore changing 
the function of the protein. However, further accumulation of H2O2  can lead to further 
oxidation to form sulfinic (RSO2H) or sulphonic (RSO3H) acid, which are associated with 
the hazardous consequences of ROS (Schieber and Chandel, 2014; Ray et al., 2012; Finkel, 
2011a). One example of ROS redox signaling is the activation of mitogen-activated protein 
kinase kinase kinase 5 MAP3K5 (also known as, apoptosis signal-regulated kinase 1 (ASK1). 
This process begins with the oxidation of the cysteine residue of the known antioxidant 
thioredoxin (Trx), leading to its dissociation from the MAP3K5. The dissociated MAP3K5 is 
then able to exert its kinase activity, which consequently determines the cell’s fate; be it 
cell death, differentiation or immune signaling (Finkel, 2011a). Another is the stabilization 
of hypoxia-inducible factor-1α (HIF-1α) by H2O2 leading to the transcriptional regulation of 
genes involved in the hypoxia response (Collins et al., 2012).  
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As stated previously, ROS has been mainly associated with pathological processes and 
also since the reporting of the still controversial free radical theory of aging by Denham 
Harman in the 1950s the focus of much research is on toxicity. Harman suggested that aging 
was a result of increased cellular damage caused by free radicals (Harman, 1956). It has 
been well documented that generated ROS causes damage to cellular components, such as 
lipids, proteins and DNA. 

Oxidation of lipids, also known as lipid peroxidation is a degenerative process initiated and 
caused by radicals and also non-radicals such as singlet oxygen, which affect cell membranes 
and lipid containing structures (Ayala et al., 2014; Girotti, 1998). The process of lipid 
peroxidation occurs in a chain reaction manner consisting of three phases; an initiation step, 
a propagation step and a termination step. The lipid peroxidation products malondialdehyde 
(MDA) and 4-hydroxynonenal (4-HNE) are regularly used as biomarkers for oxidative stress. 
These secondary products are extremely reactive in their own right and are capable of 
damaging DNA (Klaunig et al., 2010). 

Oxidative DNA damage can be categorized in mitochondrial DNA damage or nuclear DNA 
damage. As the main source for the generation of ROS is in the mitochondria, mitochondrial 
DNA (mtDNA) is especially susceptible to damage. In addition, mtDNA unlike nuclear DNA 
does not have the same protective components such as histone proteins. Thus, a higher 
level of damage is observed compared to nuclear DNA resulting in a higher mutation rate. As 
mtDNA has multiple copies, coexistence between mutated and wild-type mtDNA is observed 
and the ratio between these two forms might determine a pathological phenotype (Santos 
et al., 2013).  A vicious cycle has also been proposed: mtDNA damage is thought to lead to 
mitochondrial dysfunction, which in turn leads to higher production of ROS and thus more 
oxidative mtDNA damage (Santos et al., 2013; Jeppesen et al., 2011; Stowe and Camara, 
2009). Single- or double-strand breaks, DNA cross-linking and base damage are some of 
the nuclear oxidative DNA damages observed. The most studied form of nuclear oxidative 
DNA damage is the guanine modification 7, 8-dihydro-8-oxo-2’-deoxyguanosine (8-OH-dG), 
which has received the status of a key biomarker in the study of oxidative stress (Evans et 
al., 2004). These damages can have detrimental effects on cells: DNA mutation, genomic 
instability, carcinogenesis and ultimately cell death are the outcome that is observed if 
these damages go unrepaired (Dizdaroglu, 2012, 2015). 

Protein damage starts with the attack by .OH on amino acid side chains and the protein 
backbone. These protein modifications lead to the formation of secondary products such as 
disulfides, cysteic acid as a result of the amino acid oxidation. Oxidation of protein backbone 
leads to protein fragmentation. Levels of oxidized proteins are kept in check by several factors 
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such as proteases. Nevertheless, as with other protective mechanisms, these mechanisms 
can also fail leading to the accumulation of oxidized proteins (Chakravarti and Chakravarti, 
2007; Berlett and Stadtman, 1997) (Figure 3, adapted from (Castello et al., 2010). 

Figure 3: Generation of ROS starts with the electron reduction of oxygen (O2) to superoxide anion (O2. - ). Electrons are derived 
from different sources such mitochondrial respiration, NADPH oxidase, Xanthine oxidase and Lipooxygenases. Dismutation of 
superoxide anion occurs via superoxide dismutase (SOD) into hydrogen peroxide (H2O2). In turn hydrogen peroxide can be 
inactivated by Glutathione peroxidase and Catalase or further reaction with iron can lead to the generation of hydroxyl radical 
(.OH). Macromolecules (lipid, DNA and protein) susceptible to ROS leading to oxidative damage. Adapted from Castello G. 2010.
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Oxidative stress and disease

Oxidative stress is generally defined as an imbalance between the generation of free 
radical production and antioxidant defense mechanisms in favor of the radicals. Uncontrolled 
and excessive production of ROS contributes to oxidative stress and oxidative damage 
of essential biomolecules. Consequently, accumulation of oxidative damage has been 
associated with numerous pathological processes such as neurodegenerative diseases, and 
even cancer. Mitochondrial dysfunctions as well as mtDNA mutation have been reported to 
play an essential role in neuronal degradation. The brain is an organ that requires a large 
supplies of oxygen. Higher production of ROS; a compromised antioxidant defense system 
due to the blood-brain barrier, and a higher content of polyunsaturated fatty acids which are 
readily oxidized, leaves neurons and glia cells highly susceptible to ROS (Shukla et al., 2011). 
Although there are many factors that point towards an involvement of oxidative stress in 
neurodegenerative diseases, concluding evidence is lacking. 

Parkinson’s disease (PD) is the most common progressive neurodegenerative movement 
disorder and is associated with the loss of dopaminergic neurons in the substantia nigra pars 
compacta. It is diagnosed in over 1% of the population that is older than 60 years of age, with 
clinical characteristics such as resting tremor. Oxidative damage, mitochondrial dysfunction 
and possibly mtDNA mutation have been suggested to contribute to the degeneration of 
the neurons (Luo et al., 2015; Dias et al., 2013). Postmortem analysis of PD patients’ brain 
has shown a decrease in activity of complex I of the respiratory electron transport chain 
compared to the normal control (Shukla et al., 2011; Dawson and Dawson, 2003). Moreover, 
other characteristics of oxidative damage in postmortem tissue have also been observed 
such as the modification of lipid peroxidation product HNE in PD patients (Barrera et al., 
2016; Castellani et al., 2002; Yoritaka et al., 1996).   

Alzheimer’s disease (AD) is the most prevalent age-related disease characterized with the 
irreversible loss of neurons particularly in the cortex and hippocampus. Most cases are late-
onset and sporadic, however, approximately 5-10% are familial as a result of mutation in 
genes such as amyloid precursor protein (APP), presenilin 1, and 2 (PS1, PS2). Additional 
features are the considerable deposition of aggregated amyloid-β (Aβ) peptide in the 
extracellular space as senile plaques (Aβ42), and the presence of neurofilament tangles 
plaque (NTF) formation, mainly composed of hyperphosphorylated tau protein. It has 
been suggested that oxidative stress can alter the processing of amyloid precursor protein 
(APP) and tau protein. Oxidative stress has been associated with hyperphosphorylation of 
tau and the subsequent oxidative damage. Hyperphosphorylated tau is unable to stabilize 
microtubules and also binds to normal tau and further accumulation can inhibit removal by 
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proteasomes, inducing neurodegeneration (Zhou et al., 2016; Santos et al., 2013; Shukla et 
al., 2011; Querfurth and LaFerla, 2010).  

Amyotrophic lateral sclerosis (ALS) is a degenerative disease of motor neurons with multiple 
causative factors including oxidative stress, excitotoxicity and growth factor deficiency 
characterized by degradation of motor neurons in the cortex, brainstem and spinal cord. 
As with the other neurodegenerative disorders, the role of oxidative stress is still up for 
the debate; is it the primary cause or is it a consequence of the disease. In samples from 
ALS patients hallmarks of oxidative damage have also been observed. Increased levels of 
oxidative DNA damage and lipid peroxidation products were measured in cerebrospinal 
fluid (CSF) of ALS patients. Furthermore, there is an association of ALS with mutation in the 
antioxidant protein SOD1 (Carrì et al., 2015; D’Amico et al., 2013; Barber et al., 2006; Rosen 
et al., 1993). Studies in mouse models suggest that SOD1 mutation leads to gain of toxic 
function resulting in oxidative stress hallmarks (Shukla et al., 2011).      

Cancer has also been suggested to be associated with oxidative stress, but this still remains 
a controversial concept. Tumor cells are thought to be in a constant pro-oxidant state as 
higher production levels of ROS are measured compared to normal cells. The change in 
redox-status might be the result of increased bioenergetics, altered electron transport chain 
(ETC) and even hypoxia. According to the Warburg effect tumor cells use aerobic glycolysis 
to attain energy; nevertheless the increased glucose uptake does subsequently lead to 
increased ROS production (Tong et al., 2015; Van der Heiden et al., 2009; Warburg, 1956). 
Hypoxia was shown to stimulate ROS production by mitochondria, which in turn activates 
hypoxia-inducible transcription factor 1 (HIF-1) consequently promoting processes such as 
tumor progression and angiogenesis (Gorrini et al., 2013; Semenza, 2011; Bell and Chandel, 
2007; Chandel et al., 1998). A mild increase of ROS has been suggested to contribute to 
carcinogenesis by signal transduction or causing mutagenic DNA lesions. Reaction with .OH 
causes oxidative lesions in both nuclear and mitochondrial DNA leading to oxidative DNA 
damage and modification of cellular pathways ultimately leading to genomic instability, a 
known hallmark of cancer (Dizdaroglu, 2015; Gorrini et al., 2013; Hanahan and Weinberg, 
2011; Ishikawa et al., 2008).    
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Oxidative stress research  

As mentioned above, oxygen-derived reactive molecules have been shown to cause 
oxidative modifications linked to aging and age-related disorders, such as neurodegenerative 
disease and cancer. This link is still not solid, as the underlying causative mechanism(s) are 
still not fully understood. The idea of many of these studies is based on the free radical 
theory of aging presented by Harman over half a century ago. The assumption is that aging 
and age-related diseases are due to the accumulation of macromolecular damage caused 
by radicals including ROS (Harman, 1956). The free radical theory and specific antioxidant 
defense systems have been extensively investigated with conflicting results (Muller et al., 
2007). At the core of these studies is the use of exogenous agents such as paraquat and 
hydrogen peroxide to induce oxidative stress and oxidative damage. A less commonly 
used oxidative stress inducer is hyperoxia. Studies have established the development of 
pathological features resembling age-related degeneration processes under hyperoxia 
exposure (Joenje, 1989; Schoonen et al., 1990a, 1990b). Utilizing an unbiased approach to 
understand the hyperoxia defense system can potentially provide a novel insight into aging 
and age-related disorders resulting from oxidative stress. 

By exploiting the genomic instability typical of permanent cell lines to select for genetic 
alterations contributing to increased resistance to hyperoxia, in vitro model has been 
generated that could potentially reveal novel defense mechanism(s). Characterization of 
these unique hyperoxia-resistant cell lines did not identify alteration in known antioxidant 
defense system. The activity of antioxidants such as SODs and catalase were not altered 
in the resistant cell lines compared to their hyperoxia-sensitive counterpart (Joenje et al., 
1985). These observations do imply that other mechanism(s) are likely to be involved. 
Uncovering these novel mechanisms might lead to new insight into age-related disorders.            
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Thesis aim and outline

The objective of this thesis was to exploit a number of available hyperoxia-resistant 
cell lines to identify novel genes and cellular mechanism(s) involved in the defense against 
oxidative stress. By exploring cellular changes associated with increased resistance to 
hyperoxia using high-resolution DNA and RNA profiling combined with functional studies, 
we identified, in Chapter 2, a novel human hyperoxia-tolerant gene, NARFL, a gene known 
to be involved in the assembly of iron-sulfur proteins (CIA assembly pathway). In Chapter 
3, unbiased proteomics analysis was performed, to obtain further insight into the function 
of NARFL and the underlying mechanism(s) for its defense role in oxidative stress. We 
report a possible role for NARFL in guarding of several cellular mechanisms including iron 
homeostasis and cell cycle progression, a function that might be dependent or independent 
of the CIA assembly pathway. In Chapter 4, using proteomic analysis also, we identified 
proteins that were deregulated as a result of hyperoxic stress. Further classification of these 
proteins, identified a subset of proteins that could be involved in the survival of cells against 
hyperoxic stress. In Chapter 5 we report on the metabolic adaptation of hyperoxia-resistant 
cells resulting in decreased acid excretion upon exposure to hyperoxic stress.
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