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Abstract
Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are by-products of
cellular O2 metabolism and participate in cell signalling and normal physiological homeostasis.
Although ROS/RNS are normal and important molecules in cell physiology, production in
excess or in absence of sufficient cellular antioxidant capacity can lead to critical cellular
damage which has shown to contribute to a plethora of disease pathologies. Experimental
evidence has also supported the use of chronic limitation of ambient O2 gas as a means to reduce
the amount of ROS/RNS in both animals and cell culture. The purpose of this thesis was to
explore the use of a regulated O2 environment to determine if chronic hypoxia and/or physioxia
may influence ROS/RNS production in animal and cell culture models of various known
mitochondrial diseases. The absence of superoxide dismutase 2 (SOD2) has been proven to be
extremely lethal, so I attempted to breed and house entire mouse dams in hypoxia (11% O2) to
investigate if limiting O2 might reduce the amount of ROS/RNS-mediated damage and extend
the life span of SOD2 knockout (KO) mouse pups. Many attempts to rescue these KO mice
failed due to premature death and/or maternal cannibalism, however, the SOD2 heterozygote
(SOD2+/-) – which experience halved SOD2 expression compared to wildtype controls – were
viable and body mass data was examined. Although no main effect was found of genotype on
body mass over time, male, but not female, mice housed in chronic hypoxia gained significantly
less weight than their normoxia (20% O2) counterparts. After examining live animals, I focused
on measuring the effects of regulating the O2 environment on ROS production in a variety of
cellular models of different mitochondrial disease. Some measure of structural and/or functional
integrity is compromised in mitochondrial disease, typically leading to exacerbated proton leak,
subsequent superoxide/hydrogen peroxide (H2O2) formation, and, unsurprisingly, a significant
potential for cellular damage. These features of mitochondrial disease are further compounded
by the fact that a great deal of published cell culture work does not actively regulate O2 levels
and thus cells often experience an environment with O2 levels hyperoxic relative to what is
typically experienced in vivo. The purpose of this second study was to investigate whether
growing and assaying mito-disease cell lines in a regulated, physiologically-relevant O2
environment would reduce H2O2 output to levels similar to wildtype controls. Measuring H2O2
production from various mito-disease cell lines, almost all cell lines produced more H2O2 when
grown in normoxia (18% O2) culture conditions compared to physioxia (5% O2), however, only a
few of the mitochondrial disease cell lines tested here produced the expected increase in cellular
H2O2 efflux than their wildtype counterparts at 18% O2. As expected, almost all mitochondrial
disease cell lines produced H2O2 at a similar level to their respective controls when grown in 5%
O2. Furthermore, NADPH Oxidases (NOX) were explored as a potentially significant source of
elevated ROS production at 18% O2. However, upon NOX inhibition, no significant measurable
changes in H2O2 production were reported in any of the cell lines tested here. Finally, the last
study in this thesis explored structural and functional consequences which may accompany
halved SOD2 expression in adult SOD2+/- female mice over time. Sarco-endoplasmic reticulum
ATP-ase (SERCA) is an enzyme responsible for calcium handling in myocytes and its function is
critical for proper muscular relaxation and contraction. The soleus and extensor digitorum longus
(EDL) were analyzed to determine whether muscle type (ie. slow-oxidative muscle or fastii

glycolytic muscle) would influence the effects of heterozygous SOD2 deletion. Interestingly, the
soleus muscle showed significant impairments in SERCA function with a reduction in SERCA’s
apparent affinity for calcium, whereas there were no differences between genotypes in the EDL
muscle. This corresponded well with the fact that SERCA tyrosine nitration was significantly
elevated in the soleus, particularly on SERCA2a. Conversely, there were no signs of elevated
SERCA tyrosine nitration on SERCA1a, the predominant SERCA isoform in the EDL. In
conclusion, the results from these studies provide some insight to the roles that O2 and ROS
generation have on physiological function in vivo and in vitro, though it also prompts further
investigation due to mixed results in many cases.
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Chapter 1: General introduction and literature review
1.1 Reactive oxygen species and reactive nitrogen species
Reactive oxygen species (ROS) are a class of chemically reactive molecules containing
oxygen (O2) that are by-products of cellular O2 metabolism and include oxygen radicals and
peroxides, such as superoxide and hydrogen peroxide (H2O2) respectively. Many ROS
participate in cell signalling and normal physiological homeostasis. For example, NADPH
oxidase 4, which solely exists to produce ROS, has been shown to drive cardiomyocyte
differentiation by activation of the Mitogen-activated Protein Kinase (MAPK) pathway and
nuclear translocation of cardiac transcription factors (Li et al., 2006). ROS are also regularly
involved in lysosomal-dependent degradation of macromolecules (autophagy; Chen et al., 2017).
Reactive nitrogen species (RNS), such as nitric oxide (NO), nitrogen dioxide, and peroxynitrite
also exert physiologically important signalling and regulatory functions (e.g. apoptotic
signalling, and vascular remodelling; Tejero, Shiva, & Gladwin, 2018). Many additional
physiological roles played by both ROS and RNS and are summarised in a nice review by Di
Meo and colleagues (2016).
Although ROS/RNS are typically normal and important molecules in cell physiology,
production in excess or in absence of sufficient cellular antioxidant capacity can lead to cellular
damage that contributes to a plethora of disease pathologies (Alfadda & Sallam, 2012). The most
commonly reported ROS/RNS damage modalities are through DNA and/or RNA damage,
oxidation of amino acids in structural proteins, enzymes, and transcription (co)factors, and
peroxidation of various biomembrane lipids (See Appendix - Figure A-1, Kim et al., 2017;
Brooker, 2012; Lodish et al., 2016).
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Under normal physiological conditions, ROS/RNS are generated through a broad range
of cellular processes. ROS generation as superoxide occurs in several cellular locations,
including the mitochondrial respiratory chain (RC). For example, a one electron reduction of O2
by NADH Dehydrogenase (Complex I) and Cytochrome C - Oxidoreductase (Complex III)
produces superoxide radicals on both sides of the mitochondrial inner membrane (Di Meo et al.,
2016). NADPH oxidases (NOXs), which are located on cell and along several organelle
membranes, oxidize NAD(P)H to NAD(P)+ and produce either superoxide or H2O2.
Additionally, ROS are readily produced by peroxisomes during immune responses, nitric oxide
synthases (NOS), xanthine oxidases (XO), and along the smooth endoplasmic reticulum
membrane during protein folding and introduction of double bonds in fatty acids (Di Meo et al.,
2016). Some of these ROS/RNS producing avenues in regard to normal physiological function
and diseased states will further be examined in this thesis.

1.2 Methods for detecting reactive oxygen species in vitro
There are many diverse ROS/RNS entities which behave differently in their physiological
milieu depending upon their respective characteristics such as reaction preference, site of
production, and degradation and/or diffusion. As such, many methods have been developed to
quantify these different molecules over the years. To understand the biological implications of
ROS/RNS, one must know the location and concentration of these species, and the suitability of
each quantification method critically depends upon the user’s knowledge of each ROS/RNS
characteristics. Typical limitations of measuring ROS/RNS in vitro are that most species are
unstable, short lived, and that many have a mutual interference with each detection method.
Reliably isolating quantities of a particular ROS/RNS typically requires multiple methods of
detection and the use of inhibitors. The most common methods of ROS/RNS detection in vitro
2

are nicely summarised in a comprehensive review by Zhang, Dai, and Yuan (2018), therefore
only select methods will be reviewed here.
One of the most widely used methods of detection are fluorescent-dependent probes.
Most of these probes are non-fluorescent before oxidation by ROS/RNS that will, upon
oxidation, yield a probe-radical intermediate resulting in measurable fluorescence upon
excitation by wavelengths of light (Zhang, Dai, & Yuan, 2018). An important consideration for
selecting the appropriate fluorescent probe is its inherent membrane permeability. Plasma
membrane-permeable probes such as dihydroethidium (DHE) and dichlorohydro fluorescein
diacetate (DCFH-DA) are suitable for reflecting the oxidative state of cellular compartments.
DCFH-DA, for example, is highly correlated with levels of oxidative stress inside of cells and is
a reliable probe in reflecting intracellular redox state (Zhang, Dai, & Yuan, 2018). Alternatively,
cell impermeable probes, such as the amplex red reagent (ARR) used in this thesis, are viable
methods for measuring extracellular ROS/RNS formation or diffusion. ARR is often used to
detect H2O2 produced as a consequence of deleterious mitochondrial/nuclear DNA damage and
various other ROS generating enzymes.
Chemiluminescent probes are very similar to fluorescent probes, though they react with
radical species and emit light directly as opposed to exciting a fluorescent intermediary with light
and measuring the resultant emission. These probes, such as lucigenin and luminol, are often
used to measure superoxide intracellularly, however, luminol is also responsive to several
different radicals such as peroxynitrite and the hydroxyl radical (Zhang, Dai, & Yuan, 2018).
Compared to alternative detection methods, chemiluminescent probes react very quickly with
superoxide, allowing detection at low concentrations. Thus, in cases where superoxide
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production has been validated (perhaps with the use of inhibitors), these probes could be used as
a sensitive monitor at the cellular level.

1.3 Cellular antioxidant systems and molecules
A prominent route of superoxide neutralisation begins with the Superoxide Dismutase
(SOD) enzyme family that readily convert superoxide into less harmful H2O2. The SOD family
provides a significant defense against cellular free radical biogenesis in most cell types, and its
three isoforms are well positioned to handle superoxide-related stress. SOD isoforms are found
in a variety of locations including the cytosol (SOD1), mitochondria (SOD2), and extracellular
(SOD3) environment. Since H2O2 can be cytotoxic even in relatively small concentrations,
additional intracellular antioxidant enzyme systems such as catalase, glutathione/glutathione
peroxidase (GSH/GpX), and the peroxiredoxin (PRDX)/thioredoxin (TXN) system, can readily
convert H2O2 to water (See Appendix – Figure A-1; Birben et al., 2012). Glutathione-Stransferases are another diverse family of antioxidants which are best known to catalyse and
conjugate the reduced form of GSH to harmful secondary metabolites such as epoxides,
hydroperoxides, and unsaturated aldehydes in some cases (Birben et al., 2012). Together, these
enzymatic antioxidant systems are capable of managing a majority of cellular ROS produced
during normal homeostasis.
Additionally, non-enzymatic antioxidants also exist intra and/or extracellularly. Some of
those included are low molecular weight compounds such as ascorbic acid (vitamin C), αtocopherol (vitamin E), and GSH (Birben et al., 2012). Amongst these, GSH is the most
abundant in all cell compartments and its reduced/oxidized ratio (GSH/GSSH) is considered an
important indicator of oxidative stress and redox balance. GSH/GSSH is a particularly diverse
antioxidant system as it plays several functional roles in addition to reducing H2O2. For instance,
4

GSH/GSSH detoxifies lipid peroxides and has a role in converting both vitamin C and E back to
their active forms (Birben et al., 2012).

1.4 Oxygenation differences in vivo and in vitro
Approximately 21% (21.2 kPa O2 / 101.325 kPa total atmospheric pressure at sea level)
of the air we breathe is composed of O2, however, the level of O2 reaching cells in the body is
quite variable and tissue-specific. As the human respiratory and cardiovascular systems work
together to deliver O2 throughout the body, most tissues experience O2 levels much lower than
atmospheric proportions (Habler & Messmer, 1997; Carreau et al., 2011; Keeley & Mann, 2019).
For example, air inspired through the nose and mouth is humidified, and by the time it reaches
the trachea, O2 content is decreased to approximately 19.1%. Slightly further down the
respiratory tract, O2 diffuses through capillary beds of alveoli and then directly into the
surrounding peribronchial connective tissues where O2 is further decreased quite significantly to
~5.6% (Keeley & Mann, 2019). Whereas the many different tissues of the human body
experience a highly variable range of O2, the O2 reaching the primary site of O2 metabolism – the
mitochondrial respiratory complex – is probably the most crucial to regard. A comprehensive
review by Keeley and Mann (2019) reports that as O2 enters the cell and eventually reaches the
mitochondrial respiratory complex (RC), O2 levels may be as low as ~0.5-1%, even under basal
conditions. However, our bodies are incredibly efficient at utilizing this O2, and adenosine
triphosphate (ATP) production via oxidative phosphorylation is not typically oxygen-limited in
healthy cells. Cytochrome c oxidase (Complex IV) of the RC has a high affinity for O2 (KM <
0.1% O2; Krab, Kempe & Wikstrom, 2011), and is therefore oxygen-saturated and functioning
maximally even when O2 is present in low concentrations.
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Despite the low level of O2 required by mitochondria to support oxidative
phosphorylation, mammalian tissues have evolved to sense and adapt to a wide range of
atmospheric O2 compositions. However, cell monolayers (and suspensions) bathed in culture
media are particularly exposed and more vulnerable to fluctuations in O2 compared to their in
vivo counterparts. This vulnerability is due, in-part, to cultured cells’ more immediate proximity
to raw headspace gas within culture incubators. Gasses need only diffuse through culture
medium and into cells rather than transferred through an extensive network of vasculature and
distributed through tissues in vivo (Keely & Mann, 2018). Unlike physiological conditions in
vivo, cell cultures are inevitably exposed to major, rapid changes in atmosphere composition. For
example, cultures may be left to grow for a time in an incubator with tightly controlled
atmosphere, but when these cells are manipulated for experimental purposes (ex. observation,
refreshing culture medium, splitting cells, etc.), manipulation is typically performed in a
biosafety cabinet within a room with unregulated atmosphere. Prolonged exposure in
combination with agitation of liquid media outside of the tightly controlled atmosphere of culture
incubators introduces room air and exposes cells to significant fluctuations in gas composition,
changing the pericellular environment and potentially modifying cell physiology.
To fully comprehend the potential implications of exposing cells to significant
fluctuations in gas composition, the major differences between standard atmosphere and cell
culture conditions must be examined. Without accounting for humidity, standard dry
atmospheric air at sea level is predominantly composed of O2 (20.9%) and N2 (78%; Keely &
Mann, 2018). The remaining gaseous constituents make up just over 1%, including CO2 (0.04%).
However, the composition of cell culture incubator atmosphere differs from standard
atmospheric air considerably. For instance, culture incubator atmosphere typically consists of
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95% air (O2 and N2) and maintains CO2 at a much larger proportion of 5%. Similar to pH
homeostasis in human blood, incubator CO2 is held at 5% to sustain the carbonate-bicarbonate
buffer system – a critical system that functions to maintain the pH of culture media at ~7.2-7.4.
Additionally, culture incubators are typically humidified to 75-100% moisture (compared to
~50% standard room air) to prevent evaporation of culture media over time. With the addition of
extra CO2 and moisture, O2 content in standard cell culture incubators is reduced to
approximately 18.5% (at sea level; Keely & Mann, 2018). As such, cell cultures experience
~18.5% O2 – a much larger concentration of O2 than most cells typically experience in vivo.
When cultured cells are left to grow in conditions in which O2 levels are much higher
than their physiological range, they may experience atypical changes in differentiation, growth,
cellular senescence, and DNA damage. For instance, expression of early differentiation factors
was shown to increase significantly in human pluripotent stem cells pre-conditioned in low O2
(2%) but was dramatically reduced when transferred to high (20%) O2 conditions (Fynes et al.,
2014). Mesenchymal stem cells (MSCs) also benefit from being cultured in physiological O2,
where it was shown to greatly improve growth kinetics, increase genetic stability by minimizing
deleterious characteristics of MSCs such as aneuploidy, DNA breakdown, and telomere
shortening, and increase expression of chemokine receptors that promote chemotaxis and
viability of MSCs (Haque et al., 2013). Culturing cells in their physiological O2 range provides
many cell types with conditions that they can thrive in, which is perhaps in part because most
cells transform some of the O2 in their environment into ROS. Previous research has reported
that several common mammalian cell lines produce significantly more H2O2 at 18% than 5% O2
(Maddalena et al., 2017). Because ROS production above normal homeostatic levels is known to
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be detrimental to cellular health and persistence, the importance of regulating ambient O2 in
culture incubators – especially during O2-sensitive work – cannot be overstated.

1.5 NADPH Oxidase contributions to cellular ROS
As there are published data that report a significant relationship between incubator O2
levels and measurable ROS production by several mammalian cells in culture (Maddalena et al.,
2017), it is practical to observe the broader picture and measure ROS produced not only by the
mitochondrial RC, but in conjunction with additional cellular contributors. Whereas the
mitochondrial RC has classically been thought to be one, if not the most significant source, of
cellular ROS in some cell types, the current understanding of cellular sources and conditions
prompting major fluctuations in ROS has changed. For instance, NADPH oxidase (NOX)
isoforms 1 and 4 – found in mammalian cells – also produce significant quantities of superoxide
and H2O2 respectively in an O2-dependent manner (Altenhöfer et al., 2014; Nisimoto et al.,
2014). NOX4, for example, is very sensitive to ambient O2 levels; it produces H2O2 at a rate
300% faster at 12% O2 than at 3% (Nisimoto et al., 2014). NOX4 is a curious member of the
NOX family as it has been hypothesized to generate H2O2 regularly during normal physiological
processes. For instance, studies report NOX4 is localised in the ER and may be present to
regulate its redox environment to assist and ensure proper folding and post-translational
modifications of proteins (Serrander et al, 2007). NOX4 has also been hypothesized to regulate
protein oxidation in the surrounding ER environment through the production and diffusion of
H2O2, thereby generating signals to regulate the activity of kinases, phosphatases, and
transcription factors (Serrander et al., 2007). NOXs, though still representing a source of ROS,
may be critical to normal physiological function as opposed to promoting deleterious effects.
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GKT 137831 (GKT), a highly selective inhibitor of NOX isoforms 1 and 4, can be used
to impair enzymatic function and thus aid in measurement of NOX contributions to total cellular
ROS. By growing mammalian cells in normoxia or physioxia, measuring cellular H2O2 efflux
rates in these conditions, and by inhibiting NOX 1 and 4 with GKT, it is possible to identify and
quantify the major source(s) of cellular ROS production. Quantifying the relationship between
incubator O2 levels, ROS production, and the source(s) of said production amongst a variety of
commonly-used laboratory cell lines provides valuable baseline measurements. These data may
then be further used to compare measurements collected when studying various models of
cellular dysfunction, including mitochondrial disease.

1.6 SERCA ATP-ases vital to normal [Ca2+] homeostasis are targets of ROS damage
1.6.1 SERCAs role in skeletal muscle excitation-contraction coupling
Among the many substrates and components involved in muscle tissue excitationcontraction coupling (ECC), regulation and localisation of calcium (Ca2+) are paramount to
normal function. Cardiac and skeletal muscle fibres are composed of tight, organised clusters of
myofibrils surrounded by a thin cell membrane called the sarcolemma. When a depolarising
stimulus reaches the sarcolemma of skeletal muscle via motoneurons, ECC is propagated by
stimulation of voltage-gated dihydropyridine receptors, which in turn promote the opening of
ryanodine receptor 1 (RyR1) Ca2+ channels in the T-tubule region of the sarcoplasmic reticulum
(SR; Stammers et al., 2015). As a result, large concentrations of Ca2+ are released from the SR
into the cytosol of skeletal myocytes. This increase of free intracellular Ca2+ promotes the
binding of Ca2+ to the troponin complex in the cytosol and exposes the myosin-actin binding site
(Bers, 2002; Stammers et al., 2015). Actin and myosin are then free to form cross bridges and
bind ATP, allowing a power stroke, which ultimately leads to muscle contraction (Bers, 2002).
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For muscle relaxation to occur after contraction, the large concentration of intracellular
Ca2+ must be moved and sequestered to create a concentration within the muscle’s precontraction range. The primary facilitators of this process are the Sarco(endo)plasmic Reticulum
Calcium ATPase (SERCA) pumps which translocate Ca2+ to the ER (Bers, 2002). All
mammalian SERCA isoforms are embedded in the ER membrane and have cytoplasmic,
transmembrane, and luminal domains. The cytoplasmic head itself is composed of three distinct
domains: the actuator, phosphorylation, and nucleotide domains – all of which serve distinct
roles in determining the activity of SERCA. The actuator domain contains two binding sites for
cytosolic Ca2+, and during muscle relaxation, these pivot to allow Ca2+ translocation to the ER
lumen upon ATP hydrolysis at the interface between phosphorylation and nucleotide domains
(Stammers et al., 2015). Because the Ca2+ concentration in the ER lumen is always much larger
(up to 10,000-fold at rest) than that of the cytosol, ATP hydrolysis is essential for ion movement
against the ion gradient (Stammers et al., 2015). As such, the need for rapid active transport
requires a large amount of ATP – an estimated 40-50% of the basal metabolic rate in fast and
slow twitch skeletal muscle tissue (Smith et al., 2013).

1.6.2 SERCAs susceptibility to O2-dependent ROS damage in vivo
It is well established that many primary human cells exhibit pronounced apoptosis,
senescence, and/or cellular damage upon prolonged exposure in hyperoxic culture conditions
(~18% O2) relative to their physiological milieu (3-5% O2; Keeley et al., 2018; Keeley & Mann,
2019). These observations are typically attributed to the overproduction of ROS associated
elevated O2 levels. Likewise, in vivo, elevated ROS production stimulated by an imbalance
between pro-oxidants and cellular anti-oxidant capacity leads to damage and dysregulation of
cellular function. Like many proteins, the SERCA enzyme family is susceptible to oxidative
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damage in conditions such as these. In muscle cells, SERCA facilitates the muscle relaxation
phase in ECC, whereas in other cell types SERCA regulates intracellular Ca2+ signalling. When
ROS is elevated due to infection or disease in muscle tissues, effective ECC and intracellular
Ca2+ handling are at risk of dysfunction if SERCA’s ATP and/or Ca2+ binding domains become
modified through oxidation (Keeley et al., 2018; Qaisar et al., 2018). Accelerated muscle atrophy
and weakness have long since been attributed to elevated oxidative stress, though it has recently
been demonstrated that restoring SERCA ATPase function dramatically reduces muscle
impairment in a SOD1 KO mouse model of oxidative stress (Qaisar et al., 2019). Thus,
measuring the activity of different SERCA isoforms in fast and slow twitch skeletal muscle
within a SOD2 mouse model of mitochondrial disease could yield interesting results.
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Chapter 2 – Study I: Hypoxia as a treatment for superoxide dismutase 2compromised mice
2.1 Overview
Research animals offer an obvious advantage over in vitro models to study various
pathological conditions and exploration of therapeutics on an organismal scale. As the
characterization of molecular pathways and preliminary testing of novel therapeutics most
typically begin in cell culture, the next step toward clinical application is animal testing. Many
animal models exist, however, rodents are often selected to model human disease because of
their many similarities to human physiology, and the capacity to be genetically modified and
bred with relative ease and speed. These features make mice great candidates for studying
mitochondrial disease on an organismal scale when transitioning research focus beyond cell
culture models.
An investigation by Jain and colleagues (2016) revealed that genetic and small molecule
activation of the hypoxic response pathway can protect against mitochondrial toxicity resulting
from respiratory complex (RC) dysfunction in cellular and zebra fish models of Leigh’s
syndrome. More specifically, they found that inhibition of the Von Hippel-Lindau (VHF) factor
was the most effective suppressor of genes upregulated in moderate to severe mitochondrial
disease states. VHF is known to be a key negative regulator of Hypoxia Inducible Factor 1 (HIF1) stabilization, targeting HIF-1α for degradation by the ubiquitin-proteasome pathway, thus
preventing its dimerization and subsequent binding to hypoxia response elements (Schofield &
Ratcliffe, 2004). Some of these response elements targeted by the HIF-1 heterodimer include
genes coding key glycolytic enzymes (Glucose Transporter 1, Hexokinase-2, Aldolase-A,
Enolase-1, etc.; Shaw, 2008), and their upregulation prepares the cell to shift toward glucose
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metabolism for ATP synthesis, away from O2-dependent metabolism. However, Jain and
colleagues (2016) reasoned that even though VHF inactivation may have a localised effect on
upregulating a shift to glycolytic metabolism, these molecules are unlikely to stimulate a potent
response on an organismal scale. For example, a common physiological consequence of
mitochondrial disease is severe damage/dysfunction of the central nervous system (CNS),
typically resultant of either ROS damage and/or decreased capacity to meet the nervous tissues’
large bioenergetic demands (Nissanka & Moraes, 2018). Though it would certainly appear
logical to target the CNS with small molecule activation of certain hypoxic response elements,
Jain et al. (2016) note that drug therapies currently in development are unlikely to remediate
CNS damage because of limited blood brain barrier penetration. Thus, they reasoned a broader,
whole-body method of activating the hypoxic response pathway may perhaps be better suited for
protecting against some modes of mitochondrial disease pathology.

2.1.1 Modelling mitochondrial disease in vivo – hypoxia as a potential moderator of oxidative
stress
Mammals experiencing chronic hypoxia (~11% O2) are viable and low partial pressures
of oxygen (pO2) at the cellular level promote HIF-1 heterodimer stabilization, which in turn
promotes the expression of a multitude of genes involved in cellular adaptation to low pO2
(Chandel et al., 2000; Hellwig-Bürgel et al., 2005; Shaw, 2008). As previously mentioned, a
typical outcome of these adaptations is a shift towards glycolytic metabolism and decreased
reliance on mitochondrial oxidative metabolism, thereby reducing O2 delivery and consumption
(Jain et al., 2016). A critical feature of mitochondrial disease is that O2 continues to be delivered
to the RC despite impaired O2 utilization, and the consequence of this impairment often
manifests as elevated ROS production. Thus, considering the ability of mammals to adapt to
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hypoxia, and by limiting the substrate for O2 toxicity, hypoxia theoretically stands to be a
reasonable therapeutic avenue for decreasing or even circumventing mitochondrial disease
pathology caused by elevated ROS.
Located within the mitochondrial matrix, SOD2 catalyses the dismutation of superoxide
anion to H2O2 and O2. SOD2 is a critically important enzyme for aerobic organisms, providing
antioxidant defense against harmful anions generated at several sites directly along the
constituents of the mitochondrial RC, and by other mitochondrial sources (ex. glycerol 3phosphate dehydrogenase, the electron transferring flavoprotein:Q oxidoreductase of fatty acid
beta oxidation, and pyruvate and 2-oxoglutarate dehydrogenase complexes; Brand, 2010).
SOD2’s physiological significance was demonstrated in several experiments whereby knocking
out its expression led to early post-natal death in mice (Li et al., 1995) and reduced lifespan in
Drosophila (Duttaroy et al., 2003). Because oxidative damage resulting from RC-associated
diseases was shown to be mitigated, in part, by hypoxia, might hypoxia also aid in the mitigation
of similar damage in mammalian models that lack adequate ability to neutralise mitochondrial
ROS? A SOD2-knockout (KO) mouse model was employed to explore the transferability of
chronic hypoxia demonstrated by Jain et al. (2016) as a method of ROS remediation in this
model of disease and was utilised to prolong the lifespan of afflicted mice.

2.1.2 Purpose
The purpose of this study was to determine the effects of chronic hypoxia on a mouse
model of lethal mitochondrial disease caused by oxidative stress in the mitochondrial matrix. The
major objective of this study was to increase the lifespan of newborn SOD2 KO mice by housing
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them in a hypoxic chamber, thereby alleviating exacerbated ROS production in the
mitochondrial matrix.

2.1.3 Hypothesis
It was hypothesized that a chronic hypoxic environment would reduce the amount of
lethal tissue damage resulting from mitochondrial-based ROS production in SOD2 KO mice and
prolong their typically short life span (1-2 days).

2.2 Materials and Methods
2.2.1 Hypoxia Chamber
A Plexiglas hypoxia chamber (see Appendix - Figure A-2) measuring approximately
91.44 cm long x 45.72 cm wide x 30.48 cm tall was constructed to house a maximum of 6 rodent
cages. A ROXY-1 Universal Gas Regulator/Controller (Sable Systems International, Las Vegas,
NV) was used in combination with an oxygen sensor to regulate O2 levels within the chamber by
flushing in compressed N2 gas from a separate tank when required. O2 level in the chamber was
maintained at 11 ± 1% O2. To prevent CO2 levels from accumulating in the chamber, 2 petri
dishes containing aqueous solutions of calcium hydroxide (lime water) were placed within the
chamber but outside of the cages. Calcium hydroxide undergoes a spontaneous reaction with
CO2 to produce H2O. Phenolphthalein, an acid-base indicator, was added to the solutions. A
sufficient build-up of CO2 in liquid H2O forms a weak carbonic acid, causing the otherwise basic
lime water/phenolphthalein to turn white, indicating its capacity to absorb further CO2 is
exhausted. The supply of lime water/ phenolphthalein was replenished each time the mice were
weighed (approximately twice per week) to ensure the supply was not depleted. However, the
lime water/ phenolphthalein was monitored daily and replaced immediately if required.
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2.2.2 Animals
Young adult C57BL/6J SOD2+/- mice (Sod2tm1Leb) were acquired from The Jackson
Laboratory (Bar Harbor, Maine, USA) and housed and cared for in the Animal Research Facility
at Brock University according to institutional and CCAC guidelines. Mice were permitted two
weeks to acclimatise to their new environment in normal atmosphere (normoxia; ~21% O2) after
which male and females were paired for breeding. Females were then separated into individual
cages after insemination and kept in normoxia. Approximately 48 hours after females gave birth
to their litter, half of the dams were randomly selected and transferred into the hypoxia (~11%
O2) chamber and monitored daily. Mouse pups were labelled and weighed between post-natal
day (PND) 7-10, then subsequently weighed twice per week. Tail snips were taken for
genotyping between PND 7-10. DNA from tail snips was isolated and using Cells and Tissue
DNA Isolation Micro Kit (Norgen Biotek – Cat.57300). Components of the Platinum II Taq HotStart DNA Polymerase kit (Thermo-Fisher – Cat. 14966001) were added to each sample, along
with forward and reverse primers for wildtype and SOD2 mutant genes obtained from Sigma
Aldrich (see Appendix A, Table A-1 for primer sequences used). PCR was completed with a
Bio-Rad T100 Thermal Cycler and separated by gel electrophoresis on a 1.5% agarose gel
containing ethidium bromide. All images were taken with ChemiDoc Imaging System
(#17001401, BioRad).
The mice were monitored to assess health and viability. Any mice deemed to be sick
and/or suffering were euthanized according to the facility’s euthanasia protocols. However, pups
were often found to be partially or completely consumed by their mothers in either normoxic or
hypoxic conditions. Adjustments were made to reduce environmental stress on mothers and
dams, such as limiting unnecessary human contact, providing additional bedding in cages, and
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the acclimation, breeding, and subsequent housing of female mice and their pups completely
within the hypoxia chamber.

2.3 Results
2.3.1 Chronic hypoxia did not extend the lifespan of SOD2 KO C57BL6J mouse pups
To test whether hypoxia could extend lifespan of SOD2 KO mice, pregnant dams were
kept in either 11% O2 atmosphere or a normal atmosphere (~20% O2). Litter sizes were recorded
each day to monitor pup survivorship (data not shown). Complications arose with pup mortality
and the genotyping of partially consumed tissue (taken only from scalp when available) revealed
that mothers appeared to target SOD2 KO and SOD2+/- pups more than wildtype pups (data not
shown). However, accuracy regarding the targeting of KO and SOD2+/- pups was limited because
many offspring were consumed completely before samples could be taken for genotyping.
Attempts to reduce offspring mortality by reducing environmental stress were not met with any
substantial success. No SOD2 KO pups survived beyond their typical expiration (1-2 days).

2.3.2 Chronic hypoxia and sex, but not genotype, influence mean body mass of postnatal SOD2+/and wildtype mouse pups
Body mass data were collected from each viable SOD2+/- and wildtype mouse and
standardized to age by calculating mean body mass of individual pups over four-day intervals.
These intervals commenced on (and included) postnatal day (PND) 10, until (and including)
PND 85 (19 intervals; 76 total days). A repeated measures ANOVA was used to determine the
effect of oxygen condition, sex, and genotype on body mass over time. When the statistical
analysis was run examining the effect of age on body mass across all independent variables for
the entire population, within-subjects effects showed several significant interactions. These
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included an interaction between mouse age and oxygen condition on body mass, (F(18,1026) =
2.868, p<0.001); interaction between age and genotype, (F(18,1026) = 2.076, p=0.005);
interaction between age and sex, (F(18,1026) = 57.148, p<0.001); and a 3-way interaction
between age, sex, and oxygen condition on body mass, F(18,1026) = 2.095, p=0.005).
To further determine the influence of sex on body mass across independent variables, the
data set was split by both sex and oxygen condition and a repeated measures ANOVA was run
again. The analysis did not reveal any significant within-subjects main effects or interactions
amongst oxygen condition or genotype on mean body mass female mice (Figure 2A). Males,
however, showed a significant interaction between oxygen condition and age on mean body mass
(F(18,522) = 4.247, p<0.001; Figure 2B), and the interaction between age and genotype
approached significance (F(18,522) = 1.576, p=0.061).
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Figure 2A. Comparison of mean body mass of female mice (pooled genotypes) raised within
hypoxia or normoxia. A repeated measures ANOVA showed no significant interaction between
oxygen condition and age on mean body mass in female mice. T-tests show that there is a
significant body mass difference (p<0.05) between oxygen conditions in early life, however, this
effect is not statistically significant following the first 3 time points Overall, the trend does
appear to follow in a similar manner to that of the male mice (Figure 2B), however the separation
between groups is not enough to conclude that oxygen condition influences mean body mass in
females over time. Asterisks represent significance between groups at a specific time point. ‘*’ =
p<0.05.
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Figure 2B. Comparison of mean body mass of male mice (pooled genotypes) raised within
hypoxia or normoxia. A repeated measures ANOVA showed significant interaction between
oxygen condition and time within male mice (F(18,522) = 4.247, p<0.001). T-tests show that
there is a significant body mass difference (p<0.05) between oxygen conditions at all time points,
with males grown in hypoxia weigh significantly less than normoxia-raised mice. Error bars
show standard error of the mean. Asterisks represent significance between groups at a specific
time point. ‘*’ = p<0.05.

2.4 Discussion
The purpose of this study was to test if hypoxia (11% O2) could prolong the lifespan of
SOD2 KO mice, as had been previously observed in mice with Leigh’s Syndrome and attributed
to reduced ROS production (Jain et al., 2017). Although my efforts to prolong the life span of
SOD2 KO mouse pups were met with no substantial success due to mouse mortality, I was able
to collect body mass data and make comparisons across several independent variables such as
sex, genotype, age, and oxygen condition. The average body mass of male, but not female mice
was significantly reduced in the hypoxia group over time, regardless of genotype (compared to
normoxic controls), indicating a sex-specific effect of hypoxia. In contrast to my results, Jain et
al (2016) found that chronic hypoxia exposure promoted weight gain in their mouse model of
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Leigh’s Syndrome (LS). Although our mouse model of mitochondrial disease (SOD2) was in
many ways different from their model, severe ROS-mediated central nervous system (CNS)
damage is common amongst both mitochondrial diseases and is the most significant contributor
to mortality in either pathology (Nissanka & Moraes, 2018). It is therefore a little curious that
weight loss occurred under chronic hypoxia in our SOD2 mutant animals instead of weight gain.
An intuitive explanation for our mice losing weight in hypoxia could lie in a shift towards
increased glycolytic metabolism. Chronic hypoxia leads to Hypoxia Inducible Factor-1
stabilisation, promoting the upregulation of many glycolytic enzymes (Glucose Transporter 1,
Hexokinase-2, Aldolase-A, Enolase-1, etc.; Shaw, 2008), consequently stimulating cells and
tissues to utilise glucose and macromolecular energy stores to produce adenosine triphosphate
(ATP) in compensation of a reduced net output from oxidative phosphorylation. Glycolysis is
much less efficient at producing ATP than oxidative metabolism, so the resultant, long term shift
towards this metabolism mobilises lipid and protein stores for energy when ingested glucose and
available glycogen stores have been depleted. Maintaining this metabolic state expends much
more macromolecular energy and typically results in substantial weight loss over time as
glycolytic ATP production requires significantly more carbon-sourced metabolism to produce
the same amount of ATP as oxidative phosphorylation. However, we do not have any specific
quantitative evidence (ie. metabolic markers found in blood, protein quantification) to confirm
that this metabolic shift was indeed what prompted weight loss.
Even though SOD2+/- mice display half SOD2 expression to that of wildtype mice, they
are viable and do not show any major observable phenotypic abnormalities (in normoxia; Van
Remmen et al., 1999). We reasoned that as SOD2+/- mice grew older, natural, age-related decline
of antioxidant capacity might be further exacerbated by a lifelong reduction in SOD2, leading to
21

marked weight loss, if not premature death prompted by ROS-mediated tissue damage. However,
our results did not show a significant interaction between SOD2 genotype and age on body mass,
nor a main effect between SOD2 genotype and body mass. Similar to our findings, Van Remmen
and colleagues (1999) regularly measured body mass of both wildtype and SOD2+/- mice
between 4-13 weeks of age and did not find any significant difference in body mass between
groups. Because there is a well-established connection between oxidative stress and many agerelated diseases (ie. cardiovascular and neurodegenerative disease; Liguori et al., 2018; Birben et
al., 2012; Nakamura et al., 2013; Nissanka & Moraes, 2018), it is reasonable to suggest that these
animals were not permitted to age long enough for phenotypic abnormalities to manifest. Mice
are considered ‘middle-aged’ when senescent changes and biomarkers of ageing begin to be
detected (ie. increased prevalence of collagen cross linking and accumulation/activation of
memory T-cells; Fox et al., 2007), which typically occurs between 10-15 months of age (40-65
weeks). Mice reach the ‘old age’ mark at approximately 18 months (72 weeks), when more
ageing biomarkers can be detected (ie. significant nitrotyrosine accumulation; Fox et al., 2007).
The mice in our study were only monitored for less than 3 months (11 weeks) and were therefore
well under the cut-off age for what is considered ‘middle-aged’ or ‘old’ mouse demographics.
The lack of success in this study, though disappointing, may have been produced by an
intrisic problem with the mouse model itself. In a comprehensive review published by Boelsterli
& Hsiao (2008), several murine models in which SOD2 expression had been modified (either
through gene silencing, conditional knockout, or transgenic techniques) have shown that the
pathology associated with this enzymes’ dysfunction (or absence) is greatly influenced by mouse
strain and genetic background. For example, Sod2tm1Cje/Sod2tm1Cje mice generated on a C57BL/6J
mouse background (homozygous complete knockout – most similar to our Sod2tm1Leb C57BL/6J
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mouse model) died in utero after developing the fetal form of dilated cardiomyopathy (Huang et
al., 2001). However, in a different mouse model, Sod2m1BCM/Sod21BCM (SOD2 exons 1 and 2
were deleted), C57BL/6J mice survived 3 weeks after birth. These mice exhibited severe
neurodegeneration, motor disturbances, and enlarged, dilated hearts (Boelsterli & Hsiao, 2008).
Exon 3 – which codes for the polypeptide sequence integral for dimer/tetramer formation and
manganese stabilisation at the enzymes active site – was deleted in a third model
(Sod2m1UCSF/Sod2m1UCSF), rendering SOD2 completely inactive. This model was generated within
CD1 mice and resulted in an average lifespan of 5 days before eventually succumbing to dilated
cardiomyopathy and hepatic steatosis (Boelsterli & Hsiao, 2008). Considering the different
outcomes of mouse longevity in each of these models, the unique genetic make-up of both the
differentially spliced (or absent) SOD2 gene and the mouse strain utilised are likely associated
with the observed pathologies in each study.
Extending this notion of genetic influence on resultant life span, a study published by
Huang and colleagues (2006) further explores the genetic background of the C57BL/6J-SOD2
mouse model. Their work revealed that genetic modifiers exist and influence the extent to which
mitochondria-derived oxidative damage results from SOD2 deletion and/or deficiency. Using
exon-specific PCR analysis among several common strains of mice, this group discovered a
deletion in the nicotinamide nucleotide transhydrogenase (NNT) gene specific only to the
C57BL/6J mouse strain bred by The Jackson Laboratory (Bar Harbor, Maine). NNT is an
important transmembrane protein in the inner mitochondrial membrane which channels the reentry of protons back into the matrix, regenerating NADPH inside the matrix at the expense of
NADH (Ronchi et al., 2008). NADPH is especially important for reducing oxidized thioredoxin2 (Trx2-SS) to Trx2(SH)2 and glutathione disulphide (GSSH) to GSH after peroxide
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detoxification in both mitochondria and cytosol (Boelsterli & Hsiao, 2008). Therefore, defective
NTT may lead to deviations in cellular/mitochondrial redox homeostasis. Some consequences of
absent trans-hydrogenation between NAD and NADP include higher rates of H2O2 release,
spontaneous oxidation of NADPH, and a limited capacity to neutralise organic H2O2. Even
though this information does not directly explain our unsuccessful attempts to rescue SOD2 KO
pups with hypoxia, a mutation in the NNT gene specific to the C57BL/6J mouse strain used in
this study might have contributed to their reduced capacity to handle oxidative stress – even
under chronic hypoxic exposure – than other mouse strains. However, this is purely speculation
as I do not have any quantitative data to confirm or deny these inferences.

2.4.1 Conclusion
In conclusion, although the initial objectives of this study were not met due to
complications, the data collected does provide some insights regarding the interactions between
chronic hypoxia and sex on mean body mass in young mice. Whereas some of the reported
results do not necessarily align with related literature, much of the reported pathology associated
with severe mitochondrial diseases (ie. early death and severe CNS/nervous tissue damage)
occurred as expected. Aside from the data, and as a result of further literature review, it is clear
that further consideration regarding the best suitability of animal model(s) for future experiments
is of highest importance.
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Chapter 3 – Study II: In vitro H2O2 efflux determination in various mitochondrial
disease cell lines grown at 18% and 5% O2
3.1 Overview
3.1.1 Genetic basis of respiratory complex-associated mitochondrial disease
Mitochondrial disease represents a group of inherited metabolic disorders resulting from
mutations in genes which code for the respiratory complex (RC) constituents and their assembly,
and/or genes whose protein products determine mitochondrial structure, maintenance, and
stability (Li et al., 2018). Abnormalities in mitochondria RC constituents involved in oxidative
phosphorylation often arise from mutations in both mitochondrial DNA (mtDNA) and nuclear
DNA (nDNA). The mitochondrial proteome has approximately 1,500 gene products, however,
the mitochondrial genome encodes only 13 essential polypeptides directly involved in oxidative
phosphorylation (Zhu et al., 2009). All other assembly factors and structural subunits are
encoded in nDNA and translocated to mitochondria. For example, Complex I is composed of 46
subunits of which only 7 are derived from mtDNA. In fact, mutations in nuclear-encoded
subunits of Complex I are the most common cause of mitochondrial disease (Zhu et al., 2009).
Additionally, Complex III, IV, and V are also predominantly composed of subunits encoded
from nDNA, whereas Complex II is exclusively encoded by nDNA. Therefore, the importance of
nuclear-encoded subunits in oxidative phosphorylation cannot be understated, and the distinction
between mtDNA and nDNA in each unique instance of mitochondrial disease is especially
important when studying pathology and considering therapeutic avenues.
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3.1.2 Models of mitochondrial disease
Mitochondrial disease pathology will largely vary depending upon affected functional
and structural components of mitochondria and mitochondrial-based metabolism. However, like
all cells, mitochondrial disease pathology is influenced by exogenous factors as well. For
instance, the physiology of cultured cells is directly affected by incubator O2 levels – specifically
in the production of reactive oxygen species (ROS; Maddalena et al., 2017). Hence, it is
reasonable to suggest mitochondrial disease pathology may perhaps manifest in measurable
fluctuations of cellular ROS production in culture. The following literature review is an
introduction to the relevant science concerned with the several cell culture models of disease
used to test said fluctuations of cellular ROS production.

3.1.3 Leigh syndrome
Leigh’s syndrome (LS) is diagnosed in newborns and is characterised by ataxia,
developmental delay, and progressive loss of mental abilities and motor function resulting from
central nervous system damage (Li et al., 2018). A deficiency in Complex I is generally
considered to be responsible for the development of most LS cases worldwide (Lake et al.,
2016). However, approximately one-third of LS cases are attributed to mutations in surfeit locus
protein 1 (SURF1). This protein is an important assembly factor for Complex IV, and the loss of
SURF1 function results in a significant decrease – though not complete loss – of Complex IV in
fibroblasts and muscle tissue taken from human patients and mice (Li et al., 2018). As of 2018,
Li and colleagues (2018) report that over 100 SURF1 sequence mutations have been identified.
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3.1.4 Barth Syndrome
Barth syndrome (BTHS) is and X-linked disease characterised by cardiomyopathy, growth
retardation, and neutropenia in afflicted individuals, and is caused by mutations in the TAZ gene
(Aprikyan & Khuchua, 2013). TAZ encodes the outer mitochondrial acyltransferase, taffazin
(Taz), which is responsible for the last enzymatic step in remodeling immature cardiolipin (CL).
Once remodeled, mature CL is critical to the maintenance of mitochondrial shape and normal
function (Brandner et al., 2005). CL has been shown to stabilize Complex III & IV and assist in
the formation of RC supercomplexes – structural assemblies by which RC enzymes are arranged
together in tight proximity – thereby increasing substrate channeling and significantly increasing
metabolic efficiency (Brandner et al., 2005; Schäfer et al., 2006). In a comparative analysis
between wildtype and Taz-deficient mitochondria, total membrane potential is reduced
approximately 25% in Taz mutants (Schäfer et al., 2006). Their analysis suggests that Taz
activity is critical to providing the bioenergetic surplus demanded by otherwise healthy cells – a
characteristic not adequately met in patients with BTHS.

3.1.5 Superoxide dismutase deficiency/dysfunction
Mutations in genes coding for the SOD family – particularly for SOD2 – present yet
another avenue for cellular dysfunction rooted in mitochondrial ROS mismanagement. Mice
heterozygous for SOD2 (SOD2+/-) express half the amount of SOD2 protein than that of their
wildtype counterparts. Although SOD2+/- mice develop phenotypically normal into adulthood,
SOD2 knockout (SOD-/-) mutants typically die in utero or within hours of birth (Velarde et al.,
2012). Both SOD2+/- and SOD2-/- mouse embryonic fibroblasts (MEFs) endure quite well as
primary cell cultures, thus allowing further investigation of their pathology.
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3.1.6 The plasma membrane redox system and NAD(P)H redox balance in mitochondrial disease
NAD(P)H is a central metabolic co-factor in eukaryotic cells involved in ATP production
pathways such as glycolysis, Kreb’s cycle, and fatty acid oxidation (Srivastava, 2016).
Maintaining balance of cellular NAD(P)+/NAD(P)H ratios is important for normal cellular redox
homeostasis and particularly in the case of mitochondrial disease. Not only do impaired RC
constituents promote ROS production in excess, patients with mitochondrial dysfunction likely
have a shortage in ATP supply resulting in widespread disruption of biochemical pathways
(Srivastava, 2016). However, when mitochondrially-sourced ATP is in short supply, cells are
prompted to shift toward glycolytic ATP catabolism by upregulating glycolytic enzymes, similar
to the effect of chronic hypoxia. Though it is a relatively inefficient long-term solution, this shift
reduces the reliance on a dysfunctional RC and consequently reduces excess ROS production.
Glycolytic ATP production also produces lots of NAD(P)H, causing NAD(P)+ availability to
decline which can become problematic, especially for future glycolytic cycles. For example,
NAD+ is converted to NADH at the conversion of glyceraldehyde 3-phosphate to 1,3biphosphoglycerate step in glycolysis (among several other NAD+ consuming steps), followed
by further NAD+ reduction occurring at multiple points in the Krebs cycle. With this in mind, it
is evident that the maintenance of cellular NAD(P)+/NAD(P)H ratios is especially important to
cellular function in both normal and diseased states.
Fortunately, cells can replenish NAD(P)+ stores through a number of systems. One of such
systems is the plasma membrane redox system (PMRS), which also contributes to cellular
oxidative defense. This system neutralises harmful oxidants by transferring electrons from
NAD(P)H to a variety of different electron acceptors within and around the plasma membrane.
For instance, coenzyme Q (CoQ) can be fully reduced to ubiquinone by NADH-quinone
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oxidoreductase at the expense of NAD(P)H, which then participates in scavenging superoxide or
attenuating lipid peroxidation (Hyun, 2006). The NOX family is associated with the PMRS and
the flux of NAD(P)+/NAD(P)H ratios (Bedard & Krause, 2007). Because NOXs directly
produce superoxide or H2O2 at the expense of NAD(P)H, NAD(P)+ liberation must be high
priority for cells to deliberately produce ROS, though the stoichiometric trade-off between NOXderived ROS production and subsequent PMRS neutralisation is currently unclear.

3.1.6 Purpose
The purpose of this study was to measure and compare H2O2 produced by a variety of
mitochondrially diseased cell lines to normal controls which were grown in either normoxic
(18% O2) or physioxic (5% O2) culture conditions. This study also sought to determine the ROS
contributions of NOX isoforms 1 and 4 in both O2 conditions and for each cell line.

3.1.7 Hypotheses
It was hypothesized that:
(1) Mitochondrially diseased cell lines would produce more ROS (H2O2) than their
wildtype control counterparts, and the elevated ROS produced by these mito-disease
cells would only be present in normoxia whereas significantly suppressed when
grown and assayed in physioxia.
(2) NOX isoforms 1 and 4 would be primarily responsible for the observed increase in
cellular ROS production within normoxia.
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3.2 Materials and Methods
3.2.1 Cell Culture
Dulbecco's Modified Eagle Medium (DMEM) high glucose (4500 mg/L) containing Lglutamine, sodium pyruvate and sodium bicarbonate (Cat. #D6429), fetal bovine serum (Cat.
#F1051), non-essential amino acids, penicillin/streptomycin solution, H2O2, horseradish
peroxidase (type X; Cat. #P6140) were obtained from Sigma-Aldrich (St. Louis, MO). Amplex
Red reagent (10-acetyl-3,7-dihydroxyphenoxazine; Item 10010469) and GKT137831 (Item
#17764) were purchased from Cayman Chemical Company (Ann Arbor, MI). Dimethylsufoxide
(DMSO), HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) were obtained from
BioShop (Burlington, ON, Canada). Primary SOD2 (wildtype, knockout, and heterozygous)
mouse embryonic fibroblasts were established from our mouse colony at Brock University, St.
Catharines. Human primary fibroblast culture from patients diagnosed with mitochondrial
disease or normal control individuals (see Table 3.1) were received from Campus University
Hospital, Ghent, Belgium. Taz-knockout and paired taz-wildtype C2C12 myoblasts were
obtained from Wayne State University, Michigan, USA.
All cell lines were cultured in high glucose (25 mM) DMEM containing 10% fetal bovine
serum, 4 mM glutamine, pyruvate, NaHCO3, 2x non-essential amino acids, and
penicillin/streptomycin solution. Krebs-Ringer buffer (KRB) used for H2O2-determination assays
consisted of 135 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0.4 mM K2HPO4, 20 mM HEPES, 5.5
mM glucose supplemented with 10% fetal bovine serum. All cells were cultured within a
humidified 370C, 5% CO2 incubator set to either 18% (normoxia) or 5% (physioxia) O2.
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Table 3.1. Patient-derived mitochondrial disease cell lines. These fibroblasts were biopsied
from human female patients with mutations in their nDNA or mtDNA. The perceived oxphos
defect, causal gene mutation, and confirmed (or likely) disease phenotype are listed for each cell
line.
Cell #

Oxphos
Defect

Causal Gene Mutation

F99-038

complex IV

SURF-1
Leigh Syndrome
homozygous c.312_321del insAT

F07-356

complex IV

SURF1 312_321del311_312insAT

Leigh Syndrome

F15-183

complex IV

SURF-1 stopcodon in exon 3
caused by A duplication

Leigh Syndrome

F11-404

complexes
I&II

IBA57 homozygous c.941A>C

Leigh Syndrome / Ironsulphur cluster assembly
dysfunction

F17-228

none detected m.14674T>C , tRNAGlu
homoplasmic

Likely Reversible Infantile
Cytochrome C Oxidase
Deficiency

F17-123

-

-

mito healthy (control)

Clinical Significance

3.2.2 Cellular H2O2 Efflux Measurements with NOX Inhibitor GKT
Cellular H2O2 efflux was measured using Amplex Red reagent (10-acetyl-3,7dihydroxyphenoxazine). Thirty-thousand cells were seeded into each well of 6-well culture
plates 72 hours prior to measurements and placed in either 18% or 5% O2 incubators. KRB
media to be used during the experiment was pre-conditioned overnight in either 18% or 5% O2
incubators. Before adding reaction components, culture media was removed, and cells washed
once with pre-conditioned KRB. 50 mM Amplex Red reagent and 0.1 units/mL horseradish
peroxidase were added to pre-conditioned KRB and inverted gently to mix components evenly.
This reaction mixture was then separated into two individual conical tubes per O2 condition, and
5 µM GKT or DMSO was added to one tube or the other. Conical tubes were again gently
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inverted to thoroughly mix reaction components. Experimental wells of the 6-well culture plate
were then covered in 1mL of mixed KRB buffer containing GKT, and control wells covered in
1mL mixed KRB buffer containing DMSO. Standard curves for H2O2 ranging from 0.5 µM - 3
µM were created for each O2 condition, and in each individual experiment to allow for
interpolation of H2O2 concentration in KRB buffer which bathed cells in each well. After 2
hours, a small volume of KRB buffer was collected, transferred to a microplate, and resorufin
fluorescence measured using a Cary Eclipse fluorescence spectrophotometer, with excitation and
emission wavelengths of 535nm and 595nm respectively. Cells were then unbound from their
plate with trypsin-EDTA solution, collected, and counted with the aid of a hemocytometer. H2O2
efflux rates (µmol/h) were standardized to cell number (106 cells-1). This experimental procedure
was previously described by Maddalena et al. (2017) and was modified for addition of GKT
inhibitor and vehicle control, DMSO.

3.2.3 Statistical Analyses
Data were collected from several independent experiments and expressed as mean ±
standard error of the mean (SEM). Where groups were compared and tested for significant
differences, two-tailed independent samples T-tests were used (Microsoft Excel 2016). Where
applicable and appropriate, asterisks were used to indicate the level of significance between
comparisons (‘*’ = p-value < 0.05; ‘**’ = p-value < 0.01; ‘***’ = p-value < 0.001).
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3.3 Results
3.3.1 Incubator oxygen levels affect H2O2 efflux rates in cell culture models of mitochondrial
disease, but results are mixed when compared to their respective controls
Patient-derived mitochondrial disease cell lines as well as several cell lines derived from
mouse models of mitochondrial disease (and their wildtype controls) were grown in culture
incubators at 18% and 5% O2, and their H2O2 production was measured. In agreement with
published literature (Maddalena et al., 2017) and using similar experimental conditions and
technique, independent samples t-tests showed H2O2 production was higher at 18% O2 than at
5% in all cell lines tested (Figure 3A, 3B-i, 3C).
Although it is commonly stated that mitochondrial disease is associated with increased
cellular ROS production, in comparing H2O2 efflux from mito-diseased human fibroblast cells to
their respective wildtype controls, independent samples t-tests reported that only mito183
produced significantly more H2O2 than mito123 (mito-healthy control; p=0.022) when assayed at
18% O2, but not at 5% O2 (Figure 3A). H2O2 production by the other mito-disease fibroblast
lines were not significantly different than the mito-healthy control at either 18% or 5% O2. Taz
KO C2C12 myoblasts produced significantly more H2O2 than wildtype C2C12 controls assayed
at both 18% (p=0.019) and 5% O2 (p<0.001; Figure 3B-ii). The SOD2 MEF cells produced
mixed results in comparison to the wildtype control. SOD2+/- MEFs produced significantly less
H2O2 than SOD2 wildtype controls when assayed at 18% (p=0.036), but not at 5% O2 (Figure
3E). SOD2 KO MEFs did not produce H2O2 in significantly different quantities compared to
SOD2 wildtype cells in either O2 condition.
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Mean µM H2O2/10^6 cells/hr

#

0.85
0.80
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0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

*

mito123

mito183

mito038

H2O2 output Means 5% O2

mito356

mito228

mito404

H2O2 output Means 18%O2

Figure 3A. Cellular H2O2 production rates in mito-healthy and mito-diseased human
fibroblast cultures at 18% and 5% O2. Cellular H2O2 efflux rates were measured in mitohealthy mito123, and mito-diseased mito183, mito038, mito356, mito228, mito404 female
human fibroblasts at high (18% O2) and low (5% O2) culture incubator oxygen levels.
Independent samples T-tests show H2O2 was found to be significantly higher at 18% O2 in all
cell lines tested except for mito356. Asterisks indicate significance of H2O2 efflux differences
between 5% and 18% O2 for each individual cell line (‘*’ = p-value < 0.05; ‘**’ = p-value <
0.01. n=6 for all cell lines). Independent samples t-tests also reported that only mito183 produced
significantly more H2O2 than mito123 (mito-healthy control; p=0.022) when assayed at 18% O2,
but not at 5% O2. Number signs indicate significance of H2O2 efflux difference between mitodisease cell line and wildtype control (‘#’ = p-value < 0.05, ‘##’ = p-value < 0.01) Error bars
show standard error of the mean.
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*

0.35
0.3
0.25
0.2

***

0.15
0.1
0.05
0
C2C12 Wt

ii)
Mean µM H2O2/10^6 cells/hr
relative to Wildtype

Mean µM H2O2/10^6 cells/hr

i) 0.4

C2C12 Taz KO

H2O2 output Means 5% O2
H2O2 output Means 18% O2

7.0
6.5
6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

###

#

C2C12
WT

C2C12
Taz KO
5% O2

C2C12
WT

C2C12
Taz KO

18% O2

Figure 3B. Cellular H2O2 production in C2C12 wildtype and Taz knockout cultures
incubated at 18% and 5% O2. i) Cellular H2O2 efflux rates were measured using Amplex
Red/HRP in C2C12 wildtype and Taz KO cell cultures grown in either 18% or 5% O2.
Independent samples T-tests show a significant increase in H2O2 production at 18% O2 compared
to 5% for both wildtype (p<0.001) and Taz KO (p<0.05) cells. Taz KO cultures also produce
significantly more H2O2 than wildtype cells at both 18% (p<0.01) and 5% O2 (p<0.01). Asterisks
represent levels of significant differences between compared groups. ‘*’ = p-value < 0.05; ‘***’
= p-value < 0.001. n=6 for all cell lines. Error bars show standard error of the mean. ii)
Independent samples t-test of mean H2O2 production report Taz KO cells produce significantly
more H2O2 relative to C2C12 wildtype in both O2 conditions. Number signs indicate significance
of H2O2 efflux difference between Taz KO cell line and wildtype control (‘#’ = p-value < 0.05,
‘##’ = p-value < 0.01, ### = p-value <0.001). Error bars show standard error of the mean.

3.3.2 NOX isoforms do not appear to significantly contribute to elevated H2O2 levels at 18% or
5% O2
To better understand the source(s) of elevated H2O2 production in both normal and
mitochondrially-diseased cell lines, we repeated the experiments, but included NADPH oxidase
(NOX) inhibitor, GKT-137831 (GKT). GKT is highly specific for NOX isoforms 1 and 4, both
of which are sensitive to fluxes in O2 levels from 5 to 18% (Altenhöfer et al., 2014). The results
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of GKT inhibition showed a widely varied effect on H2O2 efflux rates measured in several of the
mitochondrially diseased cell lines we tested (Fig. 3B, 3D, 3E). As expected and previously
reported, most of the assayed cell lines exhibited a significant (p<0.05) increase in production of
H2O2 at 18% O2 than at 5%. Curiously, SOD2 MEFs showed no significant difference in H2O2
production measured between O2 conditions. However, GKT did not appear to significantly
inhibit the contribution of H2O2 production by NOX isoforms in any of the cell lines tested here
compared to vehicle control in either O2 condition (Fig. 3C, 3D, 3E). Thus, it is reasonable to
state that NOX isoforms do not appear to significantly contribute to the excess H2O2 measured in
the mitochondrially-impaired and control cells at 18% O2.

Figure 3C. Cellular H2O2 production rates in mito-healthy and mito-diseased human
fibroblasts cultures incubated with GKT (5µM) or vehicle control (DMSO) at 18% and 5%
O2. Cellular H2O2 efflux rates were measured in mito-healthy and several mito-diseased cell
lines at either 18% or 5% O2. Independent samples T-tests show no significant inhibition of H2O2
production by GKT in either O2 condition, however, all tested cell lines in this experiment
produced significantly less (p<0.05) H2O2 at 5% O2 than at 18% O2 in both control and GKTinhibited conditions. Error bars show standard error of the mean.
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0.35

Mean µM H2O2/10^6 cells/hr

0.30
0.25
0.20
0.15
0.10
0.05
0.00
18% DMSO

18% GKT
C2C12 Wt

5% DMSO

5% GKT

C2C12 Taz KO

Figure 3D. Cellular H2O2 production in C2C12 wildtype and Taz knockout cultures
incubated with GKT or vehicle control (DMSO) at 18% and 5% O2. Cellular H2O2 efflux
rates were measured in C2C12 wildtype and Taz KO cell cultures at 18% and 5% O2 in the
presence of NOX inhibitor, GKT. Independent samples T-tests report a significant difference in
both cellular H2O2 efflux between genotypes (p<0.01), and between oxygen conditions (p<0.01)
as previously reported in Figure 3B, but no significant inhibitory effect of GKT on NOX-derived
H2O2 efflux for either genotype or oxygen condition. Error bars show standard error of the mean.
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Figure 3E. Cellular H2O2 production in primary Mouse Embryonic Fibroblast (MEF)
cultures incubated with GKT or vehicle control (DMSO) at 18% O2 or 5% O2. Cellular
H2O2 efflux rates were measured in MEFs heterozygous, knockout (KO), or wildtype for SOD2
in the presence of GKT at 18% O2 and 5% O2. For all genotypes, independent samples T-tests
showed no significant inhibition of H2O2 production by GKT in either O2 condition, nor was
there a significant reported effect of O2 condition on H2O2 production. T-tests also showed
SOD2+/- MEFs produced significantly less H2O2 than SOD2 wildtype controls (p=0.036) when
assayed at 18%, but not at 5% O2. No other significant differences of H2O2 output between mitodisease cell lines wildtype controls were reported in either O2 condition. Number signs indicate
significance of H2O2 efflux difference between mitodisease cell line and wildtype control (‘#’ =
p-value < 0.05, ‘##’ = p-value < 0.01). Error bars show standard error of the mean.

3.4 Discussion
One of the objectives of this study was to quantify the production of H2O2 by different
mitochondrially-diseased cell lines and compare it to healthy controls when grown (and assayed)
under normoxic (18% O2) or physioxic (5% O2) conditions. In these experiments, we employed a
previously described method of measuring cellular H2O2 efflux (Maddalena et al., 2017) and
applied it to several different mitochondrial disease cell lines. Apart from the MEF cultures
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(including all SOD2 genotypes), all cell lines reported a significant increase in H2O2 efflux when
grown and assayed in normoxia versus physioxia. These data are very much in line with similar
trends amongst several common mammalian cells lines used in published literature (Maddalena
et al., 2017).
When comparing the data between diseased cells lines and their respective controls, it
was peculiar to find that H2O2 produced by cells with mitochondrial disease often did not
significantly differ to H2O2 produced by their respective healthy control cells at 18% O2. Of the 5
mito-disease human fibroblast lines, the H2O2 output of only a single cell line (mito183)
significantly differed from the mito123 control when grown at 18% O2. Though the lack of
significant difference in H2O2 output between all diseased human fibroblasts and the healthy
control at 5% O2 was expected, we had hypothesized that most, if not all diseased cell lines
would produce more H2O2 at 18% O2. Mito038, mito356, and mito183 cell lines all contain
mutations in their SURF-1 gene, however, only the mutation yielding a stop codon in exon 3
(caused by an adenine duplication) reported in mito183 resulted in a significant measurable
change in H2O2 output compared to the control. Given that all human fibroblast lines were
biopsied from individuals diagnosed with mitochondrial disease, it is curious to speculate if these
patients exhibited major phenotypic variations as a result of their respective individual
mutations. Particularly, did the 3 patients with different SURF-1 sequence mutations (which
most often clinically manifests as Leigh’s syndrome) show a range of severity in their shared
symptoms? Or, did these patients show different symptoms all together? Unfortunately, we are
limited to speculation because we are not privy to these patients’ medical records regarding their
diagnoses. Even though I was unable to locate exact cases with completely identical sequence
mutation profiles as the mito-disease fibroblasts we used, there are some very close similarities.
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The literature reports that the nature of the mutations reported in mito038, mito356, and mito183
most likely lead to a truncated SURF-1 protein, resulting in a severe deficiency of functional
Complex IV (Kleist-Retzow et al., 2001; Péquignot et al., 2001). However, Péquignot and
colleagues (2001) report that many of these splice-site variants are directly correlated with the
severity of the illness and the level of Complex IV deficiency. For instance, 2 patients in their
study each suffered from the 312_321del311_312insAT mutation (same mutation reported in
mito356) in conjunction with an additional (and patient specific) mutation. However, both
patients had very different life spans and initial onset of LS. The onset of LS in Patient 1
occurred 9 months after birth and this individual lived to the age 4 with moderate to severe
symptoms, whereas LS onset in Patient 2 occurred 36 months after birth and this individual lived
to the age of 12 with moderate symptoms. I was unable to locate recorded cases similar to
mito038 and mito183 mutations, however, it is obvious that not all mutations in SURF-1
manifest in the same result, and this might translate to the differences I have observed in H2O2
production in cell culture. Since there are over 100 known mutations in the human SURF-1 gene
(Li et al., 2018), it is apparent that the symptom(s) and severity of each afflicted individual (and
biopsied fibroblasts maintained in culture) likely manifest on a case-by-case basis, and what is
characterised on cellular level (ie H2O2 efflux) in one instance likely cannot be applied for all.
The comparisons of H2O2 efflux between wildtype control and mitochondrial diseased
primary MEF cultures measured here do not align with the major hypothesis in this study. In this
model it was thought that the amount of SOD2 protein would be inversely correlated with ROS
production in culture, with wildtype cells expressing the most SOD2 and producing the least
amount of H2O2 compared to SOD2+/- and KO. An obvious limitation regarding this proposal is
the amount of SOD2 protein expressed by each genotype was not quantified in these
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experiments. It is challenging to provide a logical explanation as to not only why wildtype cells
have produced more H2O2 than SOD2+/- and KO cells in this study, but also as to why H2O2
output from all these cells are roughly equal between both O2 culture conditions. Considering the
SOD2 KO phenotype is lethal in mice due to significant ROS-mediated damage, it is odd that
SOD2 KO MEFs produced less H2O2 compared to wild type cells in either O2 culture condition.
This oddity is further compounded by previous reports that MEFs have been shown to exhibit an
increase in H2O2 efflux when grown and assayed in 18% O2 versus at 5% O2 using the same
assaying method (Maddalena et al., 2017). However, as reviewed above, the lethality of the
SOD2 KO phenotype is caused by major macromolecular damage, and it is possible that
significant damage to mitochondria may cause dissipation of the electrochemical gradient and
reduction of cellular reliance on oxidative phosphorylation. This may perhaps manifest in a more
limited production of H2O2 than was expected in this model.
Looking to additional literature for more answers, Keeley & Mann (2019) have reviewed
some interesting results regarding fibroblasts derived from both mouse tail and embryo grown in
conditions with different O2 levels. They report that mouse fibroblasts obtained from common
lab strains are especially sensitive to high levels of O2. Fibroblasts maintained at low O2 (3-5%)
exhibited much less chromosomal instability and senescence, however, senescence was rapidly
induced when subsequently exposed to 20% O2. Furthermore, mouse-derived fibroblasts taken
from laboratory strains (including C57BL/6 mice) apparently respond differently to O2 levels
than fibroblasts taken from wild-caught animals of the same species, as these effects were not
reported in wild-caught cultured fibroblasts when they underwent the same protocol (Patrick et
al., 2016). A proposed hypothesis from these authors for the observed differences in senescent
behaviour considers the telomere biology unique to laboratory mice. Laboratory mouse strains
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have evolved much longer telomeres (~100 kb) compared to those of wild mice (10-30 kb).
Telomeric sequence mutations from oxidative stress are repaired more slowly than the rest of the
genome (Patrick et al., 2016), and these authors speculate that the longer telomeres of laboratory
mouse fibroblasts act as a sink for oxidative damage in culture conditions, resulting in an
increased, telomeric-driven replicative senescence phenotype compared to wild-caught mouse
fibroblasts. In support of this hypothesis, additional results regarding rat fibroblasts presented in
the same study have shown that laboratory strains did not exhibit longer telomeres than their
wild-caught rat counterparts, and subsequently did not differ in their sensitivity to culture
incubator O2 (Patrick et al., 2016). Although this information does not exactly explain nor
discredit our findings, it reinforces the idea that laboratory-derived mouse fibroblasts (like those
used in our study) have been shown to be susceptible to the damaging effects of O2 (as shown in
Maddalena et al., 2017), even though our data do not clearly show this trend. Therefore, I believe
it reasonable to assert that some experimental artefact may be present in this particular study as
these results do not align with findings reported in existing, similar published literature.
Lastly, the C2C12 Taz mouse myoblasts tested in this study provide additional findings
of considerable consequence. As expected, Taz KO myoblasts produced much more H2O2 than
their wildtype counterparts in normoxic conditions. However, Taz KO cells also produced
significantly more H2O2 than wildtype in physioxic conditions. As was the hypothesis for all
mito-disease cell lines tested in this study, we expected that a reduction in ambient O2 would
reduce Taz KO H2O2 output to similar outputs of wildtype cells. However, the difference
between these cells was more pronounced in physioxia than in normoxia, which is curious.
Possible explanations for these observations might be caused by hindered HIF-1α signaling
within hypoxia as a direct consequence of defective cardiolipin remodeling characteristic of Taz
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KO cells. If the activation of hypoxic signaling pathways is limited in Taz-deficient cells, their
ability to adapt to low O2 accordingly would be severely, if not completely hindered, and would
most likely manifest in increased ROS production and cell death. Examining current published
work which explores Taz’s role in hypoxic signaling under different O2 environments may
provide some insight to our results.
Chowdhury and colleagues (2018) found that HIF-1α protein expression was
significantly reduced in Taz KO MEF cells cultured in hypoxia (1% O2) compared to wildtype,
even after 24-hours of incubation. Consequently, they found that expression levels of the
hypoxia-specific isoforms of Complex IV subunits, COX4-2 and COX 7-1 – whose expression is
under the direct control of dimerized HIF-1 – were drastically reduced. They then questioned
whether reduced HIF-1α protein detection might be caused by increased prolyl hydroxylase
(PHD)/proteasome activity. However, when they employed several PHD and proteasome
inhibitors, HIF-1α expression dramatically increased in wildtype cells, but expression within Taz
KO cells remained significantly lower. Failing to identify any post-translational regulation of
HIF-1α in Taz KO cells, they addressed HIF-1α transcriptional expression by comparing mRNA
levels with qPCR. Kinetic increases of HIF-1α mRNA were found in wildtype MEFs in response
to decreasing O2, while mRNA remained at basal levels in the absence of Taz. Working
backwards with several experiments, they determined that nuclear translocation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF- κB) from the cytosol – which directly
controls expression of HIF-1α – did not occur in Taz KO cells. This is a key finding because
ROS are one of the most significant activators of NF-κB at both plasma membrane (Schreck,
Rieber, & Baeuerle, 1991) and intracellularly (Morgan & Liu, 2011). Using flow cytometry and
MitoSOX-Red fluorogenic dye, Chowdhury and colleagues (2018) assessed superoxide anion
43

production in Taz KO and wildtype MEF cells in 1% O2 (hypoxia) and 20% O2 (normoxia).
MitoSOX-Red accumulates in the mitochondria due to its positive charge and is rapidly oxidized
by superoxide. However, MitoSOX-Red may also be oxidized by other ROS/RNS from both
mitochondrial and intracellular sources. This detection method therefore represents a broad
ROS/RNS detection tool and can provide a means to quantify intracellular oxidative stress in
vitro.
Although these authors used different methods than employed here, their work provides
some interesting insight to the relationships between Taz, ROS, and hypoxic signaling at the subcellular level – a facet in which our study does not directly address. In contrast to our results,
they found that wildtype MEF cells produced significantly more superoxide in hypoxic
conditions, however, hypoxia-induced superoxide production was approximately halved in Taz
KO MEF cells. These results were further replicated in isolated mitochondria from these cells as
well. It is not only odd that their results show both genotypes produce more ROS in hypoxia, but
also that Taz KO cells produced significantly less ROS than wildtype MEFs in either conditions.
Though these results oppose ours, Chowdhury’s group assayed Taz KO MEFs while our study
used Taz KO C2C12 cells. The observed differences could simply be a matter intrinsic
differences between C2C12 myoblasts and MEFs, however, our MEF H2O2 efflux data followed
no discernable nor seemingly logical trend, though published data reports otherwise (Maddalena
et al., 2017). Although the SOD2 MEFs we tested did have an intact Taz gene, it is possible
MEFs with different mitochondrial disease do not activate the hypoxic response pathway in the
same manner.
Our study’s second objective was to determine the ROS contributions of NOX 1 and 4
for select cell lines grown in normoxic and physioxic conditions. Because NADPH oxidases
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(NOXs) are the only enzymes which serve the sole purpose of producing ROS (Bedard &
Krause, 2007) and their activity is sensitive to changes in O2, we hypothesized that several
prominent NOX isoforms might be the source of elevated ROS production in cultures grown in
an environment with O2 levels much higher than typically physiological. To measure the total
ROS contributions of NOX isoforms 1 & 4, the compound GKT was employed to inhibit these
enzymes in order to quantify the differences in H2O2 output in each experimental group
compared to controls. It was expected that GKT would inhibit NOX activity and thus a
significant portion of the H2O2 produced in cultures grown and assayed in normoxia, therefore
reducing H2O2 levels closer to that of those reported in physioxia. Unfortunately, our attempts to
discern the source of elevated H2O2 in normoxia were indeterminate. In contrast it was not
surprising to find that GKT did not have a significant effect on reducing H2O2 production
compared to vehicle controls under physioxic conditions for any of the cell lines tested because
ROS produced by NOXs are O2-dependent in some cases. These findings are in line with our
hypotheses because the available O2 to cultures grown at 5% is more akin to the range of O2
many of these cells would typically experience in vivo (Keeley & Mann, 2019). However,
because our assays did not report any significant GKT-mediated NOX inhibition in cells grown
in normoxia, it is dubious to conclude that these cellular H2O2 efflux measurements made in
physioxia are truly physiologically relevant.
Although reported results of GKT-NOX inhibition on H2O2 efflux seemingly discredits
NOX isoforms 1 and 4 as significant sources of ROS in the cell lines and O2 conditions tested,
supplementary methods for measuring NOX-specific activity could have been employed to
double-check and provide clarity to NOX activity. For example, the lucigenin-enhanced
chemiluminescence assay is frequently selected to detect superoxide in cells and tissues (Paige
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Davis Volk & Moreland, 2014). Whereas this assay would only be relevant for general
superoxide production and production by NOX1 in the context of this study, if combined with
NOX1 protein quantification, these experiments could have provided further insight into whether
NOX1 is upregulated and/or only changes its activity when incubated at different levels of
oxygen. This assay, of course, would need to be run in conjunction with NOX inhibition (via
GKT) to separate the ROS contributions of NOX from other sources.
It should be mentioned that the use of this assay is not without its controversy regarding
accuracy in some cases. Lucigenin is subject to redox cycling where it can directly produce
superoxide in the presence of cellular reductases (Paige Davis Volk & Moreland, 2014).
However, lucigenin’s validity as a superoxide detecting probe in several enzymatic systems
capable of producing superoxide (ie. xanthine oxidase/xanthine; lipoamide
dehydrogenase/NADH; isolated mitochondria; mitochondria within intact cells, etc) has been
tested. Li and colleagues (1998) found marked lucigenin-derived chemiluminescence in all
systems tested between the 1-5 µM range, which was far below the reported concentration of
lucigenin required to simulate additional superoxide production or O2 consumption (100+ µM).
Thus, it is reasonable to speculate that completion of additional experiments using another assay
might have provided some clarity regarding our results of NOX contributions to ROS formation
in normoxia and physioxia conditions.

3.4.1 Limitations of ROS measurements taken with Amplex Red Assay
There are some valid limitations regarding the efficacy of measuring cellular ROS
production from some cell lines in vitro with the amplex red (AR)/horseradish peroxidase (HRP)
assay. In the presence of peroxynitrite (or radical(s) induced by peroxynitrite), HRP has been
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found to catalyse the conversion of AR to resorufin at a faster rate than H2O2 (Zhang, Dai, &
Yuan, 2018). These observations are critical to consider because, depending upon the mitodisease pathology under observation, more or less peroxynitrite and electron donors may be
available to react with HRP. Since the AR/HRP assay does not discriminate between H2O2 and
these additional ROS, it is justifiable to utilise additional methods to monitor peroxynitrite (ex.
boronates) and GSH levels both extra- and intracellularly (ex. fluorescent protein-based
recombinant probes).
AR/HRP is one of the best available methods for measuring extracellular H2O2, however,
no available assay (AR/HRP included) can readily detect ROS released directly into the
mitochondrial matrix (Drose & Brandt, 2012). This lack of ROS detection in the matrix is
significant because sites such the outer quinine-binding site in complex III generates superoxide
near equally to each side of the mitochondrial inner membrane (Wong, Benoit, & Brand, 2019).
Additionally, reverse electron transport can generate superoxide/H2O2 strictly into the
mitochondrial matrix via the quinone binding site in complex I. Therefore, a potentially
significant proportion of ROS is released into the matrix where it may be scavenged by
glutathione peroxidase (GpX)/glutathione (GSH) and peroxiredoxin (PRDX)/thioredoxin (TXN)
systems and is therefore not reported by the AR/HRP assay within intact mitochondria.
However, proton leak and subsequent superoxide/ H2O2 formation is typically exacerbated in
mitochondrial disease, where ROS are more likely to evade capture by the major antioxidant
systems both inside mitochondria and within the cytosol. Although we do not have data to
directly support these speculations, the extent to which mitochondrial integrity is compromised
in different mitochondrial diseases could promote more-or-less ROS into the matrix where it
may become unmeasurable with current assay methods. For instance, considering a disease such
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as Barth Syndrome, the lack of mature cardiolipin (CL) drastically reduces mitochondrial inner
membrane integrity (Raval and Kamp, 2014). Reduced membrane integrity not only results in
the disruption of efficient electron flow between respiratory chain (RC) constituents, leading to
exacerbated ROS production, but may also allow leakage of ROS into the intermembrane space
and eventually outside the cell, instead of typically being released into the matrix and neutralised
in mito-healthy cells. In this situation, cells with Barth Syndrome would exhibit measurable
increases in H2O2 detected by ARR versus other models of mitochondrial disease which maintain
membrane integrity more akin to mito-healthy cells. In any case, it is important to keep the
intrinsic pathology of each mitochondrial disease in mind if using ARR to compare ROS
production between different mitochondrial diseases. Furthermore, ROS measurements of
isolated mitochondria taken from each mitochondrial disease cell line would provide a means to
discern and compare mitochondrial ROS production from other major cellular sources.

3.4.2 Future Directions
Exploring other major oxygen-sensitive ROS contributors is a potential avenue for future
projects. The nitric oxide synthase (NOS) family normally produce nitric oxide (NO) and Lcitrulline from L-arginine and O2 using a number of co-factors including NADPH (Roe & Ren,
2012). Increasing oxidative stress can cause oxidation of the critical co-factor BH4 (forming
BH2), destabilising NOS and prompting uncoupling. In this state NOS loses its ability to
metabolise L-arginine, however, it continues to remove an electron from NADPH, donating it to
molecular O2 and creating superoxide instead of NO. NOS uncoupling further exacerbates
oxidative stress via increased cellular superoxide production, thereby increasing detectable H2O2
levels by our ARR assay when superoxide is dismutated. What makes NOS particularly
interesting in the context of our study is that a broad range of published Km (O2) values of two
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distinct NOS isoforms (neural NOS and inducible NOS) extend further outside the range of 518% O2 conditions used in this study (Rengasamy & Johns, 1996; Stuart et al., 2018), and are
therefore very likely to actively produce ROS when subjected to these O2 conditions.
The broad-spectrum NOS inhibitor L-NAME has previously been used in conjunction
with the ARR assay to examine its ROS contributions at different O2 levels (Maddalena et al.,
2017). However, in that study, L-NAME appeared to have no effects on H2O2 production at 5%
or 18% O2. These results are curious given reports of increased oxidative stress at higher O2
concentrations caused in part by upregulated NOX activity (Maddalena et al., 2017), creating
conditions likely to prompt NOS uncoupling. However, since L-NAME is an L-arginine
analogue and oxidative stress can prohibit NOS catabolism of L-arginine, NOS inhibition via LNAME might be an ineffective choice. Instead, allosteric inhibiton of NOS (such as iNOSspecific inhibitory compounds outlined in McMillan et al., 2000) may provide a better means of
examining NOS activity. In any case, it would be worthwhile to further assess the ROS
contributions of the NOS enzyme family in vitro using a variety of commercially available NOS
inhibitors.
An additional consideration for physiological relevance of H2O2 output measurements
taken in these experiments is the amount of available glucose in culture and assay media. All
cells in this study were cultured and grown in high-glucose DMEM medium that was later
replaced by KRB buffer (including reaction components) when conducting the ARR assay.
Although it is considered a limited medium compared to DMEM, KRB still contains a large
amount of solubilised glucose (10 mM). As we have primarily been concerned with creating an
environment closer to physiological O2 in culture, we may have overlooked the physiological
relevance of medium composition and its effect on ROS production. For instance, standard, high49

glucose DMEM contains 25 mM glucose which is approximately 5-times higher than normal
blood plasma in healthy humans (Fonseca et al., 2018). I have previously discussed the shift
from oxidative phosphorylation to glycolytic metabolism in cells/organisms grown in hypoxia as
a result of upregulation of specific genes targeted by the hypoxic-response pathway. Evidence
also suggests that some cell types grown in low glucose (5 mM) medium begin to utilise
significantly more O2 for oxidative phosphorylation, especially after 48 hours when available
glucose stores are presumably used up or in very limited supply (Maddalena et al., 2017). Given
the dramatic shift from glycolytic to O2 metabolism, it is curious to speculate if mitochondrial
ROS production was limited during the 2-hour assay incubation because glucose was
preferentially utilised over oxidative phosphorylation, especially in mito-disease cells with a
defective mitochondrial RC. If we had used 5 mM glucose (or even less ie. 1 mM) instead of the
10 mM (in KRB) cells experienced during the H2O2 efflux assay, the lack of available glucose
may have prompted a larger reliance on O2 metabolism which very well could have exacerbated
H2O2 production in mito-disease cells relative to wildtype controls. It would also be worthwhile
to measure the ROS contributions of NOX in very low glucose conditions considering its role in
the PMRS and NAD(P)+/NAD(P)H balance during the shift between glycolytic and O2
metabolism.

3.4.3 Conclusion
In conclusion, we discovered that most of the many different models of mitochondrial
disease assayed in this study do indeed produce more ROS within standard culture incubator O2
levels (normoxia) than at physiological O2 levels, following the same trend as several commonly
used mammalian cells lines. However, when comparing mito-disease cellular ROS production to
that of their respective controls, we have seen mixed results in both O2 conditions among the
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many cell lines used. When we tried to identify the source of this observed elevated ROS
production, it was unfortunate that we were not able to attribute it to NOX1 & 4 in any of the
assayed cell lines, even though published literature (Maddalena et al., 2017) certainly supports
their involvement.
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Chapter 4 – Study III: Activity and post-translational modification of SERCA in
skeletal fast- and slow-twitch muscle tissue of SOD2 hemizygote and wildtype
female mice
4.1 Overview
4.1.1 Differences between SERCA isoforms and their distribution in fast and slow twitch skeletal
muscle
Two SERCA isoforms, SERCA1a and SERCA2a are expressed in mammalian skeletal
muscle and their relative prevalence is dependent upon muscle type and function. In general,
skeletal muscles are composed of slow-twitch type I fibres and fast-twitch type II fibers. In the
slow-twitch type I fibres, SERCA2a is the predominant isoform, whereas SERCA1a is the
predominant isoform in type II fibres (Fajardo et al., 2013). However, it is important to note that
both SERCA1a and SERCA2a can be found in type I and II fibres. Part of this thesis project
explores the functional activity of SERCA within the soleus, which serves as a representative
slow-oxidative muscle and the Extensor Digitorum Longus (EDL), a fast-glycolytic muscle.
Muscle fibre types have been studied and quantified in C57BL/6J mice hind limbs quite
extensively. Soleus muscle is composed of approximately 37% of Type 1 muscle fibre types with
Type 2 fibre types composing the remaining portion (Augusto et al., 2004; Bloemberg &
Quadrilatero, 2012). In contrast, EDL tissue is composed primarily of type II fibres, with type I
fibres representing less than 1% of the total fibre distribution (Augusto et al., 2004; Bloemberg
& Quadrilatero, 2012). As such, SERCA isoform content will vary depending upon the
composition of the skeletal muscle tissue in question, with SERCA2a being abundantly
expressed in the soleus and SERCA1a being abundantly expressed in the EDL.
Differences in mitochondria content and O2 delivery between fast and slow-twitch
skeletal muscle fibres are inherently important to the bioenergetic landscape of these different
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fibres. Type I fibres contain a much larger volume of mitochondria, higher concentrations of
myoglobin, and are surrounded by more capillary beds than Type II subtypes (Powers &
Howley, 2017). From a functional perspective, these properties provide Type I fibres with a
much larger capacity for aerobic metabolism and resistance to fatigue. However, in the case of
mitochondrial disease, Type I muscle fibres are consequently much more susceptible to
developing the pathology associated with chronic ROS overproduction and/or limited pools of
bioenergetic intermediates resulting from damaged and/or inefficient intermediaries of the
mitochondrial RC.
Skeletal-muscle-specific SOD2-knockout mice (muscle-SOD2-/-) generated by Kuwahara
et al (2010) show significant increases in oxidative damage (8-oxo-2′-deoxyguanosine content in
nuclear DNA) and reduced ATP content in homogenized quadricep and gastrocnemius muscles
compared to controls. The mutant mice were severely limited in their running endurance during
the rotarod and treadmill running tasks, however, the mutants showed no difference in the mass
of either muscle compared to controls. Maintenance of muscle mass in these mutant mice is
curious because oxidative stress is often suggested to be a primary cause of muscle atrophy
(Kuwahara, et al., 2010). Furthermore, exercise endurance and cellular ATP content in both of
the tested muscles of these mutant mice were significantly improved when the salen manganese
complex, EUK-8 – a superoxide dismutase and catalase mimetic – was injected intramuscularly
24 hours before the endurance tasks. These results appear to indicate that SOD2 insufficiency
negatively affects skeletal muscle function during exercise in the absence of effects on muscle
mass and suggests that individual cellular functions might be compromised due to ROS-mediated
DNA damage. Combined with elevated ROS-mediated damage resultant of SOD2 insufficiency,
NOX2 has been found to be the main source of cytosolic ROS within skeletal muscle fibres
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during moderate-intensity exercise in healthy individuals (Henríquez-Olguin et al., 2019).
Furthermore, two separate NOX2 loss-of-function mouse models report a significant reduction in
exercise-stimulated glucose uptake and glucose transporter 4 translocation (Henríquez-Olguin et
al., 2019). These findings provide evidence that ROS are both important signaling molecules for
bioenergetic homeostasis in skeletal muscle, yet also may negatively affect muscle function
during exercise.

4.1.2 Redox and post-translational modifications regulating SERCA function
Several post-translational redox modifications to SERCA influence its activity. Some of
these modifications are reversible, though others remain permanent, and both may alter the
protein function after modification. Protein S-glutathionylation (glutathionylation) and nitration
are common modifications made to SERCA which may occur under conditions of chronic
oxidative stress, similar to those described in the various forms of mitochondrial disease. Some
of these will be reviewed here.
Glutathione (GSH) is an abundant molecule in the cytosol, mitochondria, and nuclear
matrix of all (nucleated) cells, and is an integral component of cellular antioxidant capacity in the
cytosol and in sub-cellular compartments where it is commonly known for its participation in the
glutathione peroxidase/reductase H2O2 neutralisation cycle. Here, GSH reduces H2O2 to form
water, and is then regenerated by NADPH. GSH also participates in metabolic pathway
regulation, calcium homeostasis, and cytoskeleton remodelling, among additional roles (Cha et
al., 2017). Protein glutathionylation (P-SSG) is a redox-mediated modification occurring through
the spontaneous or enzyme catalysed formation of a disulphide bond between the cysteine (Cys)
thiol group of a protein (P-SH) and a molecule of GSH, forming P-SSG (Zhang et al., 2018). Not
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all Cys residues are equally receptive to glutathionylation; the reaction is favoured when the
three-dimensional environment of a Cys residue is basic, which may be provided directly by
select adjacent residues (ex. arginine, histidine, or lysine) containing electron withdrawing
groups or positive charge (Zhang et al., 2018). Similarly, glutathionylation of Cys is less likely to
occur when it is surrounded by negatively charged groups, or if it is buried within a proteins
structure. During oxidative stress, Cys residue glutathionylation can enable Cys residues of its
target protein to tolerate the augmentation of ROS/RNS which might otherwise cause irreversible
damage (see appendix, Figure A-4; Cha et al., 2017; Zhang et al., 2018). For example, oxidation
of P-SH via superoxide forms a thiyl radical (P-S*) which can spontaneously react with GSH
and O2 to generate a glutathionylated Cys (P-SSG). In this form, Cys residues cannot further be
oxidized by ROS and are therefore ‘protected’. H2O2 also readily reacts with P-SH to form a
sulphonic acid (P-SOH) which may further react with GSH to form P-SSG, catalysed by
glutathione S-transferase P (GSTP). However, P-SOH is unstable and can undergo further
oxidation to sulphinic (SO2H) and eventually sulphonic acid (SO3H). Both SO2H and SO3H are
generally irreversible modifications and deactivate/target the protein for degradation (Zhang et
al., 2018). Nitric oxide (NO) is a weak P-SH oxidant, however, S-nitrosylation of Cys (P-SNO)
or P-SSG can be generated through secondary RNS (i.e. peroxynitrite). P-SH may also be
modified by nitrated GSH (S-nitroglutathione; GSNO) to form P-SNO and/or P-SSG. Therefore,
by readily glutathionylating oxidised P-SH, select proteins may tolerate increased cellular
concentrations of ROS.
In the case of SERCA2a, glutathionylation typically occurs at the Cys 674 residue and has
on one occasion been shown to increase SERCA’s specific activity, thereby increasing Ca2+
uptake (Adachi et al., 2004). Normally protein glutathionylation is temporary and reversible,
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however, under conditions of chronic/extreme oxidative stress, the thiol group on Cys 674 of
SERCA2a may become permanently oxidized by forming sulphinic or sulphonic acid, at which
point it can no longer be glutathionylated (Adachi et al., 2004; Zhang et al., 2018). In fact,
irreversible glutathionylation can cause protein dysfunction and exacerbate disease in some cases
(Cooper, Pinto, & Callery, 2012). Taken together, glutathionylation may provide an adaptive
modality during times of moderate oxidative stress but may be incapacitated under extreme
and/or chronic oxidative conditions.
Post-translational protein nitration involves the chemical addition of a nitro group
mediated by RNS and can be tremendously detrimental to protein form and function. During the
gradual process of aging, in times of widespread inflammation, and under heightened
(nitro)oxidative stress, superoxide is more likely to react with nitric oxide (NO) and produce the
highly reactive free radical peroxynitrite (Radi, 2013). Peroxynitrite can directly interact with
and oxidise amino acid residues of their target proteins. Nitration of tyrosine (forming
nitrotyrosine) is a common biomarker which often positively correlates with oxidative damage in
many different tissues (neural, muscular, and endothelial; Beckman & Koppenol, 1996).
SERCA2a tyrosine nitration is also inversely correlated with Ca2+ uptake capacity and is
associated with disease, whereby SERCA2a has shown to contain almost double nitrotyrosine
content in age-matched human hearts with dilated cardiomyopathy (Lokuta et al., 2004).
Therefore, measurement of nitrotyrosine content in SERCA and/or all proteins within whole
muscle homogenates might provide a means to quantify and understand the functional
consequences of oxidative stress resulting from mitochondrial disease states.
Oxidative stress can result in Ca2+ overload in myocytes, which is likely caused by an
increase in SERCA pump oxidation by ROS/RNS (Stammers et al., 2015). Ca2+ uptake by
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SERCA in cardiomyocytes isolated from rats has been shown to be reduced by up to 25% when
exposed to severe ROS produced by Fenton’s reagent (H2O2 (0.25mmol/L )/iron (II) sulphate
(0.25mmol/L)) – a free radical-generating system – for a short time (Morris & Sulakhe, 1997). It
should be noted that the ROS generated in the Morris and Sulakhe (1997) study is well outside
the normal physiological range of most cells. Under normal physiological conditions, healthy
cells typically experience much less than 100 nM H2O2, with regular cellular H2O2 redox
signalling occurring in concentration range of approximately 1-10 nM (Sies, 2017). However,
H2O2 concentrations above 100 nM do occur in disease, especially in cases of reduced
antioxidant capacity and/or activity of critical antioxidant enzymes (Zorov, Juhaszova, & Sollot,
2014).

4.1.3 Purpose
The purpose of this study was to examine how a deficiency in SOD2 affected SERCA
activity in fast- and slow-twitch muscle tissue taken from adult female mice. This study also
aimed to explore post-translational modifications to SERCA to help explain any reported
deviations in SERCA activity.

4.1.4 Hypotheses
It was hypothesized that:
(1) SERCA activity would be decreased due to oxidative stress in both soleus and EDL
muscle homogenate taken from SOD2 heterozygotes compared to that of wildtype
controls.
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(2) Both SERCA isoforms in SOD2 heterozygote mice would experience more oxidative
stress, leading to significantly more measurable instances of nitrosylated tyrosine
residues and S-glutathionylation than in wildtype mice.

4.2 Materials and Methods
4.2.1 Tissue Collection and Preparation
All mice were euthanized via cervical dislocation while under isofluorane anesthetic.
Whole soleus and EDL muscle were then dissected from 16 total female C57BL/6J mice (8
SOD2+/-, 8 wildtype; The Jackson Laboratory, Bar Harbor, Maine, USA) immediately following
euthanasia and stored at -800C until investigation. These mice were between the age of 147-202
days old and genotyped as previously described in section 2.2.2 Animals (pg. 23). Immediately
preceding SERCA activity assays, tissues were homogenized and placed on ice. Following the
activity assays, homogenates were again stored at -800C for later co-immunoprecipitation and
western blot use.

4.2.2 SERCA Activity
An enzyme-linked spectrophotometric assay was used to measure SERCA activity in
both EDL and SOL muscle over a range of Ca2+ concentrations (EDL pCa 5 to 21; SOL pCa 6 to
22) in the presence of a Ca2+ ionophore (A23187, Sigma C7522). The rate of NADH metabolism
- which indirectly measures ATP hydrolysis - was assessed at a wavelength of 340 nm at 37⁰C
for 30 minutes using an M2 Molecular Devices MultiMode plate reader. SERCA activity was
then calculated after correcting for pathlength using the extinction coefficient of NADH (6.22
mM) and by subtracting ATPase activity in the presence of a SERCA-specific inhibitor,
cyclopiazonic acid (40mM) from total ATPase activity measured across the range of pCa for
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EDL and soleus muscle homogenates. Rates of SERCA activity for each sample were
normalized to total protein measured with bicinchoninic acid (BCA) assay, and the data were
then graphed as a sigmoidal dose-response curve to calculate the pCa50 (concentration of Ca2+
required to elicit half Vmax). The averaged maximal rate of SERCA activity for each muscle
type and genotype was then obtained directly from these curves. This experimental procedure
was previously described by Braun et al. (2019) and optimised for EDL and soleus muscle.

4.2.3 Western Blotting
Western blots were performed for SERCA1 (EDL; 110 kDa), SERCA2a (SOL; 110 kDa),
SOD2 (80 kDa), and nitro-tyrosine using BioRad PreCast TGX 4-15% gradient gels (#4568086,
BioRad). EDL and soleus muscle homogenate protein were solubilised in 4x Laemmli reducing
buffer (#161-0747, BioRad), separated by SDS-PAGE, and then transferred to polyvinylidene
difluoride (PVDF) membrane using the BioRad Transblot Turbo. Samples that were separated
and later probed for nitrotyrosine were transferred to nitrocellulose membrane using the same
method. All membranes were then blocked with bovine serum albumin (BSA; 5% (w/v) in trisbuffered saline tween [TBST]) for one hour. Primary antibody (SOD2 –NB100-1992SS, Novus;
SERCA2a - MA3-919, ThermoFisher Scientific; SERCA1a - MA3-912, ThermoFisher
Scientific; Glutathione – MA1-7620, ThermoFisher Scientific; Nitrotyrosine - #9691, Cell
Signaling Technology) was then diluted in BSA (1:5000), added to the appropriate membrane
and left to incubate over night at 4oC. After incubation, TBST was used to wash each membrane
(3 washes, 5 minutes each), followed by addition of appropriate secondary antibody (Anti-mouse
IgG, HRP-linked - #7076, Cell Signalling Technology; Anti-rabbit IgG, HRP-linked - #7074,
Cell Signalling Technology) diluted in BSA (1:10000) and left to incubate for one hour at room
temperature.. Each membrane was then washed with TBST (3 washes, 5 minutes each) and
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probed with Clarity Western ECL Substrate (#1705061, BioRad). All images were taken with
ChemiDoc Imaging System (#17001401, BioRad) and analysed with Image Lab Software
(version 6.0.1) for Windows.

4.2.4 Immunoprecipitation
SERCA1a and SERCA2a (both approximately 110 kDa) were immunoprecipitated to
quantify protein-molecule adducts of SERCA1a and SERCA2a with glutathione (GSH) and
nitrotyrosine. Briefly, 50µL (10mg/mL) of SureBeads Protein G Magnetic Beads (#161-4023,
BioRad) were used for each biological sample. The beads were first washed with 500µL PBST
(PBS + 0.1% Tween 20) prior to the addition of 5µg of SERCA1a or SERCA2a primary
antibody. The antibody-bead mixture was incubated for 15 minutes at room temperature. Next,
the beads were washed 3x with 500µL PBST and then incubated with 100µg of muscle
homogenate at a final volume of 200µL TBST for 1 hour at 40C. After 3 washes in 500µL PBST,
the antibody-protein complexes were eluted from the magnetic beads with 60µL 1x Laemmli
buffer (non-reducing; #161-0747, BioRad) at 700C for 10 minutes. Apart from loading 15µL
eluent/biological sample per gel lane, gels were run using the same materials and protocol stated
previously in the western blotting methods section. Separated protein was then transferred to
PVDF membrane using the BioRad Transblot Turbo and then blocked with BSA (5% w/v in
TBST) for one hour. Primary antibody (SERCA2a - MA3-919, ThermoFisher Scientific;
SERCA1a - MA3-912, ThermoFisher Scientific; Glutathione – MA1-7620, ThermoFisher
Scientific; Nitrotyrosine - #9691, Cell Signaling Technology) was then diluted in BSA (1:5000)
then added to the appropriate membrane and left to incubate over night at 4oC. After incubation,
TBST was used to wash each membrane (3 washes, 5 minutes each), followed by addition of
appropriate secondary antibody (Anti-mouse IgG, HRP-linked - #7076, Cell Signalling
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Technology; Anti-rabbit IgG, HRP-linked - #7074, Cell Signalling Technology) diluted in BSA
(1:10000) and left to incubate for one hour at room temperature. Each membrane was then
washed with TBST (3 washes, 5 minutes each) and probed with Clarity Western ECL Substrate
(#1705061, BioRad). All images were taken with ChemiDoc Imaging System (#17001401,
BioRad) and analysed with Image Lab Software (version 6.0.1) for Windows. SERCA1a/2a
nitrotyrosine and SERCA1a/2a GSH blots were standardized to total amount of SERCA1a/2a
pulled down in EDL and soleus muscle homogenates respectively.

4.2.5 Statistical Analyses
All results are expressed as mean ± SEM of wildtype versus SOD2+/-. A student’s t-test
was used to compare means of the Western blot and immunoprecipitation blot analyses
(performed in Microsoft Excel 2016, Microsoft, CA, USA). SERCA activity pCa curves were
fitted onto a sigmoidal dose-response curve generated by GraphPad Prism 6 (GraphPad
Software, Inc. Ca, USA) for each biological sample and outliers were removed to optimize line
of best fit. Cleaned individual datasets were inputted into GraphPad, grouped by genotype, to
calculate the pCa50, which is the calcium concentration required to elicit ½ Vmax. To
compare pCa50 between genotypes, GraphPad’s built in comparison of the line of best fit
parameters for the sigmoidal dose response curve was used, which performs a sum-of-squares Ftest. This test accounts for the variation in goodness of fit that is present amongst all individual
datasets. Statistical significance for all tests were determined using p ≤ 0.05 cut off.
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4.3 Results
4.3.1 SERCA activity in fast and slow twitch muscle tissue homogenate of SOD2 heterozygote
and wildtype mice.
ROS can damage proteins irreversibly, impairing structure and/or function. In tissues
which are more metabolically active (ie. skeletal muscle), ROS generated from the ETC of
mitochondria can cause protein dysfunction, especially when antioxidant capacity is chronically
reduced over a life-time. To test whether SERCA – an ATP-ase crucial to proper muscular
function – is susceptible to ROS damage and functional modification in a mouse model of
mitochondrial disease, we performed SERCA activity assays on SOD2 heterozygote (SOD2+/-)
and wildtype muscle samples taken from age-matched female mice. SERCA affinity for Ca2+ in
soleus and EDL muscle homogenates were compared in their ability to utilise ATP, measured
indirectly by the rate of NADH metabolism (see methods).
SERCA activity was measured in whole soleus muscle tissue homogenates from SOD2+/and wildtype female mice. SERCA affinity for Ca2+ (pCa50; µmol NADH/g protein/min) was
significantly reduced (F(1,141) = 8.289, p<0.01; n=8) in SOD2+/- mice compared to age-matched
wildtype controls (Figure 4A). SERCA affinity for Ca2+ was then assessed and compared in EDL
tissue homogenates of the same mice. A sum of squares F-test did not show any significant
difference in Ca2+ affinity between SOD2+/- and age-matched wildtype controls (F(1,197) =
0.0139, p=0.906; n=8; Figure 4B).
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Figure 4A. SERCA activity in soleus muscle homogenate of wildtype and SOD2+/- female
C57BL6J mice. Curves show a calcium-dependent response curve as a percentage of maximal
SERCA activity. Analysis via sum of squares F-test comparing pCa50 values reported that
SERCA activity in SOD2+/- (n=8) soleus muscle tissue homogenate is significantly lower
(F(1,141) = 8.289, p=0.0046) than activity recorded in wildtype (n=8) soleus muscle.
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Figure 4B. SERCA activity in EDL muscle homogenate of wildtype and SOD2+/- female
C57BL6J mice. Curves show a calcium-dependent response curve as a percentage of maximal
SERCA activity in EDL homogenate. Analysis via sum of squares F-test comparing pCa50
values reported that SERCA activity is not significantly different (F(1,197) = 0.0139, p=0.906)
between wildtype (n=8) and SOD2+/- (n=8) muscle tissue homogenate.
4.3.2 Western Blots
SOD2, SERCA2a, SERCA1a content in soleus and/or EDL muscle homogenate was
determined by Western blots in tissues from SOD2+/- and age-matched wildtype control female
mice. Average SOD2 expression within soleus muscle tissue of SOD2+/- mice was approximately
41.3% less than expression levels in wildtype mice (p=0.008 by T-test; Figure 4C-i; n=8 for
both). Average SOD2 expression in EDL muscle tissue showed an even larger disparity between
genotypes. SOD2 expression in EDL homogenate of SOD2+/- mice was approximately 74% less
than expression levels in wildtype mice (p<0.01; Figure 4C-ii; n=8). Specific detection of
SERCA2a isoform in soleus muscle was chosen because soleus muscle predominantly contains
Type I muscle fibres in which SERCA2a is the most predominant isoform. Vice versa, detection
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SERCA1a isoform was measured in EDL muscle because it predominantly consists of Type II
muscle fibres in which SERCA1a is most predominant. Average SERCA2a expression in soleus
muscle tissue of SOD2+/- and wildtype mice were not significantly different (p=0.290; Figure
4D-i; n=8). Average SERCA1a expression in EDL muscle of SOD2+/- and wildtype mice were
not significantly different (p=0.677, T-test; Figure 4D-ii; n=8).
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Figure 4C. Average SOD2 content relative to wildtype mice in soleus and EDL muscle
tissue determined by Western blotting. (i) Average (n=8) SOD2 expression in soleus muscle
tissue of SOD2 heterozygote mice is approximately 58.7% (p<0.01) compared to that of
wildtype mice. (ii) Average (n=8) SOD2 expression in EDL muscle tissue of SOD2 heterozygote
mice is approximately 25.9% (p<0.01) compared to that of wildtype mice. Error bars show
standard error of the mean.
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Figure 4D. Average SERCA isoform content relative to wildtype mice in soleus and EDL
muscle tissue determined by Western blotting. (i) Average (n=8) SERCA2a expression in
soleus muscle tissue of SOD2 heterozygote mice is approximately equal to expression in
wildtype mice. (ii) Average (n=8) SERCA1a expression in EDL muscle tissue of SOD2
heterozygote mice is not significantly different (p>0.05) than expression in wildtype mice. Error
bars show standard error of the mean.

4.3.3 SERCA nitrotyrosine and glutathione levels
To understand post-translation modification(s) to SERCA1a and SERCA2a in SOD2+/and age-matched wildtype control female mice, SERCA1a and SERCA2a immunoprecipitates
were examined for glutathionylation and tyrosine nitration via Western blotting. Average
SERCA1a-glutathione (GSH) adducts in EDL muscle were approximately equal between
SOD2+/- and wildtype mice (p=0.995; Figure 4E-i; n=5). Average SERCA1a tyrosine nitration
(nitrotyrosine) in EDL muscle was also approximately equal in both groups as well (p=0.937;
Figure 4E-ii; n=5). Conversely, post-translational modifications to SERCA2a in soleus muscle
were very different between genotypes. Average SERCA2a-GSH adducts were significantly
reduced in SOD2+/- mice than those observed in wildtype mice (p=0.011; Figure 4F-i; n=5),
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meanwhile, average SERCA2a nitrotyrosine content in soleus muscle was significantly larger in
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SOD2 heterozygote mice compared to wildtype (p=0.042; Figure 4F-ii; n=5).
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Figure 4E. Average SERCA1a glutathionylation and tyrosine nitration relative to wildtype
mice in EDL muscle tissue determined by Western blotting after immunoprecipitation. (i)
Average (n=5) SERCA1a glutathione (GSH) adducts in EDL muscle tissue in SOD2
heterozygote and wildtype mice are approximately equal. (ii) Average (n=5) SERCA1a tyrosine
residue nitration (nitrotyrosine) in SOD2 heterozygote and wildtype mice are not significantly
different. Error bars show standard error of the mean.
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Figure 4F. Average SERCA2a glutathionylation and tyrosine nitration relative to wildtype
mice in soleus muscle tissue determined by Western blotting after immunoprecipitation. (i)
Average (n=5) SERCA2a-glutathione (GSH) adducts in soleus muscle tissue is significantly
lower (p=0.011) in SOD2 heterozygote mice compared to wildtype controls. (ii) Average (n=5)
SERCA2a tyrosine nitration (nitrotyrosine) in soleus muscle is significantly higher (p<0.05) in
SOD2 heterozygote mice compared to wildtype controls. Error bars show standard error of the
mean.

4.4 Discussion
The purpose of this study was to examine the effects of SOD2 hemizygosity on ROSmediated damage to SERCA pump isoforms and SERCA activity in adult female SOD2+/- and
wildtype mice. SOD2+/- mice are an interesting model to study because of the important role
played by SOD2 in mitochondrial ROS metabolism and the viability of the hemizygotes despite
significantly reduced average SOD2 activity (~50%; Van Remmen et al., 1999). Despite their
seemingly normal phenotype, we hypothesized that a chronic reduction of SOD2 expression in
SOD2+/- adult mice would permit a substantial portion of superoxide to evade dismutation into
forming less reactive H2O2, thereby initiating significant cellular damage. More specifically,
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elevated levels of damaging free radicals can lead to structural modifications of SERCA which in
turn may result in impaired function in both soleus and EDL muscle tissues. In both skeletal
muscle tissue types tested here, SERCA activity was expected to be significantly reduced in
SOD2+/- mice compared to wildtype controls. In addition to a measured loss in activity and as a
direct result of elevated ROS, we expected to detect a significant increase of nitrated tyrosine
residues within both SERCA isoforms. SERCA glutathionylation was also quantified as
glutathionylation has been shown to protect against and tolerate oxidative stress in some proteins
(Cha et al., 2017), and even increase SERCA function in skeletal and vascular smooth muscle
(Adachi et al., 2004).
Because ROS can limit SERCA function by modifying its ATP binding site causing the
uncoupling of Ca2+ uptake from ATP-hydrolysis (Powers et al., 2011), it is reasonable to suggest
that SOD2+/- muscle tissues are likely more susceptible to ROS-mediated SERCA dysfunction.
Our results showed that SERCA affinity for Ca2+ was significantly reduced in soleus muscle
homogenates taken from SOD2+/- mice compared to wildtype controls. Though our study did not
quantify the abundances of each SERCA isoform within soleus or EDL homogenates, it is
curious to speculate if the observed change in activity is a result of one isoform being more
predominate, and thus reveal if indeed one isoform is more susceptible to oxidative damage than
the other. Reason for this speculation is due to the results of unpublished data (not part of this
thesis) from the Fajardo lab that indicates a significant reduction in SERCA affinity for Ca2+ to a
level very similar to the reduction observed in soleus muscle, but within the left ventricles of the
SOD2+/- mice used in this study (compared to wildtype controls; data not shown). This
comparison is worthwhile to note because heart muscle does not contain any of the SERCA1a
isoform, however, a similar reduction in activity was discovered. Upon performing future
69

investigations, quantification of each SERCA isoform in soleus muscle tested here should
indicate if indeed SERCA2a activity is more compromised over SERCA1a.
In EDL homogenates, SERCA affinity for Ca2+ was almost identical between groups,
however, given the reported 74% reduction of SOD2 protein in SOD2+/- EDL tissue (relative to
wildtype), it is curious that both genotypes exhibited nearly identical rates of SERCA activity.
One possible explanation for the observed SERCA activity differences between muscle types
might be caused by the differences of mitochondria density in Type I (slow oxidative) and Type
II (fast glycolytic) fibers, as Type I muscle fibers contain a much larger volume of mitochondria
than Type II fibers (Powers & Howley, 2017). It is reasonable to suggest that Type II fibers of
EDL muscle could be less affected by a significant reduction in SOD2 expression because they
naturally contain a much lower mitochondrial density. Therefore, EDL muscle may not be as
vulnerable to the physiological consequences of reduced SOD2 activity.
Although our study did not focus on site-specific amino acid oxidation/modification to
SERCA isoforms, existing literature may provide some clarity regarding our post-translational
modification data, and in turn, our Ca2+ affinity data. A positive relationship between oxidative
stress and tyrosine nitration has been well documented (Powers et al., 2011; Nakamura et al.,
2013; Radi, 2013; Liguori et al., 2018), however, nitration does not occur equally to all cellular
enzymes/proteins. One study has shown that SERCA tyrosine nitration is in fact isoform-specific
(Viner et al., 1999). An immunoblotting and amino acid analysis by these authors demonstrated
SERCA2a progressively accumulates significant nitrotyrosine content with age in male SpragueDawley rats, meanwhile, SERCA1a comparatively exhibits significantly less. To further test the
reliability of their findings, this group exposed SR vesicles to various amounts of peroxynitrite in
vitro and found selective nitration of SERCA2a occurred even in the presence of equal or excess
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amount of SERCA1a. Although these findings do not provide explanation of our recorded
differences between SOD2+/- and wildtype mice, it does strengthen the argument for musclespecific differences in ROS/RNS handling. Muscle-specific differences may be especially true
considering soleus muscle does contains a significant proportion of SERCA1a (approximately a
third of total SERCA content) and EDL reportedly contains almost all SERCA1a (Fajardo et al.,
2013). In our study, average SERCA2a tyrosine nitration was found to be much higher in
SOD2+/- soleus muscle than wildtype counterparts, and SERCA1a tyrosine nitration was nearly
identical within EDL tissue of both experimental groups. The observed SERCA2a nitration
appears to be in line with the positive relationship between oxidative stress and frequency of
nitrated tyrosine residues, meanwhile, SERCA1a tyrosine nitration does not appear to be quite as
vulnerable to oxidative damage. Investigating SERCA1a nitrotyrosine content in soleus muscle
may provide some further insight to these differences.
To further explore the discrepancies in SERCA isoform susceptibility to oxidative stress,
we look to their structural differences for answers. Both SERCA isoforms tested here are very
similar and share 84% sequence homology, with SERCA1a sharing 16 of 18 total tyrosine
residues with SERCA2a. (Sharov et al., 2002). Viner’s (1999) lab identified a sequence of
SERCA2a tyrosine residues (Tyr294-Tyr295) which they found to be selectively nitrated in an agedependent manner. These residues exist in the M4-M8 transmembrane helix domains of
SERCA2a that are very close to Ca2+ binding/translocation sites, suggesting the potential for
ROS/RNS-mediated modification of SERCA2a activity in ageing rats. Modifications made in
these domains certainly support the reduction of SERCA Ca2+ affinity observed in soleus muscle
tested in our study, though specific isoform content was not quantified, nor were site-specific
modifications investigated. SERCA1a interacts with ROS/RNS as well, though the extent to
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which residue oxidation has on its function is currently unclear. A study exposing SR vesicles to
peroxynitrite demonstrated that only Tyr122 of SERCA1a is nitrated in vitro, and though these
researchers are uncertain of the functional consequence(s) of its oxidation, Tyr122 is located in
the cytosolic domain and should be fairly accessible to ROS/RNS (Sharov et al., 2002). In any
case, it is evident that minor variations in tyrosine residues and their arrangement in quaternary
structure apparently leaves SERCA2a more susceptible to oxidative damage than SERCA1a
which is reflected accordingly in our SERCA activity results.
In addition to tyrosine, cysteine (Cys) residues are another major target of oxidative
modification which may result in physiological consequences. Following their previous work
with targeted tyrosine nitration of SERCA, the Sharov lab (2006) comparatively mapped the
oxidation of Cys residues of SERCA1a in both young and old mice, and in vitro by mixing
peroxynitrite with SR vesicles taken from young animals. Interestingly, they found that affected
Cys residues in their aging model do not completely match the Cys targeted by peroxynitrite in
vitro; 5 Cys were similarly targeted in both methods, however, those distinctly targeted by
peroxynitrite in vitro lead to a marked loss of SERCA1a function, whereas the residues
independently affected in their in vivo model of aging did not. They could not conclude which
Cys residue(s) is more important for loss of SERCA1a function in old age because in either case,
modified cysteine residues were not located near ATP-binding or Ca2+ translocation domains.
Furthermore, they suggested that if ROS/RNS modifications affect SERCAs catalytic activity, it
may occur through general effects on protein structure, not specifically at catalytic sites. An
alternative explanation put forth by Viner and colleagues (2000) proposes that the majority of
primarily affected Cys residues in old age are not critical for SERCA function, and their
preferential oxidation provides an endogenous antioxidant capacity which buffers SERCA
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against ROS/RNS. The physiological distinction of targets of oxidative stress is of particular
interest because in contrast to Sharov’s results (2006), we did not find any change in SERCA
activity in EDL homogenates. However, two critical differences between our two studies are that
we used mice instead of rats, and our mice were much younger than the old age model utilized in
their study. Our work also does not provide any distinction of site-specific cysteine modification.
We reasoned that glutathionylation of SERCA Cys residues may provide a protective
mechanism to deal with moderate oxidative stress in vivo and this might manifest as measurable
increases in GSH-SERCA adducts on both isoforms in SOD2+/- tissues. However, our data show
that average glutathionylated SERCA2a was instead decreased in SOD2+/- mice compared to
controls. Moreover, we did not find any significant measurable differences in GSH-SERCA1a
adducts between experimental groups tested here. It is possible our SOD2+/- mice were not old
enough to develop a severe, chronic state of oxidative stress and therefore might not have yet
required the protective effects of glutathionylation, or that the amount of oxidative stress
generated in EDL is simply less than soleus muscle. Additionally, and though purely speculation,
the labile nature of glutathionylation may also fluctuate during the immunoprecipitation
procedure which certainly might confound results when attempting to discern the true
physiological nature glutathionylated SERCA. Thus, it appears inadequate to use GSH-SERCA
adducts as the sole measure of cellular protection against oxidative stress induced by a reduction
of SOD2 in SOD2+/- mouse tissue.
Alternatively, the reduction of SERCA2a glutathionylation observed in SOD2+/- soleus
muscle could be caused by cellular GSH depletion and/or extrusion due to chronic oxidative
stress. As mentioned previously, during oxidative stress GSH has been shown to target and bind
to exposed Cys residues of proteins in some cases, buffering against radicals and peroxides, and
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even enhancing SERCA function (Adachi et al., 2004; Cha et al., 2017). However, as GSH is
utilised to indiscriminately reduce intracellular free radicals under increasing levels cellular
oxidative stress, the concentration of oxidised GSH (glutathione disulphide; GSSG) begins to
rise. In this case cells may extrude GSSG in an effort to maintain a balanced GSH:GSSG ratio,
especially if enzyme-catalysed GSH regeneration (via Grx, Sfx, and GSTO) is limited due a
decrease in available NAD(P)H reducing equivalents, which is known to occur in mitochondrial
disease (Franco & Cidlowski, 2012; Srivastava, 2016). In a state of chronic oxidative stress (as
confirmed with SERCA2a nitrotyrosine results), and as a consequence of significant SOD2
reduction within SOD2+/- soleus muscle, it is quite possible that the amount GSH available to
bind and protect SERCA2a cysteine residues is simply inadequate. Furthermore, the reduction in
GSH-SERCA2a levels could merely be a matter of irreversible Cys oxidation, therefore
preventing GSH from binding and acting as a protective mechanism in the first place. Whereas
SERCA1a appears to be less receptive to oxidative stress and does not form significant quantities
of GSH-Cys adducts, SERCA2a is clearly a target of oxidation. However, SERCA2a does not
appear to receive any protective benefit of S-glutathionylation in soleus muscle.

4.4.1 Future Perspectives
One of the clear limitations of the SERCA activity work done in this study was that the
exact abundances of each SERCA isoform were not quantified in soleus or EDL muscle tissue.
SERCA isoform abundances may be especially important to consider because up to 37.42% of
SERCA present in soleus muscle may be isoform 1a (Augusto et al., 2004; Bloemberg &
Quadrilatero, 2012). Therefore, a follow-up experiment to address SERCA isoform content –
such as immunoprecipitating and comparing SERCA1a content between soleus and EDL
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muscles – would provide further data to assess the activities of each isoform in each muscle
tissue type studied here.
Several methods exist to measure SERCA function, although only one has been utilized
here. Measuring Ca2+ uptake into SR vesicles using the Ca2+ sensitive and membrane
impermeable fluorescent dye, Indo-1, is a common orthogonal method for measuring SERCA
function (as described in Ruell et al., 1995). Indo-1 dye binds to intracellular Ca2+ and is released
upon calcium translocation into the SR via SERCA. The ratiometric change of free:bound Ca2+
outside the SR vesicles is measured spectrofluorometrically and is proportional to SERCA
activity. Using this method in addition to the enzyme-linked activity assays employed in this
study would provide additional functional data to further support our findings. Given the
literature supporting redox modification differences between the two SERCA isoforms discussed
above, I would expect to discover results regarding SERCA2a and SERCA1a Ca2+ binding
affinities similar to what has been reported in this thesis.
Another interesting protein-protein interaction to explore in SOD2+/-muscle could be the
binding of 70kDa Heat Shock Protein (HSP70; also termed HSP72) to SERCA. HSP70
expression is rapidly upregulated in striated muscles cells in conditions of oxidative stress and
has been shown to make both SERCA1a and SERCA2a more resistant to otherwise lethal
damage (Tupling et al., 2004; Fu & Tupling, 2009; Gherig et al., 2012). Unbeknownst to us,
HSP70 may represent a compensatory mechanism employed by SOD2+/- mice. Alternatively,
protection against SERCA dysfunction under such conditions could be aided instead by the
constitutive repair of partially unfolded SERCA1a via HSP70 chaperone A coimmunoprecipitation blot could be employed to quantify if HSP70 is bound to SERCA1a/2a in
our muscle homogenate samples, however, a slightly different mouse model might be better
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suited to understand HSP70/72 effects in SOD2+/- mice. For example, HSP72-overexpressing
mice have been crossed with a mouse model of Duchenne Muscular Dystrophy (DMD; mouse
model is termed ‘mdx’) which significantly decreased whole-body muscle wasting – a critical
characteristic of DMD – but also increased strength and endurance compared to controls (Gherig
et al., 2012). If SOD2+/- and HSP72-overexpressing mice were crossed, we would be able to
observe the effects of HSP70/72 not only in SOD2+/-, but also SOD2 KO mice as well. Another
study has reported that exogenous recombinant human HSP70 promotes motoneuron survival in
chicken hindlimb muscle cells and lumbar spinal astrocytes (Robinson et al., 2005). Since SOD2
KO mice are plagued by severe and ultimately lethal damage/dysfunction of the central nervous
system, HSP70/72-overexpression might be an interesting model to explore. However,
HSP70/72 therapeutic potential may not be limited to gene editing and selective breeding; the
pharmacological inducer of HSP70/72, BGP-15, exhibited the same decrease in muscle wasting
observed in the HSP72-overexpressing-mdx crossed mice (Gherig et al., 2012). Thus, BGP-15
and HSP70/72 overexpression represents an interesting therapeutic avenue to explore not only
for the benefit of SOD2-deficient mice, but in other models of mitochondrial disease as well.
Lastly, it might also be worth exploring the oxidation of RyR1 Ca2+ channels in soleus
and EDL. RyR1 channels are responsible for Ca2+ release from the ER into the cytosol and is
highly redox-sensitive (Dalle-Donne et al., 2007). Oxidation of RyR1 may prompt changes in
Ca2+ release, leading to abnormal intracellular Ca2+ handling. This of course would be
compounded by oxidized SERCA and therefore altered Ca2+ uptake, likely causing a reduction in
contractility within affected muscle tissues.
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4.4.2 Conclusion
Our work builds upon the published knowledge of ROS mediating changes SERCA
function within skeletal muscle. Specifically, we have shown that a significant reduction in
SOD2 expression influences SERCA activity in slow-twitch, but not fast-twitch skeletal muscle.
Our data also supports the idea that SERCA2a is more susceptible to tyrosine nitration when
SOD2 activity is halved, and this may be the cause of SERCAs reduced affinity for Ca2+ in
SOD2+/- soleus muscle. Glutathionylation of SERCA2a is also reduced in the soleus muscle of
these SOD2+/- animals and may be indicative of irreversible Cys oxidation rather than GSH
providing a protective mechanism against oxidative stress as initially proposed. Further studies
might look to continue the characterization of SERCA function and modification in different
mitochondrial diseases while also attempting to maintain the functional and structural integrity of
SERCA through genetic and/or pharmacological interventions.
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Chapter 5: General Discussion
In this thesis I have examined the interaction between O2 and ROS in the context of
normal cells/tissues and those affected by mitochondrial disease or gene knockout to recapitulate
such disease. I have done this using a range of experimental models and approaches including in
vivo, ex vivo, and in vitro. Based upon previous work regulating incubator O2 to modulate
subsequent ROS production in several mammalian cell lines (Maddalena et al., 2017), and the
previous use of hypoxia as a therapy for mice with Leigh’s Syndrome (LS; Jain et al., 2016), I
explored the use of hypoxia to alleviate the lethal phenotype of SOD2 KO mice. Although my
attempts were largely unsuccessful, I discovered some interesting interactions of ambient O2
level, sex, and age on the body mass of SOD2+/- and wildtype mice. Results of particular intrigue
were those showing sex-specific differences in body mass gain between O2 conditions, where
only male mice raised in hypoxia gained significantly less body mass over time. In direct
contrast to these findings, others have shown hypoxia prompts significant gains in body mass
over time (Jain et al., 2017). Perhaps more interesting is the result in which no effect of genotype
(heterozygote vs wildtype only) on body mass was observed in either sex nor O2 condition, even
though viability of SOD2+/- mice has been shown to decrease rapidly in old age compared to
wildtype controls (Van Remmen et al., 1999; Boelsterli & Hsiao, 2008). As previously
mentioned, I suspect the lack of any significant effect of genotype on body mass was most likely
a consequence of euthanizing our mice relatively early on in their life span, thus preventing
observation of any age-related decline. Moving forward, it would be interesting to expand the
use of chronic hypoxia as a treatment for mitochondrial disease of different genetic origins. Of
particular interest is the treatment of viable, diseased individuals with partially functioning
mitochondrial RC constituents, as opposed to the use of hypoxia as a treatment for mitochondrial

78

disease characterized by complete loss of function of an essential antioxidant protein akin to our
SOD2 KO model. Additionally, further exploration of viable pharmaceuticals to activate of the
hypoxic response pathway in specific tissues – as briefly tested by Jain and colleagues (2016) –
represent a promising avenue for treating a range of mitochondrial disease, especially some of
those tested in this thesis (Barth’s syndrome, Leigh’s syndrome, and Infantile Cytochrome-C
Oxidase Deficiency).
One of the most significant (and most obvious) points consistently made across the
several studies completed in this thesis project is the underlying importance of regulating and
maintaining O2 at a level physiologically relevant to the biological system(s) under study.
Considering O2 and its derivatives play such an important role in such a multitude of
physiological processes (as reviewed above), I find the lack of consideration taken in this regard
within a majority of published experimental work spanning several decades quite surprising.
Whether it was the lack of experimental evidence for O2’s expansive role in normal physiology
at the time, inadequate equipment, or just pure oversight that played a role in neglecting to
regulate O2 during experimental work, it certainly makes a case for closely reexamining the
methods and conclusions of earlier significant works in this regard. Then again, oversights are
not particularly surprising as I have personally come across information which I would have
likely never considered if I had not read it first. For example, Keeley & Mann (2019) have
considered many factors in their quest to understand the complex nature of cellular oxygenation
in vitro – one of which is O2 leaching from plastics. Many lab plastics (petri dishes, micropipette tips, serological pipette tips, culture flasks, etc.) are indeed permeable to O2, and
plasticware left out in standard room air (~20% O2; PO2 20 kPa) accumulates a significant
amount of O2 which will subsequently leach out when introduced to an environment of lower
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PO2. Keeley and Mann (2019) recommend equilibrating plastics and monitoring PO2 of the
medium and/or monolayer – especially when working with near anoxic conditions – to avoid O2
leaching compromising cell culture experiments. Although the plastic 6-well culture plates
containing cells and the petri dishes employed to hold the KRB medium were equilibrated in our
experiments, none of the 6-well plates used for generating standard curves, pipette tips, nor
microcentrifuge/falcon tubes were adapted to each O2 condition accordingly during these
experiments. Indeed, it takes time and many considerations to establish and maintain appropriate
O2 levels amongst all facets of protocols when planning future experiments.
Lastly, considering many of the barriers most methods of measuring ROS/RNS (e.g.
membrane permeability, sensitivity, discrimination, cross-reactivity), I have realized that simply
using a single method of ROS/RNS detection is inadequate to provide a complete story. In future
projects, we should start with a broad method of ROS/RNS detection (such as the Amplex Red
assay utilized here) and progressively shrink our focus by using finer methods of detection in
each progressive step to pick apart the underlying physiology in a meaningful way.
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Appendix

Figure A-1. Enzymatic function of SOD2 and its relationship with additional mitochondrial
redox enzymes in ROS formation and dismutation. Superoxide (O2*-) is primarily produced
by intermediates of the electron transport chain (ETC) and can be dismutated to hydrogen
peroxide (H2O2) via SOD2 and/or SOD1. H2O2 can then be metabolised into H2O by either
glutathione peroxidase (GpX), the peroxiredoxin (PRDX)/thioredoxin (TXN) system, or by
catalase (CAT). Alternatively, O2*- and H2O2 can react to form other ROS intermediates, such as
peroxynitrite (ONOO-) or hydroxyl radical (HO*). If not further reduced, these ROS
intermediates can exhibit a wide variety of irreversible cellular damage, such as DNA, lipid,
and/or protein oxidation. The degree to which this damage can occur depends upon the
reactivity, quantity, and location of these ROS intermediates. Figure taken from Kim et al.
(2017).
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Figure A-2 – Hypoxia Chamber. This apparatus made from Plexiglass (3’ length x 1’ width x
1’ height) housed the animals within their standard cages and was maintained at 11 ± 1%
oxygen. A ROXY-1 Universal Gas Regulator/Controller was used in combination with an
oxygen sensor regulate O2 levels within the chamber by flushing in compressed N2 gas from a
separate tank when required. Latches are positioned around the chamber to create a seal.

Figure A-3. Amplex Red conversion to Resorufin. Non-fluorescent Amplex Red reagent is
oxidised into highly fluorescent Resorufin by Horse Radish Peroxidase (HRP) when in the
presence of hydrogen peroxide (H2O2). Amplex Red reacts to form Resorufin with 1:1
stoichiometry. Figure taken from Ivanec-Goranina, R., & Kulys, J. (2008).
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Figure A-4. S-glutathionylation and deglutathionylation of protein cysteine residues. The
thiol group of cysteine (Cys) residues (P-SH) in select proteins may undergo S-glutathionylation
(P-SSG) through spontaneous (I, III, IV) or enzymatic (II) means. S-nitrosoglutathione (GSNO)
or glutathione disulphide (GSSG) may react directly with P-SH to form PSSG. ROS can oxidize
P-SH to various oxidation states where it may react with glutathione (GSH) spontaneously or
catalysed by glutathione S-transferase P (GSTP) to form P-SSG). Further oxidation states lead to
sulphinic or sulphonic acid of Cys which are typically irreversible modifications and target the
protein for degradation. Deglutathionylation may occur through several glutaredoxin (Grx)
isozymes, sulfiredoxin (Sfx), and/or glutathione s-transferase omega (GSTO) depending upon
cellular location. Figure taken from Zhang et al., 2018.

Table A-1. Forward and reverse primer sequences for PCR reaction mix to genotype
C57BL6J SOD2 mice. Retrieved from:
https://www2.jax.org/protocolsdb/f?p=116:5:0::NO:5:P5_MASTER_PROTOCOL_ID,P5_JRS_
CODE:22288,002973
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