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Abstract

Superoxide dismutases (SODs) are the first line of defense against the potential damage from
oxygen free radicals. The importance of SODs is highlighted by the expression of at least one SOD
in most organisms today, even some anaerobic bacteria and that SODs emerged prior to the first
Great Oxidation Event (GOE), over 2.7 billion years ago® 2. SODs catalyze the dismutation, or
removal, of superoxide (0,°7), by converting it into hydrogen peroxide and oxygen (20, + 2H*
- H,03 + 02)3. This SOD-catalyzed dismutation is extremely efficient, as it occurs at a diffusion-
limited rate of ~2 x 10° M s'1. This thesis focuses on a reaction that competes with superoxide
dismutation —the formation of peroxynitrite by the reaction of superoxide with nitric oxide (NO*®).
The spontaneous reaction of superoxide with nitric oxide occurs three-times faster than the
dismutation of superoxide by SODs*. Although superoxide has historically been considered a toxic
molecule, the toxicity attributed to superoxide is puzzling as it is not a strong oxidizing agent.
Previous work from other laboratories has shown that germline Sod17- knockout mice can live
for up to two years, yet mouse embryonic fibroblasts isolated from the same mice cannot survive
in culture®. SOD1 is the most abundant SOD isoform in mammals and is expressed in the
cytoplasm and mitochondrial inner-membrane space. To better understand the toxicity of
superoxide, we generated a conditional Sod1 knockout mouse model, using the Cre/loxP system.
This mouse model allows us to bypass any possible developmental adaptations of germline
knockout mice and to see the consequence of losing SOD1 expression in vitro and in adult mice
in vivo.

First, we studied inducible Sod1 knockout mouse embryonic fibroblasts (MEFs) in vitro.
Upon Cre recombinase expression, these cells do not express SOD1 and lose ~80% of their
superoxide dismutase activity. Like their germline Sod1”- counterparts, inducible Sod1 knockout
MEFs die upon the loss of SOD1 expression. We show that the viability of inducible Sod1 knockout
MEFs can be fully rescued by treatment with nitric oxide synthase (NOS) inhibitors (L-NAME and
7-NI) and a peroxynitrite decomposition catalyst (FeTPPS). Surprisingly, cells rescued with L-
NAME show little to no SOD2 and SOD3 expression, meaning there is little removal of superoxide.
These results suggest that peroxynitrite, rather than superoxide itself, is the damaging molecule

and highlights the possibility that superoxide is not inherently strongly damaging in the absence



of nitric oxide. Furthermore, we show that cells can thrive with little to no SOD expression when
nitric oxide formation is lowered by treatment with L-NAME (L-nitro-L-arginine methyl ester).
Although this may be an in vitro phenomenon, this is the first evidence of mammalian cells that
can survive without minimal SOD expression. Overall, these cells represent a new tool to study
ROS/RNS metabolism. For example, cells lacking SOD1 expression and treated with NOS
inhibitors are more sensitive when treated with N-acetylcysteine (NAC), an antioxidant that leads
to an increase in hydrogen peroxide detoxification, pointing to a minimum need of hydrogen
peroxide formation, for signaling, that is depleted by the lack of SOD1.

Next, we generated a whole-body adult-onset Sod1 knockout mouse model. Interestingly,
loss of Sod1 as an adult leads to rapid skeletal muscle degeneration and death. These mice lose
expression of SOD1 in most tissues, but there were pathological findings only in skeletal muscles.
These marks of muscle damage also correlated with increased peroxynitrite damage (3-
nitrotyrosine immunohistochemistry). This was surprising as the germline knockout Sod1”" mice
can live for two years, although they do show signs of accelerated sarcopenia, or muscle atrophy®.
Guided by our in vitro studies, we wanted to see if L-NAME treatment could improve the
phenotypes our adult-onset Sod1 knockout mice. The knockout phenotype, viability and skeletal
muscle degradation, were both rescued by intraperitoneal injections with L-NAME. These results
are indicative that germline knockout Sod17- mice have developmental adaptations that likely
impact nitric oxide handling or peroxynitrite formation to allow them to survive much longer than
adult-onset Sod1 knockout mice. | found that that the viable germline knockout Sod1”- mice have
altered blood composition and lower nNOS expression in skeletal muscle tissues. Both of these
changes are likely to affect local nitric oxide levels and thus lead to slower peroxynitrite
formation.

To conclude, the findings in my thesis present the first mammalian model of global adult-
onset Sod1 knockout and provide new insights into the strategies for the management of stresses
from reactive oxygen and reactive nitrogen species. The results also underline that superoxide is
not by itself key to oxidative stress, as believed by many, but rather that peroxynitrite should be

where to focus.



Resumeé

Les superoxydes dismutases (SOD) constituent la premiére ligne de défense contre les dommages
potentiels des espéces réactives de I'oxygéne (ERO). L'importance des SOD est soulignée par
I’expression d’au moins une SOD dans la plupart des organismes aujourd’hui, méme certaines
bactéries anaérobies, et par le fait que les SOD sont apparues avant le premier grand événement
d’oxydation (GOE), il y a ~2.7 milliards ans®-2. Les SODs catalysent la dismutation, ou I’élimination,
du superoxydes (0;2°), en le transformant en peroxyde d’hydrogene et en oxygene (20"~ + 2H*
- H202 + 0,)3. Cette dismutation catalysée par les SODs est extrémement efficace (~2 x 10° M
s1). Cette thése se concentre sur une sur une réaction qui entre en concurrence avec la
dismutation du superoxyde — la formation de peroxynitrite par la réaction du superoxyde et
d’oxyde nitrique (NO®). Cette réaction est trois fois plus vite que la dismutation du superoxyde
par les SODs*. Bien que le superoxyde ait été historiquement considéreé comme une molécule
toxique, la toxicité attribuée au superoxyde est déroutante parce qu’il ne s’agit pas d’'un agent
oxydant puissant. Les souris germinales Sod17- knockout peuvent vivre jusqu’a deux ans, mais
ses fibroblastes embryonnaires, isolés des mémes souris, ne peuvent pas survivre en culture®.
SOD1 est I'isoforme des SODs la plus abondante et s’exprime dans le cytoplasme et I'espace intra-
membranaire mitochondrial. Pour mieux comprendre la toxicité du superoxyde, nous avons
généré un modele de souris Sod1 knockout conditionnel, en utilisant le systeme Cre/loxP. Ce
modele de souris nous permet de contourner toutes les adaptations du développement possibles
des souris germinales Sod17- knockout et de voir la conséquence de la perte de I'expression de
SOD1 in vitro et in vivo (les souris adultes).

Nous avons d’abord étudié in vitro les fibroblastes embryonnaires (MEFs) de souris Sod1
knockout conditionnel. Lors de I'expression de la recombinase Cre, ces cellules n’expriment pas
SOD1 et perdent ~80% de leur activité superoxyde dismutase. Comme les MEFs de la lignée
germinale Sod1”- knockout, les MEFs de souris Sod1 knockout conditionnel meurent lors de la
perte de I'expression de SOD1. Nous montrons que la viabilité des MEFs de souris Sod1 knockout
conditionnel peut étre entierement rétablie par le traitement avec des inhibiteurs de |'oxyde
nitrique synthase (NOS) (L-NAME et 7-NI) et un catalyseur de décomposition du peroxynitrite

(FeTPPS). Etonnamment, les cellules sauvées avec L-NAME ont peu ou pas d’expression de SOD2



et SOD3. Cela signifie qu’il y a peu d’élimination du superoxyde. Ces résultats suggerent que c’est
le peroxynitrite, plutdt que le superoxyde lui-méme, qui est la molécule nuisible, et souligne la
possibilité que le superoxyde ne soit pas intrinsequement fortement nuisible en I'absence
d'oxyde nitrique. En outre, nous montrons que les cellules peuvent se développer avec une
expression de la SOD faible ou nulle lorsque la formation d'oxyde nitrique est réduite par un
traitement au L-NAME (ester méthylique de L-nitro-L-arginine). Bien qu'il puisse s'agir d'un
phénomene in vitro, c'est la premiere preuve que des cellules de mammiferes peuvent survivre
sans une expression minimale de la SOD. Dans I'ensemble, ces cellules représentent un nouvel
outil pour étudier le métabolisme de ERO/ERN (les espéces réactives de 'azote). Par exemple,
les cellules manquant d'expression de la SOD1 et traitées avec L-NAME (I'inhibiteur de NOS) sont
plus sensibles lorsqu'elles sont traitées avec de la N-acétylcystéine (NAC), un antioxydant qui
augmente la détoxification du peroxyde d'hydrogene, ce qui indique un besoin minimal de
formation de peroxyde d'hydrogene, pour la signalisation, qui est épuisé par I'absence de SOD1.

Ensuite, nous avons généré un modele de souris knockout pour Sod1 début a I'dge adulte.
Il est intéressant de noter que la perte de Sod1 a I'age adulte entraine une dégénérescence rapide
des muscles squelettiques et la mort. Ces souris perdent I'expression de SOD1 dans la plupart des
tissus, mais il n'y a eu des résultats pathologiques que dans les muscles squelettiques. Ces
marques de dommages musculaires sont également corrélées a une augmentation des
dommages causés par peroxynitrite (immunohistochimie de la 3-nitrotyrosine).Cela a été
surprenant car les souris Sod17- knockout germinales peuvent vivre deux ans, bien qu'elles
présentent des signes de sarcopénie accélérée, ou atrophie musculaire®. Guidés par nos études
in vitro, nous avons voulu voir si le traitement L-NAME pouvait améliorer les phénotypes de nos
souris Sod1 knockout adultes. Le phénotype de knockout, la viabilité et la dégradation des
muscles squelettiques, ont été sauvés par des injections intrapéritonéales de L-NAME. Ces
résultats indiquent que les souris Sod1”" knockout germinales ont des adaptations de
développement qui ont probablement un impact sur la manipulation de I'oxyde nitrique ou la
formation de peroxynitrite, ce qui leur permet de survivre beaucoup plus longtemps que les
souris Sod1 knockout adultes. J'ai découvert que les souris Sod17- knockout germinales ont

modifié la composition sanguine et réduit I'expression des nNOS dans les tissus musculaires



squelettiques. Ces deux changements sont susceptibles d'affecter les niveaux locaux d'oxyde
nitrique et donc de ralentir la formation de peroxynitrite.

Pour conclure, les résultats de ma thése présentent le premier modele de mammifere
d'élimination globale de Sod1 a I'adge adulte et apportent de nouvelles idées sur les stratégies de
gestion des stress aux especes réactives de l'oxygene et de |'azote. Les résultats soulignent
également que le superoxyde n'est pas la clé du stress oxydatif, comme beaucoup le croient, mais

que le peroxynitrite devrait étre le point central.
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CHAPTER 1: GENERAL INTRODUCTION



1. Reactive Oxygen Species (ROS)

a. What is a free radical?

A free radical is any atom or molecule that has at least one unpaired electron in its outer electron
shell, referred to as an unpaired valence electron’. Free radicals must also be stable enough to
exist independently, meaning they are not simply reaction intermediates®. Many reactive oxygen
and nitrogen species are radicals, but not all molecules that are considered as ROS are free
radicals (e.g. H20,).

Reactive species were first shown to be present in biological materials, ranging from plants
to invertebrate and vertebrates in 1954 by Barry Commoner and colleagues®. They used electron
paramagnetic resonance (EPR) to examine biological samples. The idea behind EPR is quite
simple: unpaired electrons have a different response to the application of a magnetic field than
paired electrons. When a magnetic field is applied, a paramagnetic electron (unpaired electron)
orients itself in the magnetic field, either in a parallel or antiparallel way. Paramagnetic electrons
can switch between these two orientations, allowing them to be detected as they switch

between orientations?.

b. Free Radical Theory of Aging

The free radical theory of aging (FRTA) was proposed by Denham Harman in 1956, This theory
asserts that organisms age due to accumulated damaged from reactive species!?. According to a
review by Denham Harman in 2003, his theory of FRTA suggests that antioxidants (e.g. vitamin E,
ascorbic acid, N-acetylcysteine) can decrease the rate of aging and delay the onset of disease
development!2. Interestingly, many of the papers cited to support this idea are written by
Harman himself'* 4, While it is not up for debate that oxidative damage resulting from the
presence of reactive oxygen species (ROS) increases with aging, it is not clear if this oxidative
stress is causal to aging®®. Increasingly, there are studies of long-lived model organisms that
challenge the idea that reactive species are solely toxic. For example, our lab showed that

superoxide dismutases (SODs), the only enzymatic defense against superoxide, are dispensable



for normal lifespan in C. elegans (Figure 1)*. Furthermore, mice lacking the main, cytoplasmic,
superoxide dismutase (SOD1) are alive, albeit with a reduced mean lifespan of 20.8 months,

compared to 29.8 months in Sod1** mice (Figure 2)'7. More on this later.
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Figure 1: Superoxide dismutases are dispensable for normal lifespan in C. elegans.

C. elegans has five sod genes. SOD-1, SOD-2, and SOD-4 are primarily cytoplasmic, mitochondrial,
and extracellular, respectively. SOD-3 and SOD-5 are encoded by inducible sod genes, and are
located in the mitochondria and cytoplasm, respectively. sod quintuple mutant worms lack all
five sod genes (sod-12345), and thus all SOD activity. Examination of the lifespan of sod-12345
mutants revealed that there is no difference in overall survival between them and wild-type
worms. The survival curve is an average of 17 independent trials with a total of 1,571 recorded
deaths (Van Raamsdonk & Hekimi, 2012).
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Figure 2: Mice lacking Sod1 expression are alive.

Lifespan analysis comparing Sod1** to Sod1*" to Sod17- mice shows that Sod17- mice have a
reduced lifespan compared to mice with Sod1 expression. The mean lifespan of Sod17- mice is
20.8 months, compared to the mean lifespan of Sod1** mice and Sod1*" mice, 29.8 and 28.7
months, respectively (Elchuri et al., 2005). It is surprising that mice lacking Sod1 expression live
for as long as they do, since SOD1 is the 34" most abundant protein in mice, out of 17,698
identified proteins (Wang et al., 2015).

c. Sources of ROS

ROS generation in the mitochondria
Within mammalian cells, ROS are generated at numerous locations, by a variety of enzymatic
systems. Notable sources of ROS are the mitochondria, NADPH oxidases (NOXs), often found in
the plasma membrane, peroxisomes, cytochrome P450, and cytosolic enzymes like
cyclooxygenases®. Although there are countless sources of ROS, an estimated 90% of ROS can
be traced to the mitochondrial®. An understanding of mitochondrial ROS is important to
understand redox signaling, mitochondrial dysfunction, cell death, aging, and disease
development?. In mitochondria, ROS are produced in the electron transport chain (ETC), mostly
at complex | (NADH-ubiquinone oxidoreductase) and complex Il (CoQ-cytochrome c
reductase)?!. In physiological conditions, approximately 0.2-2% electrons flowing through the
ETC leak out of the transport chain to interact with oxygen and form hydrogen peroxide or
superoxide??. The first findings of ROS generated by the ETC was in 1966. Later, in 1971, it was
shown that mitochondria, isolated from pigeon hearts, produce hydrogen peroxide?3.
Subsequently, it was determined that the presence of this mitochondrial H;0; results from
superoxide dismutation in the mitochondria?*. That same year, it was also uncovered that
mitochondria have a superoxide dismutase of their own, SOD2%. Since these discoveries in the
1960s and 1970s, the roles mitochondrial ROS play in ROS signaling, disease, and aging have been
hotly debated.

Superoxide (02*") is produced in the mitochondria by transfer of one electron onto
molecular oxygen (0O2). The ground state of O, is essential for aerobic life, but it also makes O3
reactive. Molecular oxygen has two unpaired electrons in its outer shell?®. This requires that

reduction occurs in a univalent fashion, or one electron at a time?’. In mitochondria, the



generation of superoxide by the one-electron reduction of molecular oxygen is a
thermodynamically favoured reaction?®. This favourability is due to the highly reducing
environment of mitochondria, the abundance of many compounds that are capable of one-
electron transfers (e.g. flavoproteins, iron-sulfur clusters, ubiquinone, etc.), and for the fact that
one-electron transfers are the norm in the mitochondrial electron transport chain®.
Interestingly, not all mitochondrial electron carriers that have the ability to reduce molecular
oxygen to superoxide do. In fact, it is possible that most superoxide generation occurs at proteins
and not in relation to small-molecule electron carriers (e.g. NADH, NADPH, CoQH>, glutathione)?°.

Typically, in the mitochondrial electron transport chain, oxygen is the terminal electron
acceptor. Oxygen is an ideal candidate to be the terminal electron acceptor in the ETC because
when reduced to water a great amount of energy is released. It is the unpaired valence electrons
that cause O, to have a high affinity for accepting electrons?l. Aerobic cellular respiration
harnesses this property and enables more energy production than with anaerobic respiration. O3
is essential for energy production in the ETC, but because O is a strong oxidant, electrons can
prematurely interact with it leading to superoxide production?’. Most mitochondrial superoxide
formation occurs at complex | and complex lll, but these are not the only mitochondrial locations
where superoxide can be made. Currently, there are 7 generally-accepted mitochondrial sites
where superoxide formation is known to occur — pyruvate dehydrogenase, 2-oxoglutarate
dehydrogenase, the FMN-containing NADH binding site in complex |, the ubiquinone binding site
in complex |, electron-transferring flavoprotein ubiquinone oxidoreductase, glycerol 3-phosphate
dehydrogenase, and the outer-quinone binding site in complex 111°,

Complex I, NADH-ubiquinone oxidoreductase, is a mitochondrial inner membrane protein
complex3!. This means that it is shown to both the intermembrane space and the mitochondrial
matrix. In the ETC, complex | oxidizes NADH and reduces coenzyme Q. This reaction is coupled
with protons pumping across the mitochondrial membrane to generate a transmembrane
potential®2. This gradient of protons is later used in ATP generation33. In 1977, Cadenas et al.
demonstrated for the first time that both complex | and complex Ill, isolated from beef heart
mitochondria, have the capability to produce superoxide when NADH is present34. This very

intriguing paper also showed that these mitochondria, that typically produce superoxide from



NADH, appear to produce hydrogen peroxide when SODs are present and little to no superoxide.
Superoxide production was determined using an adrenochrome assay and hydrogen peroxide
production was determined using a cytochrome c peroxidase assay. The adrenochrome assay can
measure how much epinephrine A is oxidized by superoxide because this reaction leads to the
generation of adrenochrome, a coloured product®. The cytochrome c peroxidase is another
spectrophotometric assay, first proposed in 1972 by Boverise et al., that exploits the high
specificity of yeast cytochrome ¢ peroxidase for hydrogen peroxide3¢. This NADH-dependent
superoxide production at complex | also appeared to require ubiquinone because rotenone
inhibited superoxide formation3*. Rotenone is a known inhibitor of electron transfer from the Fe-
S centers of complex | to ubiquinone®’. Studies delving deeper into the complex | ROS production
have yet to conclude on a definitive mechanism of how superoxide is produced3® 3°. The major
debates include, but are not limited to, what site(s) are ROS produced at within complex | and
what does ROS production require (e.g. NAD, FMN, ubiquinone, iron-sulfur centers, etc.)3® 4041,

Another site of ROS production in mitochondria is complex lll, CoQ-cytochrome c
reductase. Unlike ROS originating from complex I, the mechanism leading to ROS at complex IlI
is much better understood. In general terms, complex Ill is responsible for the transfer of
electrons from ubiquinol/coenzyme Q to cytochrome c. This process is referred to as the Q-
cycle*?, Superoxide is thought to form as a result of semiquinone (Q°") formation at the Qg site of
complex I11*3. This was first demonstrated in experiments using mitochondria isolated from mung
bean plants and confirmed to be the case in mammals with the use of inhibitors known to affect
rates of superoxide production at complex I11**. Complex Ill is generally capable of a large amount
of superoxide formation and antimycin A, an inhibitor of Complex Ill, further stimulates this
superoxide formation?*. Antimycin A causes semiquinone build-up because it prevents transfer
of a second electron onto Q*. Interestingly, two other complex Il inhibitors, myxothiazol and
stigmatellin, both inhibit superoxide formation at complex Ill. This is because these inhibitors
inhibit the QO site. Myxothiazol displaces ubiquinol and stigmatellin block electron transfer from

the quinol“®.



ROS production in the cytosol

In addition to mitochondrial sources of ROS, ROS can also be produced outside of the electron
transport chain. There are many enzymes located in the cytosol whose enzymatic reactions
produce ROS as a by-product. Xanthine oxidase (XOR), a highly conserved metalloflavoprotein, is
one such enzyme. XOR catalyzes the oxidation of hypoxanthine to xanthine and the oxidation of
xanthine to uric acid*’. These reactions are key for purine catabolism in mammals*®. XOR can
transport electrons to molecular oxygen, providing the perfect opportunity to produce ROS, both
superoxide, via one-electron reduction, and hydrogen peroxide, via two-electron production®.
For this reason, XOR is tightly regulated at transcriptional and post-translational levels®°.
Curiously, in hypoxic-acidic conditions, XOR has a reduced affinity for xanthine and an increased
affinity for nitrites. This leads to XOR reactions with nitric oxide that can produce reactive
nitrogen species (RNS), most notably peroxynitrite (ONOO~)>% 52,

Similar to XOR, cytochrome P450 oxidases, a family of heme-thiolate enzymes that are part
of the membrane-bound microsomal monooxygenase system (MMOQO), can also generate
superoxide. The MMO is a collection of enzymes localized to the endoplasmic reticulum (ER)
where they oxidize many compounds, such as drugs, carcinogens, and xenobiotics®3. In the
catalytic cycle of cytochrome P450, electrons are moved to activate oxygen and to attach oxygen
to the substrate in question. Mediocre coupling of this catalytic cycle results in the production of
ROS. Just like XOR, cytochrome P450 is also transcriptionally regulated to reduce the potential
amounts of ROS produced>* >,

Monoamine oxidases (MAOs) are enzymes responsible for the catabolism of a variety of
neurotransmitters, such as dopamine, epinephrine, and serotonin®®. MAOs are often found
bound to the outer membrane of mitochondria®’. In order to breakdown these
neurotransmitters, MAOs oxidatively deaminate amines and a possible by-product of these
reactions, as they involve oxygen, are ROS (superoxide, hydrogen peroxide, and hydroxyl
radicals)>® >°,

Yet another source of ROS in the cytosol are NADPH oxidases (NOXs). These enzymes
transfer electrons from NADPH to molecular oxygen to produce superoxide®. NOXs are found in

phagocytes involved in innate immune responses, such as neutrophils, monocytes, macrophages,



and eosinophils®®. Cells involved in innate immune responses circulate in blood and “eat” foreign
bacteria, fungi, and debris from other apoptotic or necrotic cells®2. It was first noted back in 1933
by Baldridge and Gerrard that neutrophils showed “extra respiration” or a large increase in
oxygen consumption associated with their phagocytotic roles®3. This respiratory burst was later
shown to be due to NOX consumption of oxygen, not due to mitochondria as originally thought®*.

ROS from NOXs can go on to serve signaling functions. It is specifically the superoxide from
NOX2 that is key for the respiratory burst seen in phagocytes during immune response®. But
another role for the NOX-produced superoxide and hydrogen peroxide is the reversible
modifications of proteins to regulate their activity, localization, and stability®® ®’. These reversible
modifications as a result of NOX activity allows NOX to modulate physiological processes such as
cellular growth and differentiation, apoptosis, cytoskeletal remodeling, host defense, inner ear
formation, iodination of thyroid hormone, and vascular tone control®7°,

NOXs are a well-recognized source of cytoplasmic ROS, but another important source of
ROS generation is the metabolism of arachidonic acid (AA) by lipoxygenases (LOX) and
cyclooxygenases (COX)’:. AA is produced due to the activity of cytosolic phospholipase Az in the
nuclear envelope and plasma membrane. This AA is then oxidized by LOX and COX into various
bioactive compounds (e.g. prostaglandins and leukotrienes)’2. During this process of breaking
down AA, ROS are produced as a by-product’3.

Additionally, hydrogen peroxide can also be produced by peroxisomal B-oxidation of fatty
acids. Peroxisomes, named and identified in 1965 by Christian de Duve, are defined as a
membrane-bound organelle with at least one method of H,0, production and one catalase, an
enzyme that degrades H,0,’*. This idea was highlighted when it was shown that, in rat liver,
peroxisomes are responsible for 20% of the oxygen consumed and up to 35% of the hydrogen
peroxide produced’®. Fatty acid oxidation that occurs in peroxisomes is the breakdown of fatty
acids to acyl-CoA units via a multi-step process’®. The enzymes that participate in this process of
fatty acid oxidation produce ROS and RNS as by-products of their activities”’. Some of these
enzymes that produce hydrogen peroxide in peroxisomes include, but are not limited to, acyl-

CoA oxidases, D-amino acid oxidase, and polyamine oxidase’®. When considering the countless



sources of ROS, it is quite remarkable that organisms can live with lower, or completely lacking,

superoxide dismutase (SOD) expression despite the fact that only SOD directly act on superoxide.

d. Superoxide

Historical perspective

Superoxide is an interesting molecule let alone because Linus Pauling, arguably one of the
greatest scientists of the twentieth century, conceived that it might exist three years before
others did the experiment to prove that it does’® 8. In 1979, Pauling glowingly reflected: “It is a
source of satisfaction to me that the superoxide radical, whose existence was predicted through
arguments based upon the theory of quantum mechanics, should have turned out to be
important in biology and medicine”8!. Superoxide was formally discovered in 1934, when Edward
W. Neuman isolated potassium superoxide. These experiments were guided by Pauling, who
suggested Neuman prepare a potassium oxide sample and measure its magnetic susceptibility.
When this was done, the measurement supported the conclusion that this prepared oxide
sample had an odd number of electrons per unit of molecular oxygen®2. Although the Free Radical
Theory of Aging was proposed in 1956, Fridovich was the first to directly outline a role for
superoxide in “oxygen toxicity” in 1978%3. Many publications in the years that followed supported
this idea of superoxide being toxic to cells, organs, and animals. In 1986, it was even stated that
“aerobic life forms are possible despite and not thanks to the presence of oxygen!”®*. More
recently, the perspective on the toxicity of superoxide has shifted and become much more
nuanced and this thesis will contribute to this shift. For example, the Hekimi lab showed that C.
elegans that lack all 5 isoforms of superoxide dismutase (SOD) live just as long as wild-type
worms. This would not be possible if physiological levels of superoxide production were the cause

of aging or acutely toxic*®.

Structure
Molecular oxygen (O2) is known to exist in four oxidation states. These oxidation states are
described by the notation (0O;)", where n changes based on the charge of the compound. When

n is 0, this is molecular oxygen (02). When n is +1, this is the dioxygen cation (0;*). When nis -1,



this is superoxide (02°7). And finally, when n is -2, this is the peroxide dianion (02°%7)%. Superoxide
is both a radical and an anion that is formed as a result of the monovalent reduction (involves
one electron) of 0,3. There is disagreement in the literature as to how reactive superoxide is.
Many studies have stated that superoxide is highly reactive, but some have also proposed that it

is not very reactive despite its free radical nature®®.

Where is it formed and how does it move?

As previously discussed, the major source of reactive oxygen species, and therefore superoxide,
is believed by many to be the mitochondria, specifically complex | in the electron transport chain
(NADH:ubiquinone oxidoreductase). The most likely course of events leading to superoxide
formation at complex | is that one electron is transferred from a fully reduced flavin to molecular
oxygen®’. Mitochondrial superoxide was traditionally thought to be only relevant in the
mitochondria, because superoxide, unlike hydrogen peroxide, cannot freely cross the
mitochondrial membrane. However, it was shown recently that there are voltage-gated channels
that allow superoxide to be released from the mitochondria into the cytosol®® 8. Note, paraquat
(1,1’-dimethyl-4,4’-bipyridinium dichloride) is an exogenous “source” of superoxide®. Paraquat
(PQ) has been shown to stimulate superoxide production, specifically at complex | in the
mitochondrial ETC, leading to extensive oxidative damage®'. PQ is a redox cycler. PQ?** (the
paraquat di-cation) can accept an electron, leading to formation of PQ* (the paraquat mono-
cation), which can then go to react with O, at a rate of k ~ 7.7 x 108 M* s to produce superoxide.
Superoxide production also regenerates PQ?* and the cycle begins again®2. Superoxide formation
at complex | is favoured because there is a greater proton-motive force and pool of reduced
coenzyme Q (Q) than at other complexes in the ETC%3. Superoxide is also produced at complex IlI
in the ETC. Complex Ill superoxide is released into both the matrix and intermembrane space,
unlike complex | superoxide which is released exclusively into the mitochondrial matrix. This is

an important note given the likely presence of SOD in the mitochondrial intermembrane space®?.

e. Damage from ROS
For years, it has been shown that loss of SOD activity in organisms ranging from bacteria to mice

is associated with increased oxidative damage. Oxidative damage can be measured by membrane
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lipid peroxidation, protein carbonylation, and DNA breakage and base modification’ %49, The
traditional interpretation of these results is that insufficient removal of superoxide is deleterious;
however, in this thesis, it is shown that the majority of the toxicity of superoxide is due to the
generation of peroxynitrite (ONOO™)*. Peroxynitrite is itself a much stronger oxidant than
superoxide and its decomposition also leads to the formation of reactive species such as HO®,

NO:°, and CO3*%7. More on peroxynitrite will be discussed later.

Even if the responsible species of ROS is not always agreed upon, it is accepted that
oxidative damage can result when ROS levels reach a high concentration. Damage from ROS can

occur to various types of macromolecules, ranging from DNA to proteins to lipids.

DNA modifications

The DNA sugar-phosphate backbone and bases alike can be oxidized by ROS®. ROS-mediated
modifications of DNA can lead to strand breakage, deoxyribose oxidation, DNA-protein
crosslinking, and mutations from modification of DNA bases. Deoxyribose oxidative damage is
primarily a result of hydrogen abstraction from this sugar and oxidative modifications of DNA
bases usually involve the addition of OH®. ROS have been shown to attack both nuclear and
mitochondrial DNA. Nuclear DNA extracted from rat livers showed that every 1 in 130,000
nucleotides had evidence of ROS damage, whereas mitochondrial DNA from those same livers
showed ROS damage every 1 in 8,000 nucleotides. The presence of damage was assessed by 8-
hydroxy-2'-deoxyguanosine (8-oxo-dG)®°. Base excision repair (BER) is the major approach for
ROS-damaged DNA bases. There is evidence that this nucleotide excision repair can be defective
through mutations in human pathologies, so the effects of ROS DNA damage are compounded
by the effects of ineffective DNA repair. Accumulation of DNA damage and mutations has been
associated with human disease and cancer development%,

Let us explore some typical ROS-modifications of DNA. First, the presence of hydroxyl
radicals can result in the formation of 5hmC, or the removal of a hydrogen atom from the methyl
group of cytosine!®, 5hmC has been shown to result in improper methylation patterning and
demethylation of CpG sites'®. ROS can also affect DNA via the formation of 8-hydroxy-2'-

deoxyguanosine (8-oxo-dG), as briefly discussed above. Most of these residues can be removed
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by 8-oxoguanine DNA glycosylase (OGG1) and then the resulting gap filled by BER!®. 8-oxodG
can lead to DNA mutations, mainly G to T transversions, and, on an epigenetic level, changes in
methylation patterns that can affect transcription regulation!®. High 8-oxodG have been
associated with many diseases, for example, elevated levels have been found in atherosclerotic

blood vessels'®.

Protein oxidation

High levels of ROS can impact a protein’s ability to carry out its functions. Oxidative modifications
can lead to altered protein conformations (e.g. active site), protein fragmentation, protein-
protein crosslinking, changes in protein-partner interactions, and increased or decreased protein
turnover!®® 107 ROS/RNS can cause nitrosylation, carbonylation, disulfide bond formation, and
glutathionylation®®. Protein carbonylation is oxidation that forms ketones or aldehydes on amino
acid side chains. These ketones and aldehydes can be measured because they readily react with
2,4-dinitrophenylhydrazine (DNPH) to form hydrazones. These carbonyl forming oxidations often
occur on side chains of lysine, arginine, proline, and threonine amino acid residues!®®. High
protein carbonyl levels have been correlated with many diseases ranging from Alzheimer’s to

diabetes to renal failurel®.

Cysteine and methionine residues are particularly susceptible to oxidations by ROS.
Cysteine residues have a thiol group that can readily be converted to disulfides and methionine
residues can easily be converted to methionine sulfoxide (MeSOX) residues. Oxidations of both
cysteine and methionine residues, unlike other protein oxidations, can be repaired. It has been
hypothesized that methionine residues, in particular, serve as a sort of ROS scavenger system to
protect against other amino acid residues from being oxidatively modified'°. Another possible
oxidative modification to proteins is metal catalyzed oxidization, as seen in proteins with active

site metal, and often leads to enzymatic inactivation!?.

Lipid oxidation

Lipid peroxidation, once induced by ROS damage, can be propagated to adjacent lipids. These

alterations to lipids can inactivate membrane-bound receptors and enzymes and can change
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membrane permeability, thus affecting cellular functions!!2, ROS-mediated oxidation of lipids,
typically polyunsaturated fatty acids (PUFA), occurs with a primary initiation step where an
oxidant abstracts a hydrogen atom from a PUFA, resulting in the formation of a lipid peroxyl
radical (LOO®). This lipid peroxyl radical can then remove another hydrogen atom from a
neighbouring lipid, leading to the formation of a lipid hydroperoxide (LOOH). This neighbouring

lipid is then available to react with another oxidant, continuing the cycle!!3,

f. ROS signaling

Although initially thought to be toxic, ROS have now been established as key players in cellular
signalling. Even though ROS involvement in signalling has been well-documented in the literature,
there still is skepticism in the field. This skepticism stems from the idea that to be an effective
signaller, a high level of specificity is required and ROS are reactive by nature, which makes it
difficult to imagine how ROS can discriminate between targets!!*. In stereotypical signalling,
specificity is obtained by what could be compared to a lock and key model, where the ligand can
only bind to its receptor due to complementary shapes. However, ROS signal by covalent protein
modifications!?>,

ROS vary in their signalling based on their chemical reactivity, lipid solubility, and half-
lifet®, The hydroxyl radical (HO®) reacts with most biological material it comes in contact with,
however, superoxide and hydrogen peroxide both seem to prefer certain targets over others.
Superoxide is drawn to iron-sulfur (FeS) clusters as a result of electrostatic attraction!!’. Fe-S
centers are commonly used in enzymes that are responsible for oxidation-reduction
transformations of many small molecules. The simplest Fe-S center is a Fe atom surrounded by 4
cysteine residues, where the iron is bound to the sulfur in cysteine residues!!®, Cysteine is the
most common protein residue found in these Fe-S centers as it has a high affinity for iron,
however, other residues have been found in clusters such as histidine, aspartate, and arginine!?°,
Cysteine act as redox switches in enzymes regulated by ROS (Figure 3)?°. The thiol of cysteines
can be converted between reduced, oxidized, and alkylated forms post-translationally, thereby
changing catalytic properties of enzymes!?. At physiological pH, the thiol of cysteine exists as a
123

thiolate anion (Cys-S7)!22. This anionic form of sulfur is particularly vulnerable to oxidations

Hydrogen peroxide specifically can oxidize this thiolate anion to a sulfenic form (Cys-SOH). This
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can lead to both allosteric changes and changes in protein function. This sulfenic cysteine can
then be reduced back to a thiolate anion cysteine by thioredoxin (Trx) and glutaredoxin (Grx)2°.
Hydrogen peroxide can, in some cases, further oxidize the thiol group to sulfinic (SO;H) and
sulfonic (SOsH) forms. These oxidized forms are not reversible modifications to a protein, unlike
the sulfenic form'?4. Interestingly, during oxidation of Fe-S clusters by superoxide, an iron atom

is released which can reduce hydrogen peroxide and lead to further generation of HO* radicals?.

Protein-SH
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Sulfinic acid Stron Radical reactions with
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Figure 3: Cysteines as redox switches.

Post-translational modification of cysteine (Cys) residues is one of the most common
mechanisms of redox signaling. Cysteine is well-equipped for signaling due to its thiol (-SH) side
chain. This thiol can easily switch between reduced and oxidized states in response to various
reactive oxygen and reactive nitrogen species. Therefore, cysteine thiols have been referred to
as redox switches. Protein thiol can undergo both one-electron and two-electron oxidation. One-
electron oxidation, shown on the right-hand side of the figure, initially gives rise the thiyl radical
(-S°*). In aerobic conditions, this radical can easily form disulfide bridges upon reaction with
another thiol group. The thiyl radical formed by a one-electron oxidation of a thiol group can also
propagate the formation of additional radicals. In the circumstance of a two-electron oxidation
of a protein thiol, shown by the left-hand side of the figure, sulfenic acid (-SOH) is initially formed
and quickly undergoes a secondary reaction. It can go on to form higher oxidation products (e.g.
sulfinic acid, sulfonic acid, etc.), react with an adjacent amide to form sulfenylamide, or react
with an addition thiol to form disulfide bonds. The figure illustrates the diversity of the oxidative
modifications that a thiol group can undergo and highlights why thiol groups are modulators of
signaling (Winterbourn and Hampton, 2008).
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g. Detoxification of ROS

As there are several mechanisms of ROS production, there are also numerous mechanisms of
ROS detoxification to preserve the integrity of the cell and organism. Remember, protection
against ROS formation is essential as the impacts of ROS on organisms can be plotted into an
inverted U-shaped curve, where up until a certain threshold ROS are beneficial and maybe even
required (i.e. because of their signalling functions) but beyond that threshold ROS become
detrimental and deleterious (i.e. their damaging qualities overwhelm) (Figure 4)!2% 127 There are
both endogenous and exogenous mechanisms of ROS detoxification, of which superoxide
dismutases (SOD), catalases (CAT), glutathione, N-acetyl cysteine, and vitamin C/ascorbic acid

will be reviewed in this section.

Lifespan

Reactive oxygen species

Figure 4: ROS are both beneficial and detrimental.

Traditionally, reactive oxygen species have been considered to be damaging compounds that
cells and organisms must properly manage to survive. However, there is mounting evidence that
ROS are required for cellular signalling but can produce beneficial effects in terms of aging. This
is not to say that ROS cannot be damaging, but instead their effects can be represented by an
inverted-U curve, whereby before a certain threshold, ROS are mainly beneficial, can be properly
managed by cellular detoxification systems, and fulfill signalling functions. However, after this
threshold, indicated by the dotted line in the figure, ROS become deleterious and begin to affect
survival negatively. Cellular detoxification systems appear unable to manage the gradual increase
in ROS that comes with age and are therefore unable to prevent age-related oxidative damage.

Superoxide dismutase

SOD catalyzes the dismutation of superoxide to hydrogen peroxide. In mammals, there are three

SOD isoforms — SOD1 mostly cytoplasmic, SOD2 mitochondrial, and SOD3 extracellulart?®,
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Surprisingly, even though SODs are the only known endogenous protection against superoxide
formation, mice lacking SOD1 and SOD3 remain alive, albeit mice lacking SOD2 die within three
weeks of birth'?®, Furthermore, C. elegans lacking all 5 isoforms of SOD (in worms, there are 5
isoforms, rather than the 3 isoforms in mammals) live just as long as wild-type worms, albeit are
more sensitive to exogenous sources of oxidative stress'®. Later in this thesis, more about SOD

will be discussed as SODs are the focus of much of the work in this thesis.

Catalase

Catalases (CAT) convert hydrogen peroxide (H,02) to water (H.0) and molecular oxygen (O). The
reaction that CAT catalyzes is: 2H,0; = 2H,0 + 0,13, The term catalase was coined in 1900 by
Loew and colleagues when they noted: “there seems to exist no plant and no animal which is
without that peculiar enzyme.’3” Finally, in 1937, the first catalase was isolated from a mammal,
specifically bovine liver, by Sumner and Dounce®3?. From there, catalases became one of the most
studied family of enzymes!33. There are three classes of enzymes in this family that are capable
of catalyzing the conversion of hydrogen peroxide to water. Two of these classes, typical
catalases and catalase-peroxidases, are heme-containing enzymes, whereas the third class, only
found in bacteria, are manganese catalases. The heme or manganese is found in the active sites
of these catalases and is required for the reaction34,

The mammalian CAT is a homotetramer with a molecular weight of approximately
60kDa'*>. Each of the 4 subunits contain a heme and these hemes form the active site of the
enzyme. The active site of CAT is relatively narrow and allows for selection of only small
substrates®3®. Intriguingly, even though CAT have been described for their role in removal of
hydrogen peroxide before the molecule can cause harm, catalases found in human and mouse
keratinocytes have been shown to also generate ROS upon irradiation!®’. Note, mice lacking
catalase do develop normally and only show a slight disparity in their response to oxidative
stress3®. These results and the ubiquitous expression of CAT across all aerobic organisms
highlight both how elevated levels of hydrogen peroxide can be tolerated by organisms but also
how improved modulation of these levels does seem to contribute an obvious survival advantage

under laboratory conditions.
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Glutathione

The glutathione system of detoxification is perhaps the most prominent system of ROS
detoxification!3. This system relies on several enzymes to support the unique ROS detoxification
qualities of glutathione. In fact, reduced glutathione (GSH) is the most abundant non-protein thiol
found in animal cells, reaching millimolar concentration levels in various tissues'4?. GSH is a
tripeptide, composed of the amino acids glutamine, cysteine, and glycine that are water-soluble
and thereby easily able to move throughout cells'#!. The thiol (-RS) present in GSH makes it an
efficient reducing agent. The importance of GSH for life is underlined by its widespread
abundance, not only in mammals but in plants, fungi, and prokaryotes alike#°. Intracellularly,

glutathione can exist in an oxidized state (GSSG) or a reduced state (GSH).

GSH is synthesized in the cell by y-glutamylcysteine and GSH synthases. Cysteine is typically
the rate limiting substrate during the synthesis of GSH!*2. Oxidants, such as hydrogen peroxide,
have been shown to promote uptake of cysteine into cells and this cysteine uptake is
accompanied by an increase in y-glutamylcysteine expression!*® 144 After GSH has been
produced, in concert with GSH peroxidase (GPx), GSH helps to protect against uncontrolled ROS
formation. GPx detoxifies hydrogen peroxide, with the requirement of GSH acting as an electron
donor. This results in detoxification of peroxides and formation of GSSG, the oxidized form of
glutathione. Conversion of GSSG back to GSH requires glutathione reductase (GR) and NADPH.
GR is a flavoprotein disulfide oxidoreductase and is a dimer. Oxidative stress contributes to the
transcriptional and posttranslational modification of GR expression!#®. Similarly, GPx expression
can be induced by oxidative stress. Aberrant expression of GPx is linked to many diseases and

viruses, including cancers, HIV, and hepatitis'#6-148,

Also included within the glutathione system are peroxiredoxins (PRDX), thioredoxins (TRX),
and glutaredoxins (GLRX). PRDX are a conserved family of peroxidases responsible for the
reduction of peroxides and other ROS*°, PRDX3, found exclusively in the mitochondria, has also
been shown, in both human and murine models, to be important for the reduction of
peroxynitrite and has interfered with peroxynitrite-mediated neurotoxicity and tyrosine

nitration?>°. The catalytic mechanism of PRDXs relies on a conserved cysteine residue, termed
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the peroxidatic cysteine®!. TRX and GLRX are also both found in mammalian cells and are reliant
on a thiol group for ROS detoxification. TRX require thioredoxin reductase (TXRX) and NADPH to

return to a form that can detoxify and GLRX require only glutathione®>2,

N-acetyl cysteine

N-acetylcysteine (NAC) is not an antioxidant, but rather a precursor to the antioxidant
glutathione!>*. NAC is a modified version of the amino acid cysteine (acetyl group attached to the
nitrogen of cysteine), which as stated earlier is rate-limiting in glutathione synthesis'>*. This
modified amino acid was first reported in the early 1960s when it was used as a mucolytic agent
in cystic fibrosis patients!>>, Currently, the most common use for NAC in a clinical setting is to
treat acetaminophen overdose®®®. The addition of an acetyl group on NAC, when compared to
cysteine, allows it to be less susceptible to oxidation and therefore more readily able to cross
cellular membranes®®’. De-acetylation of NAC occurs once NAC enters the cell. After the acetyl
group is removed, cysteine remains and can contribute to GSH synthesis!>8. Note, although NAC
has been reported to have mild antioxidant effects, GSH is approximately 10 times more effective

as an antioxidant>°. In this thesis, NAC is used as to boost antioxidant levels in cell culture.

Vitamin C

Since the discovery of vitamin C in 1933 by Albert Szent-Gyorgyi, there has been seemingly a
never-ending continually expanding list of biological functions attributed to this chemical'®®.
Pertaining to the work in this thesis, the most important function is its antioxidant effects.
Vitamin C, also known as ascorbic acid or simply ascorbate, can act as an electron donor to free
radicals. Donation of one electron results in the formation of the ascorbate radical (Asc*”) and
donation of the second available electron generates dehydroascorbic acid (DHA)*®!. Ascorbic acid
can be regenerated, by both enzymatic and non-enzymatic mechanisms, from both the ascorbate

radical and DHA®2. Ascorbic acid was used in several cell culture experiments in this thesis.
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2. Reactive Nitrogen Species (RNS)

a. Nitric oxide (NO*®)

Nitric oxide (NO*®) was discovered in 1772 when a British minister, Joseph Priestley, exposed iron
shavings to common air. He was intensely interested in understanding the chemical makeup of
the air'®3. The eighteenth century has rather astutely been referred to as “the century of gases”
or “airs,” as gases were termed at the time. Joseph Priestley was the first to hypothesize that air,
the atmosphere, is not just one substance, but rather a mixture of gases. This revolutionary idea,
at the time, led Priestley to discover not only nitric oxide, but also oxygen, ammonia, and carbon
monoxide, to name a few?!4,

Since its discovery, NO* was considered a key component of the atmosphere, but it took a
couple hundred years before the physiological role of NO® was acknowledged. First, in 1979, it
was shown that NO*® had the ability to relax smooth muscle when Gruetter and colleagues were
able to relax isolated strips of pre-contracted bovine artery by adding NO*® to the bath that the
strips of artery were soaking in1®°. This was the first evidence that NO*® could have a physiological
role; however, in the late 1970s, the presence of NO* in the mammalian body had yet to be
confirmed. A year later (1980), Furchgott demonstrated that acetylcholine (ACh) requires
endothelial cells for relaxation of arterial smooth muscle cells, as mechanical removal by rubbing
the surface or enzymatic removal with collagenase treatment of the endothelial cells eliminated
smooth muscle relaxation®®. As a reminder, the main cell types composing smooth muscle are
endothelial cells and smooth muscle cells. Endothelial cells form a lining between the flowing
blood and the smooth muscle tissue'®’. Furchgott and colleagues were then able to go on to show
that ACh induces endothelial cells to secrete a factor, unknown at the time, that eventually leads
to smooth muscle relaxation. This was demonstrated by sandwiching two strips of aorta together.
Sandwiching refers to placing a strip of aorta without endothelial cells directly in contact with
another strip of aorta that has intact endothelial cells. When these two strips were placed
together, both relaxed!®®. The factor secreted by endothelial cells that is responsible for this

smooth muscle relaxation was termed as the endothelium-derived relaxing factor (EDRF)*°.
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Only in 1987, EDRF was proven to be NO* and this is where the drama began. Separately,
within six months of one another, the Ignarro lab and the Moncada lab showed that nitric oxide
accounts for the biological activity of EDRF, meaning nitric oxide is the unknown compound that
is responsible for smooth muscle relaxation!’® 171, To prove that nitric oxide is EDRF, various
substances were flowed over arteries or veins stripped on the endothelium. Perfusate from intact
arteries, acetylcholine, and nitric oxide all led to relaxation of the artery or vein. Also important,
pyrogallol, a substance that generates superoxide from molecular oxygen present in solutions,
inhibited this relaxation and superoxide dismutases (SODs) accelerated the relaxation (Figure
5)71, This finding that superoxide seems to inhibit the function of NO* is noteworthy because this
thesis focuses on demonstrating that peroxynitrite, formed by the reaction of superoxide with
nitric oxide, is what is toxic to cells and organisms, rather than superoxide, which has been
historically considered to be toxic. Another interesting finding is that hemoglobin has a similar
effect of inhibiting relaxation induced by nitric oxide in an endothelium-stripped artery or vein
(Figure 6)*2. Finally, in 1988, Moncada and colleagues went on to show that L-arginine is the

precursor to NO*173,
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Figure 5: Identification of endothelial derived relaxing factor (EDRF) as nitric oxide (NO°).

The similarity between patterns of vasodilation in both arteries and veins by endothelial-derived
relaxing factor (EDRF; perfusate in above figure), nitric oxide donors, and nitric oxide (NO*®) itself
led to the identification of EDRF as nitric oxide. Arteries and veins used in these experiments were
stripped of their endothelium, the source of EDRF. They were also pre-contracted with 10uM
phenylephrine. Before delving into the experiment, the abbreviations are the following — GTN is
glyceryl trinitrate (0.1uM for 1 minute), Perf is perfusate from intact arteries or veins that
contains the elusive EDRF, ACH and A23 are both acetylcholine (1uM ACH or 0.1uM A23 for 3
minutes), NO is nitric oxide (0.1uM for 3 minutes), PYR is pyrogallol, a substance that generates
superoxide (20uM), and SOD is superoxide dismutase (100 units/mL). In arteries and veins alike,
GTN, perfusate, ACH (signals via increases in nitric oxide), and NO all induce relaxation. This
relaxation is inhibited by PYR, presumably due to increased superoxide reaction with nitric oxide,
and is intensified by the addition of SOD, presumably due to decreased superoxide reaction with
nitric oxide (lgnarro et al., 1987).

Altl'oly F—lun H'bO,—c*

Artanist GTN ACH NO ACH NO GTN
Strips Oy Part 1.m  10am Ty 30aad O lpm

v ¥
S Lt

2 ~—L ~ U v

3 — s v
b

VTn *n—luu Hboz-—¢|

Vanous GTN BKN NO BXKN NOQ GTN
Strips 0.m Part 0.3M 30w 0Jph  I0nM 0. 1M

1 4

. L
ettt
2 T/-\,j,_b ut
3 —\/—u--v-‘, Y

Figure 6: Hemoglobin inhibits downstream effects of nitric oxide (NO°).

HbO, (hemoglobin) inhibits the relaxation of endothelium-stripped arteries and veins. As in the
above figure, these arteries and veins were pre-contracted with phenylephrine. Normally, GTN
(glyceryl trinitrate), NO (nitric oxide), acetylcholine (ACH), and bradykinin (BKN) induce relaxation
of arteries and veins. However, the presence of hemoglobin alone is sufficient to completely
inhibit the relaxation cause by NO and ACH/BKN and the greatly reduce the relaxation caused by
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GTN. This was the first evidence that hemoglobin can affect the bioavailability of nitric oxide and
thereby affect physiological processes such as vasodilation (Ignarro et al., 1989).

Few discoveries have had such an impact on biological knowledge as the discovery of the
physiological relevance of nitric oxide!’*. In the years since its identification in a physiological
setting, NO* has been linked to pretty much every disease and implicated in various processes
throughout the mammalian body. Nitric oxide garnered so much attention that it was identified
as molecule of the year in 1992 and winning the Nobel Prize in 19987> 176 Because two separate
labs had simultaneously identified nitric oxide as EDRF, this is where the drama arose. The three
American scientists (Robert F. Furchgott, Louis J. Ignarro, and Ferid Murad) involved in the
identification of EDRF as nitric oxide were awarded the Nobel Prize, whereas Salvador Moncada,
a Honduras native whose research is based out of University College London, was notably left
out. This was surprising as the Moncada paper identifying EDRF as nitric oxide was actually

published six months prior to the Ignarro papert’’

. Murad was recognized by the Nobel
committee for the medical significance of his contributions, showing that vasodilators such as
nitroglycerin, and thereby nitric oxide, relaxes smooth muscle by activating soluble guanylate
cyclase (sGC) and elevating levels of cyclic guanosine monophosphate (cGMP)*78,

A fun fact, Alfred Nobel, the man who establish the Nobel Prizes and the inventor of
dynamite (explosion of nitroglycerine in a controlled manner), was told by doctors to take
nitroglycerin to control a heart condition, but he refused!”’. It is now known that nitroglycerin

can help a patient suffering from chest pain, or angina, feel significantly better in a matter of

minutes because nitroglycerin aids in heart blood vessel dilation’.

b. RNS sources

All reactive nitrogen species (RNS) formation requires nitric oxide synthases (NOS). NOS are the
only endogenous sources of NO* 18 NOS convert L-arginine to L-citrulline and as a result produce
NO*181, NO* goes to react with oxygen-containing molecules to form further RNS. When NO® is

reduced, this gives rise to the nitroxyl (HNO) and its nitroxyl anion (NO")*¥2, NO* can also be
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modified to higher oxides of nitrogen (e.g. NO2, N,O4, etc.)'®. Other derivatives of NO*include —

S-nitrothiols (RSNO) and dinitrosyl-iron complexes!®.

c. Damage resulting from RNS

NO* has been reported to have many toxic outcomes, but it is more likely that these toxic effects
are mediated by oxidation products of NO®, such as peroxynitrite (PN), rather than NO* itself. For
example, in 1991, it was shown that NO® is not able to directly attack DNA and that rather this
can only be achieved by nitrogen oxides'®. Furthermore, NO* was thought to inactivate Fe-S

centers in mitochondria. However, this effect has now been shown to be mediated by PN86 187,

Akin to ROS, RNS can be extremely toxic!88. Examples of RNS include, but are not limited
to, nitric oxide, nitrogen dioxide, peroxynitrite, nitroxyl anion, and nitrosium cation!®®, Damage
through RNS often occurs via nitration that can result in protein dysfunction and often, in the
brain, neuron loss®°. Excessive NO* production has been linked to various neurodegenerative
diseases. When NO® is produced in high quantities, it acts like a neurotoxin rather than a

neurotransmitter®?.

RNS also has an impact on the response to stress in the endoplasmic reticulum. This occurs
mostly because NO*® can S-nitrosylate endoplasmic reticulum chaperones, as seen with protein
disulfide isomerase (PDI), causing their inactivation. This leads to accumulation of
polyubiquitinated proteins and the activation of the unfolded protein response (UPR), resulting

in endoplasmic reticulum stress (ERS) and corresponding neuronal cell death®2,

NO® and its derivatives are known to have both pro- and anti-apoptotic outcomes.
Influences on whether or not RNS promote or prevent apoptosis are —the concentration of RNS,
the source of RNS, and the conditions in which RNS are studied (the simplest example being in
vitro versus in vivo studies)!®3. NO*-containing species can regulate apoptosis from many angles
as NO°® signalling is involved in countless physiological processes. For example, NO*® can stimulate
the Fas ligand to bind to its receptor (APO-1/CD95) which initiates apoptosis, marked by assembly
of the death-inducing signaling complex (DISC) and activation of caspase-8. The binding of the

ligand is facilitated by S-nitrosylation, a consequence of NO* production, of cysteine 199 and 304
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on the Fas receptor!®. There is also evidence that suggest that NO* promotes an increase in the
Bax/Bcl-2 ratio, which leads to increased mitochondrial permeability and cytochrome c
release!®®. Both NO* and peroxynitrite can inhibit the ETC®® 197, Furthermore, NO*-mediated
caspase activation has been found in various cell types, ranging from smooth muscle cells to
retinal ganglion cells'%® 199, As stated earlier, NO* also has anti-apoptotic roles that have been
highlighted. For example, the maintenance of an inactive population of caspase-3 requires NO*-
mediated S-nitrosylation. This reversible post-translational modification allows for rapid

modulation of apoptosis?®.

d. RNS signaling

NO*is a key modulator of numerous physiological processes ranging from neurotransmission to
vasodilation to inflammatory and immune responses?®l. NO*® is unique because it is small, has no
charge, which obviates the need for a transport system as it is freely diffusible, is relatively
unreactive for a free radical, and is oxidized to both NO,™ and NOs~, which are readily destroyed
under physiological conditions, meaning that there are no specific mechanisms of NO*
removal?®2. The exception to the relative unreactive nature of NO* may be its reaction with
superoxide to form peroxynitrite (as discussed below). However, if NO* does not have readily
available access to proteins and metals, its removal in a physiological setting is slow!®. One of
the main reasons why NO* makes an excellent, while unorthodox, signaling molecule is because
of its ability to bind hemes at low, non-toxic, concentrations, especially that of soluble guanylate
cyclase?®. Nitric oxide has been shown to signal through both cGMP-dependent (involving

soluble guanylate cyclase) and cGMP-independent mechanisms2%,

NO°*/cGMP signaling pathway

Soluble guanylate cyclase (sGC, also referred to as guanylyl cyclase) is a heterodimeric enzyme
that converts guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP)?%. sGC,
much like NOS itself, is a heme-containing protein. It is through NO*® interaction with this heme
that sGC is activated?®. sGC is the only proven receptor of NO°. Both sGC and cGMP were
uncovered in the 1960s, but the NO*/cGMP signalling pathway only began to be unraveled in the

1990s. After the finding of cAMP in 1958, the search began for other physiological relevant cyclic
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nucleotides??’. From there, cGMP was first identified in rat urine in 1963 and guanylate cyclase
was purified and confirmed to be the source of cGMP production in mammalian tissues in
1969208210 |n 1977, the link between guanylate cyclase and NO* was made when it was shown
that NO* gas and NO°® originating from vasodilators (e.g. nitroglycerin) activate guanylate
cyclasel’® 211 However, in 1977, NO* was still not considered significant, as it was not known to
be endogenously produced in vivo. The only biological application of NO® in 1977 was

212 \When NO°* was shown to

exogenously-supplied drugs, such as nitroglycerin as a vasodilator
be EDRF, all of a sudden, the activation of sGC by NO* became relevant!’!. Since the initial
connection by NO*and cGMP was made, this signalling pathway has been shown to be important
in smooth muscle relaxation, regulation of blood pressure, blood platelet aggregation, immune
responses, and neurotransmission?3-217,

Binding of NO* to sGC heme catalyzes the production of cGMP?%8, In the context of smooth
muscle relaxation, cGMP expression leads to a lowering of the concentration of intracellular Ca?*
and thereby muscle relaxation?!. Studies of the structure of sGC show that sGC is an ap-
heterodimer with one heme. Two isoforms - a1B1, a2f1 — have thus far been proven to exist in
a physiological context?!®. Most studies of sGC function are carried out using the a1B1 isoform.
From these studies, it is known that NO® interacts with the heme moiety of sGC that is attached
to histidine 105 (His105) of the B1 subunit. The current model for sGC activation by NO* is a two-
step process — 1) NO* binds to the heme forming a six-coordinate complex and 2) the bond
attaching the heme moiety to His105 is broken leading to the formation of a five-coordinate
complex. This breaking of the bond between His105 and heme leads to a conformational change
in sGC and enhances the catalytic abilities of the enzyme??°. Until recently, this model has been
generally well accepted. But in the past few years, several studies have challenged the accuracy
of this model of sGC activation by NO®. Zhao et al. used stopped-flow spectroscopy to follow
changes in heme absorption during the process of sGC activation. These experiments suggest
that the mechanism for sGC activation is a three step process that could include a second NO*-
binding step??!. Fernhoff et al. have also challenged the assumption that only the sGC heme is

involved in its activation, as sGC has many readily accessible cysteines that NOe could react with.
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From this study, it is shown that sGC can be inhibited by methyl methanethiosulfonate by

blocking a non-heme site??2,

cGMP-independent NO* signaling

NO*signalling through the secondary messenger cGMP is the most well-defined but several other
cGMP-independent NO* signaling pathways have recently been proposed. For example, NO*is a
regulator of mitochondria respiration via its inhibition of mitochondrial cytochrome oxidase at
low concentrations?23. NO* serves as anindicator of oxygen levels. Under hypoxic conditions, NO*
is free to act in place of oxygen and will inhibit the mitochondrial electron transport chain by
directly binding to cytochrome oxidase, as NO® and O, closely resemble one another

224 |f oxygen is present at normal levels, this inhibition occurs to a lesser degree. This

structurally
inhibition of the mitochondrial electron transport chain would allow for redistribution and
increased bioavailability of molecular oxygen to surrounding cell types and/or tissues??®. NO* has
also been reported to activate calcium-sensitive potassium channels found in vascular smooth
muscle, even in conditions where guanylate cyclase was inhibited by treatment with methylene
blue??®, Furthermore, NO* is known to inhibit NF-kB (nuclear factor kB) activation, a transcription
factor key in both the innate and adaptative immune responses??’. Activation of G-proteins,
including the protooncogene p21lras, by NO* occurs by enhancement of nucleotide exchange,
thereby increasing the ratio of GTP-bound forms to GDP-bound forms?%® 22°_ |t has been shown
that cysteine 118 of p21ras is S-nitrosylated when NO*is present and this is key for the facilitation
of guanine nucleotide exchange?3°. On the flip side of the coin, caspases, key apoptotic proteins
and cysteine proteases, are reversibly inhibited by S-nitrosylation of their active site cysteine?3L.
This means NO°®, in addition to its countless other roles, also has the ability to regulate apoptosis.
Finally, hemoglobin and the ryanodine receptor, a cardiac calcium-releasing channel, are found
to be S-nitrosylated in vivo and this S-nitrosylation leads to changes in their functionality?3% 233,
The key with considering any new target of NO® is to consider whether these modifications can
occur at physiologically relevant concentrations. Many in vitro experiments performed at high

NO* levels can lead to more S-nitroscysteine than would be observed in vivo?!2.
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3. Roles of ROS/RNS in disease pathology

a. Cardiovascular diseases

ROS and RNS play crucial roles in signaling processes that go awry in cardiomyopathy and
cardiovascular diseases. As a general rule of thumb, cardiovascular diseases are marked by ROS
overproduction, but RNS formation can be either decreases or increased?3*. Angiotensin-
converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) are commonly used
to treat heart failure as angiotensin Il (ATIl) has been shown to exacerbate the condition?3> 236,
This increase in ATIl leads to a concurrent increase in NADH- and NADPH-driven superoxide
production. The ATII-driven superoxide increase has been shown in vascular smooth muscle cells
(VSMCs) and aortic adventitial fibroblasts?3”-238, Thrombin, tumour necrosis factor-a. (TNF-a), and
platelet-derived growth factor (PDGF) have all been shown to also stimulated superoxide
production in VSMCs?3%, The superoxide, and by extension hydrogen peroxide, produced by ATII
expression, strongly activates mitogen-activated protein kinase (MAPK) family members (ERK1/2
and p38 MAPK), which are proteins that regulate growth, apoptosis, and stress responses?4% 241,
Atherosclerosis, or the build-up of cholesterols and fats (plaques) in arteries, can lead to blood
clots and rabbit models of atherosclerosis have shown significantly elevated levels of
superoxide?4?24 A role of erroneous-produced superoxide has been defined in hypertension.
Hypertensive rat models have shown that, in rats with elevated blood pressure, superoxide levels
are high in arteries and veins?®. In these rats, administering heparin-binding SOD, in other words

SOD that localized to blood vessel walls, normalizes blood pressure?4®.

b. Diabetes

Diabetes is tied to vascular complications and mitochondrial dysfunction in various tissues, such
as skeletal muscle, heart, and lungs, to name a few?*”- 248, These observations are suggestive of a
clear role of ROS/RNS in the progression of diabetic conditions. For example, it has been shown
that type 2 diabetic patients have decreased oxygen consumption due to mitochondrial
dysfunction (a decrease in complex | activity), increased ROS production, and a decrease in the
levels of glutathione, a key antioxidant?* 2°°, Further evidence supporting the importance of

reactive species for diabetes is that MitoQ, an antioxidant, is demonstrated to be beneficial for
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the management of diabetes (e.g. diabetic mice show decreases in elevation of urinary albumin

levels)?°1,

c. Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disease, the most common type of dementia,
characterized by elevated oxidative stress. Sporadic AD, in contrast to familial AD, tends to occur
after 65 years of age and is associated with apolipoprotein E4 (APOE4) allele?*? 253, The presence
of this allele has been linked to a decrease in the activity of endogenous antioxidants, such as
glutathione peroxidase and catalase?>*. Another hallmark of AD is senile plaques composed of
amyloid beta (AB8) peptides. A8 peptide is formed by cleavage of amyloid precursor protein (APP)
by 8-secretase and y-secretase?>>. The AB peptide associated with poor prognosis of AD is A8 (1-
42) and the presence of this peptide has been shown to induce oxidative stress both in vitro and
in vivo?>® 257 ROS formation has also been associated with other neurodegenerative diseases,

including Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclerosis (ALS)%.

d. Amyotrophic lateral sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease where motor neurons are
progressively lost in the brain and in the spiral cord, ultimately leading to death within 2-5 years
of diagnosis?®® 2%, SOD1 mutations were first identified in patients with familial ALS in 1993 by
the Rosen and collegeaues?®®. Because these SOD1 mutations were commonly found in exons,
the initial hypothesis was that these cases of familial ALS resulted from the dysfunction of
SOD1%%%, However, with more research, the relationship between SOD1 mutations and ALS has
only gotten more complicated. It became clear that a hallmark of ALS was not SOD1 protein
dysfunction per say, but aggregates of misfolded SOD1 that are found in glial cells of the nervous
system?62 263 The exact mechanism of how these protein aggregates lead to motor neuron death

remains to be elucidated.

e. Cancer development
ROS-mediated DNA damage is a generally accepted trigger of cancer development?®4, Studies in

humans support that oxidative DNA damage is a carcinogenic factor?®>. When ROS causes
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mutation, such as G to T transversions, in genes that function as oncogenes or tumour suppressor
genes, initiation of cancer or increased progression of a pre-established cancer can occur?® 267,
Note, the most frequent mutations in p53 tumours are G to T transversions2%® 269, Combine these
known cancer-causing mutations with the facts that human tumour cells are produce large bursts
of ROS, specifically hydrogen peroxide, and oxidative DNA alterations are found in cancerous
tissues, this is suggestive that ROS plays a central role in cancers?’® 2’1, Let us examine the
straightforward example of cancer initiation. Cigarette smoke results in an accumulation of 8-

hydroxydeoxyguanosine (8-OHdG) in the lungs. 8-OHdG levels in cigarette smokers are up to 3-

fold higher than non-smokers?’2.

4. Superoxide dismutases

a. History
Superoxide dismutase (SOD) was discovered over a half a century ago, in 1969, by Joe M. McCord

273, McCord and Fridovich purified a previously

and Irwin Fridovich, at Duke University
unidentified enzyme, termed superoxide dismutase, from bovine erythrocytes. This enzyme was
shown to inhibit the reduction of cytochrome c¢ by superoxide (0;*"). The newly discovered
superoxide dismutase had a unique ultraviolet absorption spectrum very similar to that of other
copper-containing proteins that had been previously isolated but had no known enzymatic
activity, notably hemocuprein (bovine)?’* and erythrocuprein (human)?’>. Most importantly,
when hemocuprein and erythrocuprein were assayed for superoxide dismutase activity, the units
of SOD activity per milligram (mg) were similar between hemocuprein, erythrocuprein, and the
newly discovered SOD (~3000 units/mg). At the time, a unit of superoxide dismutase activity was
defined as the amount of the enzyme required to reduce the rate of cytochrome c reduction by
50%273. Developing an assay for superoxide dismutase activity was only possible because, in
1968, McCord and Fridovich proved that the reduction of cytochrome c was is accomplished by
the production of superoxide by xanthine oxidase?’®.

SODs have evolved on, at least, three separate and independent instances, indicating that

there is intense evolutionary pressure for defences against superoxide and/or products formed

as a result of the presence of superoxide (i.e. peroxynitrite)?’”. The three occasions of SOD
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evolution are represented by the three families of SOD enzymes known to exist. These families
are defined by the metal used for their catabolic function — Fe or Mn, Cu or Zn, and Ni?’8,

The first family likely to evolve would be the Fe- or Mn-containing SODs. This is because as
the switch to an oxygenic atmosphere was occurring billions of years ago, the oceans still
remained anoxic with high sulfur (S) contents?’”®. In these conditions, metal solubility is the
opposite of that observed today — iron (Fe), nickel (Ni), and manganese (Mn) dissolved and zinc
(zn) and copper (Cu) precipitate and became biologically inert?®0. These environmental
conditions made key components, such as Fe, of some of the first enzymes, notably SOD,
abundantly available?8!. Another reason to believe Fe-SODs evolved first is that they are one of
the most common SODs in both aerobic and anaerobic bacteria?®? 28, FeSODs were discovered
by Yost and Fridovich in 1973282,

CuZn SODs are hypothesized to be the most modern SOD family. This is for two reasons: 1)
the bioavailability of Cu and Zn increases as atmospheric and oceanic O; levels increase?®, and
2) while CuZn SODs are highly abundant in animals and plants, there are found only at low levels
in bacteria and are not found in archaea or protists?8428¢, An interesting note on CuZn SODs is
that they share little structural homology with Fe/MnSODs?®’. Cuzn SODs are homodimers of
eight-strand beta barrel monomers, whereas Fe/Mn SODs are homodimers of monomers that
have a C-terminal three-strand beta sheet surrounded by alpha helices and a N-terminal domain
that is alpha-helical?®®. The fact that these enzymes, which both catalyze the dismutation of
superoxide, accomplish their role with diverse structures fully solidifies the idea that Fe/MnSQODs
and CuZn SODs evolved independently of one another. CuZn SODs were discovered by Fridovich
and McCord in 1969273,

The last family of SODs to discuss is NiSODs. NiSODs are typically found in marine bacteria and
algae?® 20 Ljttle is known about this family of SODs as they were discovered in 1996%%°.
However, just like CuZnSOD and Fe/MnSOD, NiSOD does not seem to be at all structurally to the
other SOD families. Its structure is not dependent on Ni coordination as CuZnSOD and Fe/MnSOD
are both dependent on the coordination of their metal to function?®'. In the case of SOD1, Cu?*
is associated to the active site by four histidines — His46, His48, His63, and His120. Nitrogen atoms

in these histidines bind the copper ion?2, Also significant, most mammalian cells do not rely on
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the simple diffusion of copper to ensure its insertion to the SOD1 active site. Instead, a copper
chaperone (CCS) expedites the process?3. CCS docks onto a disulfide reduced form of SOD1 and
remains inactive until exposed to superoxide, whereby the disulfide bond in SOD1 is isomerized
and in the process, copper is transferred to SOD12%4. SOD1 also bind Zn?* in its active site through
His63. His71, His80, and Asp832°2,

Since the identification of SOD by McCord and Fridovich, further evidence has been
published to show that SODs are the primary line of defense against superoxide. In mammals, for
example, SOD1 is one of the most abundant enzymes, with a cellular concentration estimated
between 10-40uM?8 2%, In mice, SOD1 its 34" most abundant protein in the whole organism,

out of 17,698 proteins®®.

b. Function

Superoxide dismutases (SODs) are the enzymes responsible for the catalytic conversion of
superoxide (02*") to hydrogen peroxide (H,0,) and oxygen (O2) 2°7- 2%, These enzymes are the
only known defence against superoxide formation and accumulation?®. SODs, in physiological
conditions, allow for dismutation of superoxide to occur ~10* times faster than if left to occur

spontaneously3%,

c. Mechanism

Superoxide dismutases must have a finely tuned mechanism because the difference between
molecular oxygen and superoxide is only one electron. SODs are known as an enzyme with high
specificity and efficiency3°L. In 2009, high resolution images of SOD in Alvinella pompeiana, an
eukaryotic thermophile, helped to more concretely nail down the mechanism of SOD dismutation
of superoxide into hydrogen peroxide32. Historically speaking, there has been a debate between
two proposed mechanisms of SOD activity — the inner sphere model and the outer sphere
model3%33%% The inner sphere mechanism of electron transfer suggests that a bond is established
to keep reactants together during their transition state. In contrast, the outer sphere model of
electron transfer proposes that no such bond exists, and reactants merely interact via weak
electronic coupling3®. The images of Alvinelle pompeiana SOD show geometrical constraints that

favour the use of an inner sphere mechanism to achieve electron transfer3%,
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Before any electrons are transferred, molecular oxygen is recognized electrostatically and
guided into the active site of SOD3%. The arrangement of positively charged residues in SODs
encourages superoxide-SOD interaction3. These highly conserved residues, such as Lysine 134
and Arginine 141, create a strong positively charged catalytic site for the negatively charged
superoxide to bind3?’. The presence of positively charged residues is very important for the
interaction of superoxide with SODs because, at physiological pH, SOD carries a net negative
charge3%. Interestingly, neutralization of the charge of Arg141 in bovine SOD1 with phenylglyoxal
caused a 90% reduction in SOD activity3?®. Furthermore, the structure of SOD allows for steric
selection of superoxide as its preferred reactant, over other anions such as phosphate and
diatomic species of similar size such as nitric oxide3%.

Once superoxide is successfully guided into the active site of the enzyme, it binds to cupric
copper (Cu?*). Upon superoxide binding, Cu?* is reduced to cuprous copper (Cu'*) and superoxide
is oxidized to Oa. As a result of the reduction of copper, the bond between copper and histidine
(His63), termed the histidine bridge, is broken. This leaves a histidine that has been
protonated3!®, Protonation is the addition of a proton, typically via the hydrogen cation (H*).
Next, His63 donates a proton and Cu'* donates an electron to the second superoxide molecule
involved in the dismutation reaction. This superoxide is reduced to hydrogen peroxide and
copper binding is restored to His63 as Cul* is converted to Cu?*3%,

To clearly illustrate the superoxide dismutase reaction, with a copper/zinc cofactor, the
associated chemical equations (broken into half reactions) are:

1. Cu?*-SOD + 02* = Cu'*-SOD + O, (copper reduction and superoxide oxidation)

2. Cul*-SOD + 02* + 2H*=> Cu?*-SOD + H,0; (superoxide reduction and copper oxidation)

Studies in 1974, using pulse radiolysis and electron paramagnetic resonance, were the first
to show that CuZnSOD copper alternates between +1 and +2 oxidation states during its
activities3!?,

Note, that SOD1, the type of superoxide dismutase altered throughout this thesis, has
several amino acid residues key to its functionality. The structure of SOD1 has been of great
interest due to its high level of stability, rapid rate of reaction, and extreme specificity in selection

of its reactants (i.e. superoxide). In 1992, the first crystal structures of SOD1 were published and
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gave immense insight into how SOD accomplishes such feats (Figure 7)3!2. Key insight from these
crystal structures revealed that the copper-binding site of SOD1 is formed by four histidine
residues, each of which are key of holding copper in the active site of the enzyme3!3. These four
histidines (His46, His48, His63, and His120) coordinately bind copper3!'?. Arginine 143 is
considered one of the most important residues of SOD1 for its dismutase activity. The arginine
helps to facilitate diffusion of superoxide into the active site of the enzyme. Substitution of
Argl143 to alanine, in other words substitution of a positively charged amino acid with a more
neutrally charged amino acid, leads to a 10-fold decrease in the rate of superoxide dismutation.
Furthermore, substitution of Argl43 to aspartate, a negatively charged amino acid, leads to a

100-fold decrease in superoxide dismutase activity314,

Figure 7: SOD1 crystal structure.

This figure illustrates the comparative structures of the three families of superoxide dismutases
(SOD). For FeSOD and Cu/ZnSOD, the coloured portion represents one monomer and for NiSOD,
the coloured portion represents two monomers. The second-row image for each family is the
structure in the first row rotated 90° around a horizontal axis. This means that the portion of the
structure shown on the top of the first-row image is now out of view and at the back in the
second-row image. Cu/ZnSOD and Mn or FeSOD are homodimers, whereas NiSOD are
homohexamers. Cu/ZnSOD monomers are flattened 8-strand B-barrels. Mn or FeSOD monomers
are alpha helices in the N-terminal domain and 3- strand B-sheets surrounded by alpha helices in
the C-terminal domain. Finally, NiSOD monomers are 4 helix bundles. These families of SODs
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differ in many ways — the metal ion required for function, their protein folding, and their
guaternary structure (e.g. dimer, hexamer, etc.) (Miller 2011).

d. Isoforms

SODs are classified based on their metal co-factor: nickel SOD (NiSOD), iron SOD (FeSOD),
manganese SOD (MnSOD), and copper-zinc SOD (CuZnSOD?%2. Further classification of SODs is
based on their localization within cells.

In mammals, there are three SOD isoforms (Figure 8). The cytoplasmic isoform, SOD1, is a
CuZnSOD. SOD1, while found mainly in the cytoplasm, has also been shown to be expressed in
the nucleus, lysosomes, peroxisomes, and mitochondrial intermembrane space?9> 31> 316 S0OD2
is a MnSOD and localizes to the mitochondrial matrix®'’. In the mitochondrial electron transport
chain, complex | (NADH-Q oxidoreductase) releases superoxide almost solely to the
mitochondrial matrix; however, complex Il (succinate-Q reductase) produces superoxide that is
let into both the mitochondrial matrix and to the mitochondrial inner membrane space3!®. As a
result, superoxide produced at both complex | and complex Ill become the substrate for SOD2,
but SOD1 is necessary to manage the superoxide released by complex Il into the inner membrane
space3’®. Finally, SOD3, a CuZnSOD, is secreted to the extracellular space and is often tethered to
the plasma membrane of cells via interactions with fibulin-5, collagen, and heparin sulfate

proteoglycan320-322,
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Figure 8: Mammalian isoforms of superoxide dismutase (SOD).
Superoxide dismutases (SODs) catalyze the dismutation of superoxide (0;*) to hydrogen
peroxide (H202). In mammals, there are 3 SOD isoforms. SOD1 is the most abundant, responsible
for about 80% of SOD activity, and is found in the cytoplasm and intermembrane space of the
mitochondria. SOD2 is found in the mitochondria. SOD3 is found in the extracellular space, often
tethered to the plasma membrane.

Superoxide dismutases (SODs) are one of the most abundant proteins in vertebrates. SOD1
is the most abundant out of the three isoforms. Cellular concentrations of SOD are surprisingly
high, estimated to be 10-40uM?2>, While SOD1 and SOD2 are expressed in most cells and/or

organs, high expression of SOD3 is found in select tissues, such as blood vessels, lungs, kidneys,

and heart323-326,

5. Nitric oxide synthases (NOS)

a. History

In 1987, the fact that perfusate from arteries or veins and nitric oxide caused a similar relaxation
of an endothelium-stripped artery or vein heavily suggested that mammalian cells have a method
to synthesize nitric oxide. However, at that time, this was merely a hypothesis. In 1988, it was
uncovered that murine macrophages involved in immune response somehow convert L-arginine

to L-citrulline and NO°®, in a NADPH-dependent manner. These findings were especially
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interesting because if the macrophages were not immuno-stimulated by either interferon y or
Escherichia coli lipopolysaccharide, no component of the “supernatant” that converted L-
arginine to NO° could be found3?’. Finally, Mayer and colleagues showed, in 1989, that
endothelial cells have a calcium-dependent cytosolic enzyme that is capable of converting L-
arginine, proved to be the precursor of nitric oxide by Moncada in 1988, into what they termed,
at the time, an activator of sGC3?8. Concurrently, another lab isolated a soluble enzyme for the
rat forebrain that seemed to also catalyze the conversion of L-arginine into NO*32°,

Even though many papers in the late 1980s postulated the existence of an enzyme
responsible for nitric oxide synthesis, it was not until 1990 that the first nitric oxide synthase was
isolated from rat cerebella®3®. In this study, initial attempts to purify the proposed enzyme
responsible for nitric oxide synthesis showed that the unknown substance resulting in the
enzymatic activity bound to diethylaminoethyl (DEAE) columns. This substance could be eluted
using 1M NaCl, but if gradient elution with NaCl was attempted, there was no enzymatic activity
to be found. The researchers thought this may be because gradient elution separates an
important co-factor for the enzyme, whereas elution with 1M NaCl keeps the co-factor and
enzyme together. At this time, there were studies that suggested that nitric oxide formation
required Ca?* so Bredt and Synder hypothesized that adding calmodulin, a calcium-binding
protein, to the DEAE elution fractions could restore NO synthesis and this is what occurred3?8 330,
This enzyme, isolated from the brain, was the first identified isoform of nitric oxide synthase
(NOS) and is called neuronal NOS (nNOS) or NOS1.

Subsequently, the two other known NOS isoforms — inducible NOS (iNOS) and endothelial
NOS (eNOS) — were isolated and characterized in 1991. iNOS or NOS2 was purified from

macrophages and eNOS or NOS3 was purified from bovine aortic endothelial cells331 332,

b. Function

Nitric oxide is an unconventional signalling molecule, as it is a gas and is the smallest known
signalling molecule333. Nitric oxide synthases (NOS) are the only known endogenous source of
NO®201, NOS are an enzymatic family defined by the ability to produce NO* during the conversion
of L-arginine to citrulline33*. All NOS isoforms require the following — L-arginine, O, nicotinamide

adenine dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD), flavin
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mononucleotide (FMN), and (6R-)5,6,7,8-tetrahydrobiopterin (BH4)33>. All NOS also have the
ability to bind calmodulin, a calcium-binding protein, and require heme for successful NO*

synthesis336 337,

c. Mechanism

Nitric oxide synthase (NOS) has gained much less attention than the countless physiological roles
of nitric oxide, but it is important not to lose sight of this enzyme as it is the enzyme responsible
for nitric oxide production. Similar to the complexities of nitric oxide itself, NOS is also a
fascinating enzyme. The reaction catalyzed by NOS is a 5-electron oxidation. All oxidation events
occur on the nitrogen, resulting in the formation of nitric oxide and no change to the oxidation
state of the guanidine carbon (marked with red dot in Figure 9)33°. These oxidation events require
both NADPH and 0,338, The formation of NO* by NOS occurs via a two-step process®3°. First, L-
arginine is converted to N-hydroxyl-L-arginine. Second, this N-hydroxyl-L-arginine is converted to
NO*® and L-citrulline34 341 Interestingly, it has never been conclusively shown which isomer of
citrulline is formed, but it is assumed that L-citrulline rather than R-citrulline is formed33°. Both
reactions that lead to the conversion of L-arginine to L-citrulline are referred to as
monooxygenation reactions, or the insertion of a single atom of oxygen that is taken from
molecular oxygen34? 343, The intermediate, N-hydroxyl-L-arginine, remains bound to the active
site before the second monooxygenation reaction occurs3*. The heme present in all NOS
isoforms is essential for these oxidation events; however, the exact catalytic mechanism has yet

to be elucidated3*°.
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Figure 9: Formation of nitric oxide (NO°) by nitric oxide synthases (NOS).

Nitric oxide (NO*®) is synthesized by nitric oxide synthases (NOS). All NOS convert L-arginine to L-
citrulline and in the process produce NO®. There are three NOS isoforms. The constitutively
expressed isoforms, neuronal NOS (nNOS/NOS1) and endothelial NOS (eNOS/NQS3), are calcium
(Ca%*)-sensitive, whereas inducible NOS (iNOS/NOS2) is Ca’*-independent. The NO°® they
generate is a small, hydrophobic molecule that can traverse cellular membranes and signals
through soluble guanylate cyclases (sGC). NO* signalling is involved in physiological processes,
such as vasodilation, neurotransmission, and the immune response. The red box indicates the
difference between L-arginine and L-citrulline, with L-arginine having an amine group off its
guanidine carbon (indicated by red dot) and L-citrulline having a carbonyl group off its guanidine
carbon.

Mammalian NOS has two domains key for NO® formation — an oxygenase domain,
consisting of a heme and a binding site for (6R)-5,6,7,8-tetrahydrobiopterin (BH4), and a
reductase domain that is related to cytochrome P450 reductase through structure, sequence,
and function3*®. The reductase domain of NOS is where FMN (flavin mononucleotide) and FAD
(flavin adenine dinucleotide) bind3#’. The FMN binding domain is linked to the oxygenase domain

of NOS by ~30 amino acid polypeptide segment and this forms the binding site for calmodulin
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(CaM)33, Even though all NOS isoforms are not considered calmodulin-sensitive, they do all bind
calmodulin, more on this later. Mammalian NOS differ from NOS of other organisms, for example,
bacterial NOS do not have a reductase domain, but the regions where important cofactors bind
are well conserved3*® 349, The flow of electrons through the NOS enzyme begins with the transfer
of electrons from NADPH to FAD in the reductase domain3*. This leads to the formation of a FAD
hydroquinone, which then transfers electrons to FMN3>1. FMN proceeds to pass electrons, one-
by-one, to the heme in the oxygenase domain3>2, Calmodulin aids in this electron transfer
between FMN and the heme, acting as a switch®>3. A conformational change is required to allow
FMN to transfer an electron to the heme in the oxygenase domain and this conformational
change is triggered by calmodulin binding, although the mechanism by which this occurs is
unknown3>*, After electrons have been transferred to the heme in the oxygenase domain, then
the two monooxygenation events occur in this domain leading to the conversion of L-arginine to
355

citrulline and the formation of nitric oxide

defined3%.

. Beyond this point, the mechanism is poorly

d. Isoforms
Isoforms of NOS were initially characterized by order of identification and the tissue they were

335 In mammals, there are three defined NOS isoforms, which will be

initially isolated from
discussed here. Note, alternative gene splicing is known to lead to the formation of additional
versions of NOS in mammals3°¢. The three major isoforms are — neuronal NOS (nNOS/NOS1),
inducible NOS (iNOS/NOS2), and endothelial NOS (eNOS/NOS3)34°. There are three major
distinctions between the NOS isoforms — their localization, their physiological roles, and their
calcium-sensitivity. Neuronal NOS, while it has been identified in tissues other than the brain, is
expressed in highest concentration in neurons of the central nervous system3>. Inducible NOS is
found to be most abundant in activated macrophages. And finally, endothelial NOS, as the name
implies, is more abundant in the vascular endothelium, but also localizes to other cell types, such
as neurons in the brain and kidney cells3>7-360,

Just like the localization of NOS, there are clearly delineated physiological roles for each

NOS isoform, but there is skepticism in the field as to whether these distinct roles assigned to

specific NOS isoforms are in fact overlapping. nNOS is said to be essential for both inter- and
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intra-cellular signaling in the brain, the mediation of N-methyl-D-aspartate (NMDA) receptor
glutamate responses, and neurotransmission in noradrenergic, noncholinergic nerves®. iNOS is
the one of the keys to inflammatory and immune responses. It is therefore implicated in defense
against pathogens and tumour development. iNOS has also been shown to mediate the sepsis
response. Finally, eNOS is the producer of that endothelial-derived relaxing factor and is also
heavily involved in inhibition of platelet aggregation, inhibition of leukocyte adhesion, and
suppression of smooth muscle cell proliferation362.

Classically, NOS1 (nNOS) and NOS3 (eNOS) are considered to constitutively expressed and
NOS2 (iNOS) deemed to have inducible expression363 34, However, recently it appears as if under
the right circumstances, all three isoforms can show both constitutive and inducible expression.
The reason for this classical viewpoint on expression of NOS comes from each isoforms’
relationship with calmodulin and Ca?*. In NOS enzymes, calmodulin is used to increase the
rapidity of electron transfer from NADPH to the NOS heme3%>, nNOS and eNOS are regarded as
Ca?*-sensitive isoforms, whereas iNOS expression is considered independent of Ca?*
concentration. This difference in calcium sensitivity arises from structural differences in the
calmodulin-binding domains of the NOS isoforms334. Note, the calmodulin-binding domain of
iNOS alone is not sufficient for Ca* independent activity. This was shown when calmodulin-
binding sequences of nNOS and eNOS were replaced with the calmodulin-binding sequence of
iNOS and those chimeric nNOS and eNOS isoforms still remained calcium-dependent3®, iNOS
expression is inducible because its function is not regulated by Ca?* concentration, and thereby
regulation of INOS must occur on a different level, in this case both transcriptional and post-
transcriptionally. Transcription factors, such as NF-kB and STAT-1a, have been shown to regulate
the iNOS promoter and be essential for the induction of iNOS expression3®’,

When Ca?* levels increase, there is an increase in the binding of Ca?* to calmodulin.
Calmodulin binds Ca?* via 2 EF hands that connect its 2 globular domains3®®. This Ca?* binding
event causes a conformational change in calmodulin, exposes hydrophobic areas, that makes it

369

more readily able to bind to and regulate certain proteins, examples of which are NOSs>*°. More

evidence in support of the requirement of calmodulin for NOS function, calmodulin antagonists
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(calmidazolium and trifluoperazine) inhibit NO* formation in rat brains, neuroblastoma cells

(N1E-115), and endothelial cells33®,

6. The reaction of superoxide and nitric oxide

a. Peroxynitrite

Peroxynitrite is formed by the reaction of superoxide with nitric oxide. It is a reaction of two free
radicals with each other. When radical-radical coupling occurs, it is usually diffusion-controlled,
because this unique reaction is both kinetically and thermodynamically favourable3’°. The
reaction is so favourable because two unpaired electrons form one new chemical bond. In
physiological settings, there are many possible radical combinations, but many occur rarely
because of low steady-state levels of precursors and competing reactions limit the circumstances
in which radical-radical combinations can occur3’L, In this sense, the reaction of superoxide with
nitric oxide is different. Both superoxide and nitric oxide are readily available, as superoxide is
produced at high level (in mice, ~0.66nmol 0,*/min/mg protein) and nitric oxide is generated
enzymatically by NOS and is a commonly used signaling molecule3’% 373, Therefore, if not
controlled by other mechanisms, peroxynitrite formation can be formed extremely easily. In fact,
the reaction of superoxide with nitric oxide was first considered to be a mechanism of NO*
inactivation374,

Peroxynitrite is both a strong oxidant and a strong nitrating agent. The rate of
peroxynitrite (PN) formation (rate constant k ~ 6.6 x 10° M'sec?) is three times faster than the
rate at which Cu/Zn SODs quench superoxide (rate constant k ~ 2.5 x 10° M'sec)3”>. In fact, NO®
is the only biologically synthesized molecule that can outcompete SODs for reaction with
superoxide3’®. PN formation is toxic to cells because it oxidizes thiols, iron/sulfur centers, heme
groups, zinc fingers, methionine and cysteine, as well as nitrates tyrosine3’’. These modifications
have been associated with diseases including Parkinson’s, Alzheimer’s, heart disease,
atherosclerosis, and cancer®.

PN can easily cross membranes but does have a short half-life (~10ms). Even with this
short half-life, it can interact with targets in adjacent cells (1-2 cell diameters). Oxidation by PN

can occur directly, via one- or two-electron transfers, or indirectly, by the reaction of PN with
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carbon dioxide to form other highly reactive radicals (COs*~ and NO*) or the homolysis of
peroxynitrous acid (ONOOH) into OH*® and NO2*3”7. Homolysis is the breaking of a bond between
electrons, in which the electrons are distributed evenly to the resulting products. Another way

to put it is that electrons in the electron pair move as independent entities®’®

. PN also readily
leads to the nitration of tyrosine residues®’®. 3-nitrotyrosine (3-NT, the addition of -NO> to
tyrosine) is a protein modification commonly attributed to peroxynitrite and is generally
accepted as a biomarker for endogenous peroxynitrite activity38°.

PN was first identified as a biologically relevant oxidant in 1990. It was shown that PN is
a more important source of the hydroxyl radical than the Fenton reaction or the Haber-Weiss
reaction (reactions of Fe?* and H,0,)%®% 382, PN is unexpectedly stable considering that it is a
strong oxidant that readily reacts with electron-rich groups. The surprising stability of PN results
from its ability to fold into a cis-conformation that localizes its negative charge over the entirety

of the molecule®®3. PN can be further stabilized by the formation of hydrogen bonds with

water384, The stability of PN makes is especially influential in biological contexts.

b. Regulation of physiological processes by peroxynitrite

The discovery of the ability of PN to nitrate tyrosine quickly opened the possibility that PN
modifications could be a way to modulate cell signally that relies on tyrosine phosphorylation32>,
This seems likely but there is evidence that shows that the presence of PN can both inhibit and
promote phosphotyrosine signalling386-388_ Interestingly, many of the presumptive PN signalling
functions are implicated in inflammation. For example, NF«B, a key transcription factor that
activates inflammatory and antiapoptotic genes, can be activated by PN. Here in Montréal, Filep
and colleagues have shown that PN potently activates NFkB, which goes on to stimulate the
secretion of interleukin-8 (IL-8). This leads to the amplification of neutrophil-dependent
responses to inflammation3®. PN’s effect on NFkB, much like any other proposed PN signalling
functions, is not universally accepted, however. Newer studies have shown that perhaps PN
suppresses NFkB activation. Mass spectrometry showed that this inactivation was caused by

nitration of Tyr-66 and Tyr-152 of the p65 family member3%,
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Phagocytes (macrophages and neutrophils) harness PN during immune response by
engulfing bacteria and releasing reactive species in a characteristic respiratory burst. This
respiratory burst is marked by increased superoxide formation by NADPH oxidases and increased
NO*® formation by iNOS, and thereby increased PN391-393, Additionally, activated macrophages’
ability to kill bacteria is dependent on the presence of PN393, This same respiratory burst can also

be observed in chronic and damaging inflammatory responses, such as traumatic brain injury3®4.

c. Damage associated with peroxynitrite formation

DNA damage

Oxidative and nitration damage from PN can affect proteins, DNA, and lipids. These modifications
can inactivate structural proteins, enzymes key for metabolism, and ionic pumps. This PN-related
damage results in the disruption of cell membranes, the breaking of nucleic acids, the dysfunction
of cellular processes, and the induction of both apoptosis and necrosis3®°. A pathway that is often
focused on as a central mechanism for PN-dependent cytotoxicity is the activation of poly (ADP-
ribose) polymerase (PARP). Activation of PARP occurs in response to DNA damage and can trigger
cell death as it leads to depletion of NAD+ levels and a slowdown of the electron transport chain
and glycolysis, leading to a depletion of ATP3%,

The activation of PARP in vivo requires DNA single-strand breaks®’. Breaks in DNA can be
caused by various free radicals, but studies have shown that PN is in fact the key oxidant for
triggering in vivo formation of DNA breaks3%8. Peroxynitrite is particularly damaging, because
unlike the hydroxyl radical, generally considered to be a highly damaging oxidant, it can cross cell
membranes and it can enter the nucleus®*®. Once in the nucleus, PN can induce oxidative
modifications to the sugar-phosphate backbone and to DNA bases*®. Guanine is, by far, the
nitrogenous base most often modified by PN. This is due to its low reduction potential (it is more
likely to lose an electron than a base with a higher reduction potential)*°1. Guanine oxidation by
PN yields 8-oxoguanine. 8-oxoguanine can also further react with PN to form cyanuric acid and
oxazolone. These modifications of guanine result in guanine fragmentation, leading to
mutagenesis and carcinogenesis*®2. Furthermore, PN can nitrate guanine bases, resulting in the

formation of 8-nitro-guanine. The presence of 8-nitro-guanine results in abasic sites. These abasic
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sites can be cleaved in vivo by endonucleases eventually giving rise to DNA single-strand
breaks*°l. Additionally, PN alters the sugar-phosphate backbone of DNA by removing an atom of
hydrogen from deoxyribose. This also leads to the formation of a DNA break because the loss of
a hydrogen atom opens the sugar ring structure*®®, PARP activation, a result of peroxynitrite-
mediated single stranded DNA break formation, is key for peroxynitrite-mediated cell death.
Pharmacological inhibition or genetic inactivation of PARP-1 attenuates peroxynitrite-mediated

cell death?03.404,

Lipid peroxidation

Another key contributor to peroxynitrite-mediated cell death is lipid peroxidation, specifically in
cell membranes, liposomes, and lipoproteins®®. Peroxynitrite triggers lipid peroxidation by
extracting a hydrogen from polyunsaturated fatty acids (PUFA). When PUFA loses a hydrogen,
this can result in lipid hydroperoxyradicals and these radicals go on to attack a neighbouring
PUFA, propagating the degeneration of a lipid membrane®®> 4%, Degeneration of lipid
membranes leads to changes in both membrane permeability and membrane fluidity*?’. The
peroxidation of lipids by PN plays a prominent role in demyelination as PN can initiate
peroxidation of myelin lipids*®®. PN can also oxidize low-density lipoproteins (LDL)*%. LDL that is
modified by PN can lead to accumulation of oxidized cholesteryl esters, an early event in
atherogenesis (the formation of plaques in arteries)*'% 411, Additional interactions of membrane

lipids with PN can result in the formation of nitrated lipids*'2.

Reaction with transition metal centers

PN, as probably noted by now, reacts with most biological materials. However, out of all its
possible reactions, the fastest known reaction for PN is with transition metal centers*'3. Because
of PN’s high reactivity with transition metal centers, PN can easily modify proteins with heme
prosthetic groups. Proteins with heme include, but are not limited to, hemoglobin, myoglobin,
and cytochrome c*4416_ PN oxidizes ferrous (Fe?*) heme to ferric (Fe3*) heme. Modification of
heme by PN is a way to inactivate NOS. This could potentially serve as a feedback mechanism for

iNOS in inflammatory conditions*’. PN can also inactivate enzymes via reaction with iron-sulfur
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centers, such as in the case of the mitochondrial aconitase®®’. Zinc-sulfur motifs can also be

oxidized by PN, such as in the case of eNOS*8,

Oxidation of thiols

PN can also change protein function and structure by reactions with several amino acids. Cysteine
has a reactive thiol that can be oxidized by PN*1% 420 \When PN reacts with a thiol, this results in
sulfenic acid (-RSOH) and then sulfenic acid can go on to react with a secondary thiol to form
disulfide (-RSSR)*?1. The reaction of PN with thiols can also generate thiyl radicals (RS*).Thiyl
radicals are capable of promoting oxygen-dependent radical formation*?2. Furthermore, PN can
form S-nitrosothiols. It is unclear if S-nitrosylation occurs via a direct mechanism or via the
formation of thiyl radicals by PN and subsequent reaction of NO* with the thiyl radical*?® 424,
Either way, S-nitrosothiols has been implicated in mitochondrial dysfunction and PN-mediated
vasodilation®?> 426,

PN-dependent formation of sulfenic acid and disulfide on cysteine thiols has been shown
to inactivate many enzymes, specifically enzymes central to energy generation such as
glyceraldehyde-3-phosphate dehydrogenase, creatine kinase, complex | of the ETC (NADH
dehydrogenase), complex Il of the ETC (succinate dehydrogenase), complex lll of the ETC
(cytochrome c reductase), and complex V of the ETC (ATP synthase)*?’-43°, All of these enzymes
can be inactivated by PN-mediated tyrosine nitration (more on this below). The presence of
multiple vulnerable residues to PN-dependent modifications suggests that these enzymes are
especially susceptible targets of PN. Oxidation of cysteines also is responsible for the inactivation
of protein tyrosine phosphatases (PTP), specifically PTPs with CXXXXXR active-site sequences.
This inactivation of PTPs results in a boost phosphotyrosine-dependent signaling cascades in
vivo*3L. PN can also oxidize thiols that are not protein bound, like reduced glutathione (GSH). GSH
is an endogenous scavenger of ROS*32, There is sensitivity to PN can be predicted by intracellular
GSH concentration?3% 434 GSH depletion has been proposed as a key step in the development of
many neurodegenerative diseases, such as Parkinson’s and amyotrophic lateral sclerosis (ALS)**>
436.

There are a few instances of PN-mediated cysteine oxidation that result in enzymatic activation.

This is illustrated by matrix metalloproteinases (MMPs). MMP activation has been linked PN
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toxicity in heart disease and stroke*¥’*3°. proMMPs are activated after thiol oxidation of the
proenzyme’s autoinhibitory domain*, Another illustration of activation driven by PN-mediated
cysteine oxidation is the activation of src kinase hck that is found in erythrocytes. This leads to an

increase in tyrosine-dependent signal cascades in erythrocytes®*!.

Tyrosine nitration

3-nitrotyrosine (3-NT) is commonly used as a marker for PN**2, Tyrosine nitration is the addition
of a nitro (-NOz) group to a hydroxyl (-OH) group found on the aromatic ring of tyrosine. This is a
covalent protein modification?*3. Nitration of tyrosine residues changes protein function,
structure, and catalytic activity and is considered to be characteristic of PN toxicity**4. 3-NT is
formed by a radical mechanism. First, hydrogen is removed from tyrosine, leading to the
formation of a tyrosyl radical. Second, this tyrosyl radical combines with NO,* (a radical that
results from PN homolysis) and a 3-NT residue remains. It is also possible for 2 tyrosyl radicals to
combine, forming dityrosine, a competing reaction during 3-NT formation3’® 445, Beckman et al.
and Ischiropoulos et al. were the first to show that PN results in tyrosine nitration in vitro and
propose the idea that this nitration may also occur in vivo*®449, Levels of tyrosine nitration in
vivo and under normal conditions appear to be low with about 1 to 5 3-NT per 10,000 tyrosine
resides (100-500pumol/mol)#°% 451, Although 3-NT is the most well-accepted biological marker of
a reactive species, there are still some questions concerning whether there are alternative
mechanisms, other than PN, by which 3-NT can be formed**? >3, Proteomic analyses have further
confirmed that tyrosine nitration is highly selective and limited to a select few tyrosine
residues®*4°%, There are known characteristics that make a tyrosine especially susceptible to
nitration. Is tyrosine’s aromatic ring on the protein surface? Where is the loop structure of
tyrosine located? Are there neighbouring negatively charged amino acids? Are there proximal

cysteines®7?

3-NT formation is sped up in the presence of transition metals, meaning that
metalloproteins such as SOD may help mediate PN tyrosine nitration3’°. Over the years, it has
been suggested that 3-NT is a better marker of nitrative stress, rather than PN formation®2.

However, looking at the available data, it quickly becomes clear that this is too broad of a
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generalization and that 3-NT levels are quite specific to the amount of PN. Incubating NO* alone
with proteins, tissues, and cells does not result in significant 3-NT formation®>°.

Nitrotyrosine formation has been associated with at least 50 human diseases and 80
animal-modeled conditions in vivo (Table 1)*°. The list of nitrated proteins and associated
pathologies keeps growing. It is important to remember that increased 3-NT, and therefore
increased PN formation, does not necessarily indicate a pathological role of PN in disease, but
rather that it is indicative that an increase in PN formation occurs at some point in the disease
progression. Interestingly, the mitochondrial SOD was the first protein that was shown to be
nitrated in vivo. Nitration of Tyr-34 causes complete inactivation of this SOD isoform*6, This
inactivation of any SOD isoform results in lower levels of superoxide dismutation and favours

higher PN formation. Nitration of mitochondrial SOD has been found in vivo in rodents and

humans. Figure 10 highlights the interaction between nitric oxide, superoxide, and
peroxynitrite*62-466,
Table 1: Nitrotyrosine formation in humans and mice
Adapted from Greenacre and Ischiropoulos, 2009.
System Species Disease/Condition Location of nitrotyrosine expression References
AIDS dementia complex Frontal cortical neurons, vascular wall
ALS sporadic and familial Spinal cord, SOD2 isolated from cerebrospinal fluid,
Neurofilament L, neurofilament aggregates, motor neurons
(both the cell body and axon), astrocytes, vascular wall
Alzheimer’s disease Hippocampus, neocortex, ventricular cerebrospinal fluid,
hippocampal neurons, neurofibrillary tangles
Multiple sclerosis Monocytes, macrophages, hypertrophic astrocytes, areas of
Human demyelination 464, 467-480
Parkinson’s disease Core of Lewy bodies in melanized neurons, amorphous
deposits associated with degenerating neurons
Central
nervous Parkinson’s disease, Pick’s disease, Microglia, endothelial cells, degenerating neurons, neuritic
system Diffuse Lewy body disease, Alzheimer’s sprouts
disease
Progressive supranuclear palsy Astrocytes, oligodendrocytes, neurons, endothelial cells
Stroke Neutrophils and blood vessels of cerebral infarct
B-Amyloid induced neurotoxicity in the Cerebral cortex
cerebral cortex
ALS mice that express the Cu/Zn SOD Ventral horn neurons, Neurofilament L, Schwann cell
Mice mutation — G37R cytoskeletal proteins 481-493

ALS mice that express the Cu/Zn SOD
mutation — G93A

Spinal cord astrocytes and motor neurons, cerebral cortex,
pyramidal cells of hippocampus
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Apo-E deficient mice
Cerebral I/R

Inflammatory demyelination and allergic
encephalomyelitis

Ischemic stroke
Malonate neurotoxicity
Methamphetamine-induced neurotoxicity
MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) model of Parkinson’s
disease

Transgenic Huntington’s disease model

Traumatic brain injury

Cerebral cortex, hippocampus, brainstem, cerebellum
Vascular wall of pre-infarct region of cerebral cortex

Spinal cord, macrophages, membrane of T-lymphocytes,
cytosol of astrocytes, glial cells

Cerebral neurons and endothelial cells of infarcted region
Striatum
Striatum

Midbrain brain homogenates, Tyrosine hydroxylase

Cerebral cortical neurons

Cytoplasm and dendritic processes of degenerating cortical
neurons

Eyes Human Glaucoma Optic nerve heads 404
Atherosclerosis Plasma & aortic lesion LDL, necrotic core of plaque, sub-
intimal fatty streaks, macrophages, foam cells, smooth
muscle cells, endothelial cells
Cardiac allograft rejection Macrophages and adjacent myocytes from endomyocardium
Coronary bypass graft Plasma
Human Exercise intolerance in chronic heart Skeletal muscle 409, 459, 495-503
. failure
Cardiovascular
system o . . .
Myocarditis Endocardium, myocardium, coronary vascular endothelial
cells, smooth muscle cells
Preeclampsia Placental villous vessels, villous stroma, cytotrophoblasts,
endothelial cells of maternal blood vessels
Transplant coronary artery disease Macrophages, smooth muscle cells
Atherosclerosis in LDL receptor -/- mice Macrophages, foam cells, smooth muscle cells
Mice 504, 505
Autoimmune myocarditis Myocardiocytes, macrophages
Acute lung injury Lung interstitium, alveolar epithelial cells, proteinaceous
alveolar exudate, macrophages, neutrophils, vascular
endothelial cells, sub-endothelial cells
Acute respiratory distress syndrome Plasma ceruloplasmin, transferrin, ai-protease inhibitor, a-
antichymotrypsin, 3-chain fibrinogen, alveolar epithelial cells,
capillary endothelial cells, broncholavage fluid
Asthma Airway epithelial cells, macrophages, neutrophils,
eosinophils, vascular endothelial cells, smooth muscle cells,
lung parenchyma
. Bronchopulmonary dysplasia in premature Plasma
Respiratory Human infants 506515
system
Cigarette smokers Plasma

Idiopathic pulmonary fibrosis

Infant respiratory failure
Neonatal pneumonia
Obliterative bronchiolitis (lung transplants)

Perennial nasal allergy

Airway and alveolar epithelial cells, macrophages,
neutrophils, vascular endothelium and smooth muscle

Airway biopsy homogenate
Alveolar exudate
Epithelial cells, inflammatory cells, endothelial cells

Nasal mucosa
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Carrageenan induced pleurisy

Herpes simplex virus-1 induced

Alveolar macrophages, airway epithelial cells

Lung inflammatory cells

pneumonia
Hyperoxia Lung structural proteins
Mice Influenza induced pneumonia Alveolar macrophages, neutrophils 516-522
Interstitial pneumonia Alveolar macrophages
LPS induced acute lung injury Large airway and alveolar epithelial cells, alveolar
proteinaceous exudate, macrophages, vascular cells
NO'inhalation Lung macrophages
Celiac disease Plasma, small intestinal crypt enterocytes (intestinal
absorption cells)
Colon carcinoma Neutrophils, tissue mononuclear cells, tumour cells,
surrounding macrophages and fibroblasts
Gastric cancer Epithelial cells, inflammatory cells, extracellular matrix
Gastric ulcer (associated with Helicobacter Active ulcer margins, epithelial cells, lamina propria
pylori)
Human Helicobacter pylori gastritis Epithelial cells, inflammatory cells, extracellular matrix 523532
Gastrointestinal Inflammatory bowel disease Colonic epithelium, lamina propria, macrophages,
neutrophils
tract
Necrotizing enterocolitis Enterocytes in apical villi
Oesophageal squamous cell carcinoma Tumour cells, lymphocytes, macrophages
Pancreatic carcinoma Tumour homogenates, c-Src tyrosine kinase
Ulcerative colitis Epithelial cells, lamina propria
Autoimmune diabetes Pancreatic islet 3-cells, macrophages
Mice Colitis Inflammatory cells, necrotic epithelial cells, mucosa, 533-535
submucosa
Splanchnic artery occlusion shock Mononuclear cells of necrotic ileum
Cholangiocarcinoma Malignant bilary epithelial cells
Human 536, 537
Hepatic svstem Chronic hepatitis Hepatocytes, Kupffer cells
P 4 LPS induced hepatic injury Hepatocytes around blood vessels
Mice 538, 539
Acetaminophen/paracetamol Centrilobular hepatocytes
Chronic renal failure with septic shock Plasma
Diabetic nephropathy Proximal and distal tubules, thin limb of loop of Henle,
Human collecting ducts 463, 540-542
Renal allograft rejection Tubular epithelial cells, SOD2
Renal system
Uremic patients on peritoneal dialysis Peritoneal biopsies
Acute renal ischemia in osteopontin KO Kidney homogenate
Mice mice 543-545
Sickle cell disease Tubular epithelial cells, vascular wall, kidney homogenate
Hip replacement Pseudosynovial interface membrane, CD68+ macrophages
Human and neighbouring cells 546, 547
Joints
Rheumatoid arthritis Serum, synovial fluid
Mice Collagen induced arthritis Inflamed joint, paw extracts 548
Reproductive H Chorioamnionitis and placental abruption Placenta 549
uman
system
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Skeletal muscle Human Inclusion-body myositis Vacuolated skeletal muscle fibers, paired helical filaments,

550

vacuoles
Anaphylactoid purpura Skin lesion neutrophils
Human Malignant melanoma Melanocytes, small blood vessels 551553
Skin Systemic sclerosis Skin endothelial cells of superficial microvessels
Chronic ultraviolet B exposure Skin homogenate
Aﬂice 554, 555
Skin papilloma Dermal tissue
Systemic lupus erythematosus Serum
556, 557
Human Granuloma Granuloma epitheloid and multinucleated giant cells,
Immune svstem endothelial cells
4 Irradiation following bone marrow Bronchoalveolar lavage fluid
Mice transplantation 558, 559
Lymphoma Spleen and lymph node macrophages and surrounding cells
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Figure 10: Decreased SOD expression and its effect on superoxide, nitric oxide, and
peroxynitrite levels.

Superoxide dismutases (SODs) are responsible for the dismutation of superoxide (0,°7) to
hydrogen peroxide (H,02). Mice or cells with lower SOD activity have higher concentrations of
superoxide within the cell. Higher concentrations of superoxide provide favourable conditions
for peroxynitrite (ONOQO™) generation by increasing the likelihood that a given nitric oxide (NO®)
molecule is in close proximity with superoxide. Peroxynitrite (PN) formation ultimately leads to
cell death. In addition to the direct toxic effects of peroxynitrite formation, the reaction of nitric
oxide with superoxide also lowers the amount of nitric oxide available for signalling.

Tryptophan, methionine, and histidine oxidation

PN can directly oxidize methionine, leading to the formation of methionine sulfoxide and on

occasion ethylene and dimethyldisulfide**3. PN-mediated methionine oxidation is reversible and
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this reversal involves methionine sulfoxide reductase. Reduced methionine sulfoxide reductase
expression is associated with Alzheimer’s development®®°. PN also oxidized tryptophan forming
N-formylkynurenine, oxindole, hydropyrroloindole, and nitrotryptophan®!. The relevance of
tryptophan oxidation in vivo still remains to be elucidated. Lastly, PN oxidized histidine yielding a

histidinyl radical. The oxidation of histidine by PN can lead to loss of CuZnSOD activity>®2.

7. Cell work studying SODs and NOSs

a. Cells studying SOD

In vitro, the effects of losing different Sod isoforms seems to be the reverse of the effects of losing
these genes in vivo. Mouse embryonic fibroblasts (MEFs) isolated from Sod1”- mice quickly die
days after isolation, whereas MEFs from Sod2”" mice and equivalent Sod2”- human cells can
proliferate normally, despite their altered mitochondrial function®®3%>, Huang et al. show that
Sod1”- mouse embryonic fibroblasts (MEFs) have, on average, 4 to 10 times more apoptotic cells
(labeled by biotinylated dNTP with terminal transferase (TdT)) than Sod1*/* MEFs. After only 48
hours in culture, culture plates of Sod1”- MEFs were mostly remnants of apoptotic cells and
healthy cells were rare®. In contrast, Sod1”- mice are alive, with a mean lifespan of 20.8 months'’.
As will be seen later in this thesis, Sod1/*/oxP MEFs (inducible Sod1 knockout) were isolated to
help understand how the severe phenotype associated with loss of Sod1 expression in vitro
relates to the mild phenotype observed in vivo. As Sod3”- MEFs have not been well studied and

the question of their viability in cell culture will also be addressed in this thesis.

b. Cells studying NOS

NO*is a signalling molecule that has a presumptive role in modulation of neurogenesis in adults.
Interestingly, proliferation of neural stem cells increases in nNOS-deficient cells. This seems to go
against the assumption that nNOS-derived NO® leads to neurogenesis, as when nNOS is lost,
neural stem cell proliferation actually increases. These cells lacking nNOS, importantly, did not
show compensatory upregulation of other NOS isoforms. It is however possible, that in neural
cells, other NOS isoforms, whose expression were untouched, are the source of NO® that is

responsible for adult neurogenesis®®®.
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There is a well-establish murine lung endothelial cell (MLEC) model that lacks eNOS
expression. These cells also have no nNOS and iNOS expression, as detected via Western blotting.
But importantly, just like the NOS knockout mice and other cell types lacking NOS expression,
these cells remain alive. eNOS knockout cells and wild-type cells exhibit very similar morphology,
form a contact-inhibited monolayer of cells, and have nearly identical growth characteristics®®’.

With regards to eNOQS, it has also been shown that vascular smooth muscle cells (SMCs)
proliferation is dependent on its expression, however all these experiments were done using NO-
donors (e.g. sodium nitroprusside) or cGMP analogues (e.g. 8-Br-cGMP) rather than altering
eNOS expression itself°®® 5% An interesting cellular experiment involving alterations in NOS
expression involves exogenous eNOS expression in SMCs. Adding eNOS gene expression to a site
of injury in a SMC monolayer leads to inhibition of SMC migration to the injury site and therefore
“wound healing.” This lack of SMC migration to an injury site as a result of increased eNOS
expression occurs due to the inhibition of matrix metalloproteinase (MMP) activity>’°. MMPs

facilitate cell migration®"1.

8. Mouse models studying SODs NOSs

a. Mouse models studying SOD

As previously discussed, there are three mammalian SOD isoforms. Numerous mouse models
have been made to elucidate the impacts of altering SOD activity. These mouse models are
valuable tools to study ROS metabolism. While Sod17- and Sod37- mice are alive, albeit with mild

phenotypes, loss of Sod2 (Sod2”- mice) is lethal (Table 2).

Table 2: Sod knockout mouse models and their phenotypes.
From our review Wang, Branicky, Noé&, and Hekimi, 2018.

Gene Type.of Genotype Phenotype Oxidative stress References
mutation
grossly normal, increased incidence of
hepatocarcinogenesis, distal motor axonopathy, locomotor
defects, reduction in hind limb skeletal muscle mass and
strength, acceleration of age-dependent skeletal muscle
Sod1 Germline Sod1” atrophy, hearing loss, delayed wound healing, accelerated  extensive oxidative damage in 17, 572-562
mutation age-related macular degeneration, a decrease in the cytoplasm

motivational behavior, impaired olfactory sexual signaling,
lower fertility, increase in cellular senescence, higher
levels of circulating cytokines, and a ~30% decrease in
lifespan
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viable, fertile and grossly normal,

Sod1* ; - ; Not determined 576
increased vulnerability to facial nerve axotomy
die within 21 days after birth with cardiomyopathy, fatty
Sod2” liver, neurodegeneration, metabolic acidosis, anemia, accumulation of oxidative DNA 583-587
Germline increased susceptibility to oxygen toxicity, mitochondrial damage
mutation dysfunction, inhibition of ETC and TCA enzymes
phenotypically normal, normal lifespan, accelerated accumulation of
+/- H H : H 95, 583, 584, 588
pan, o
Sod?2 increased cancer incidence over lifespan, decreased d d
respiratory function oxidative damage
growth retardation, cardiac myopathy, reduced lifespan . .
Heartne:zgjle(eletal with a median life span of 15.4 + 4.0 weeks, abnormal gﬁgg:ﬁg ggr?q(;hoenﬁ]nﬂuzgg and 589
(MCK-Cre; Sod 2 mitochondrial structure, loss of respiratory enzyme tissues 9
’ activities, reduced ATP production
normal spontaneous motor activity and muscle strength, . .
Skeletal muscle but reduced exercise activity, loss of enzymatic activity for g:'?\i/:éf:a?elt?ncgz::gtlfvleR[)ol\lS Aand 590
(HSA—Cre;Sod2™™) mitochondrial respiratory chain complexes (especially .
. damage in the skeletal muscle
complex Il), reduced ATP production
Type 1IB skeletal decreased mitochondrial function, reduced complex Il elevated mitochondrial oxidative
muscle fibers activity, reduced ATP production, decreased aconitase stress and oxidative damage in 591, 592
(TniFastCre;Sod2"") activity, impaired exercise capacity the skeletal muscle
Liver No elevation of lipid peroxidation 503
(Alb-Cre; Sod2™) no detected phenotype in the liver
Liver phenotypically normal, decreased liver to body weight
Sod2 . ratio, sign of hepatocyte injury, increased likelihood of elevated oxidative damage in 594, 595
(a-fetoprotein-Cre '
S%dz,,,ﬂ) ’ tumor formation in a chemically induced liver the liver
carcinogenesis model
Conditional Kidney phenotypically normal, mild renal damage and normal Increased oxidative stress 596
KO (Ksp1.3/Cre; Sod2™" lifespan (tyrosine nitration)
C;.e"s of the neurogenic die by 25 days of age, growth retardation, spongiform higher intracellular superoxide
ineage mostly in the neurodegeneration, loss of mitochondrial complex II levels and oxidative d i 597, 598
brain irodeg , plex evels and oxidative damage in
(nestin-Cre; Sod2") activity the brain
Hesrgar;og;::tlc Impaired red blood cell development, systematic an increase in superoxide in 599
i i redistribution of iron, heme synthetic defect hematopoietic organs
(vav-iCre;Sod2™")
Postnatal motor neuron  No altered function in motor neurons, but accelerated no signs of oxidative damage in 600
(VAChT-Cre; Sod2"") disorganization of distal nerve axons following injury animals up to 1 year after birth
Connective tissue weight loss, skin atrophy, kyphosis, muscle degeneration . 601
(Col1a2-Cre; Sod2™™) and a reduced life span Not determined
(MMN?R/T;gg)ad?ﬁ,,ﬂ) post-natal KO: no gross abnormalities 602
T cells Increased apoptosis, and aberrant T cell developmentand  elevated superoxide in the T-cell 603
(Lck-Cre;Sod2™™) function population
Gastric parietal cells Mitochondrial dysfunction and increased apoptosis in the increased gastric mucosal 604
(Atp4b-Cre;Sod2"") gastric mucosa of the parietal cell oxidative stress
Germline phenotypically normal under normal conditions, reduced higher level of vascular
mutation Sod3” survival time under high oxygen tension, exaggerated sug eroxide 605, 606
response to induced hypertension P
(Tgc,ilsggagdaﬂ,ﬂ) lung damage, die shortly after induction of Sod3 KO increase in lung superoxide 607
Vascular smooth muscle I blood d . d | id
cells (TgeresC, normal blood pressure, no augmgnte response to increased vascular superoxide 608
Sod3 Inducible Sod3" ’ angiotensin ll-induced hypertension and reduced vascular NO levels
conditional Circumventricular
KO organs
(Sod3™""+ an elevation of blood pressure, hypertensive response to increased vascular superoxide 609

intracerebroventricular
injection of Cre
adenovirus)

angiotensin Il

production, T-cell activation
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Phenotypes associated with loss of Sod1
Ting-Ting Huang, under the supervision of Charles Epstein at UCSF, was the first to generate Sod1"
/~mice, published in 1997. These Sod17- mice have a deletion of exon 3 and 4 of the Sod1 gene,
resulting in a shortened Sod1 allele where exon 1, 2, and 5 are spliced together!’. Most studies
in the Epstein lab focused on embryonic fibroblasts isolated from the animals; however, when
Huang opened her own lab at Stanford, she began to study the phenotypes of Sod17- mice. She
was the first to report the reduced lifespan of Sod17- mice and showed that over 50% of Sod1”*
mice had abnormal livers (56% in female mice, 79% in male mice). Abnormal livers were
characterized by visible nodules on the liver surface, large outgrowths from the liver, and
elevated liver weight to body weight ratios. Furthermore, all Sod1” livers showed hepatocyte
injury beginning at 16 months of age. Hepatocyte injury is identified by the presence of enlarged
hepatocytes with swollen nuclei. In contrast, age-matched Sod*/* mice had normal hepatocytes
and normal liver appearance. The livers of Sod1”- mice were said to have: “widespread oxidative
damage” measured by aconitase activity, protein oxidation, lipid peroxidation, and oxidative DNA
damage?’.

Soon after the study of Sod17-mice began, it was evident that both male and female Sod1
/~ mice have reduced fertility. In males, male genitals and accessory organs are significantly
smaller than wild-type controls. Additionally, the fertilization rate of wild-type oocytes by Sod1"
/- sperm was significantly lower than the fertilization rate of wild-type oocytes by Sod1**sperm,
due to the inability of Sod17" sperm to penetrate the oocyte’s zona pellucida and a time-
dependent decrease of Sod1”- motility®!°. In females, if Sod17- mice managed to get pregnant
(measured over a 6-month period), their average brood size 2.7 offspring/litter or 0.23
offspring/month. Ovaries from these mice are smaller and, while primary follicles appear normal,
there are few large antral follicles when compared to controls. It was also found that infertile
female Sod17- mice have decreased expression of the follicle stimulating hormone and activin
receptor type 11°8,

The Van Remmen lab has acutely focused on the muscle phenotypes of Sod1”" mice. Sod1-
/~mice have significantly less muscle mass than wild-type mice beginning at 3-4 months of age®.

By 8-12 months of age, Sod1”- mice have decreases in muscle mass that mimic changes seen in
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25-30 month old wild-type mice (Figurel1a)®!!. Age-related loss of muscle mass is termed
sarcopenia, meaning Sod1”/" mice have accelerated and more dramatic sarcopenia than their
wild-type controls. Decreases in muscle mass are seen in all muscle types, except the soleus
(muscle in calves, runs between knee and heel)®. In addition to loss of muscle, Sod1”" mice also
showed a decrease in muscle function, measured by ability to generate isometric contractile
force (the generation of muscle tension without changes in muscle length or joint angle)®!2. This
decrease in contractile force was accompanied by reductions in rotarod performance®, wheel
running®, treadmill endurance®!?, and grip strength (Figurel1b-d). It is believed that sarcopenia,
or muscle loss, in Sod1”- mice is due to less innervation of the muscle by motor neurons. Motor
neuron innervation is necessary for maintenance of muscle size, structure, and function®. This
could possibly be due to low NO*, as a result of low NOS, affecting neural development. Sod1”
mice show changes in neuromuscular junctions (NMJs) structure including acetylcholine receptor
(AChR) cluster fragmentation, NMJ deterioration, and degeneration and retraction of motor
neurons®’®. The structure 18-month-old Sod1”- mice NMJs was comparable with that of 30-
month-old wild type mice®!l. Interestingly, mice lacking Sod1 solely in skeletal muscles (mSod1
KO mice) show a 30% increase in muscle mass compared to WT controls®2®,

The body mass of Sod17" mice is lower than that of wild type mice over the course of their
lifespan®!’. The reduction in body weight (~17% in females and ~20% in males) was first seen at
5 months of age and continued to be observed until about 20 months of age (Figure 12a-b)°®. It is
important to note that decrease in muscle tissue specifically seems to be responsible for the age-
related decrease in body mass of Sod1”- mice. Heart and brain mass of Sod1”" mice remained
grossly unchanged, and, intriguingly, liver, spleen, kidney, and lung mass all increased even
though the total body mass of these mice decreased. Only changes in skeletal muscle mass

accounted for the changes in total body mass of Sod1”- mice (Figure 12c)®'8.
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Figure 11: Sarcopenia in Sod17- mice.

a) The mass of the gastrocnemius (muscle in back of lower leg, just below the knee) plotted
relative to lifespan of WT and Sod17- mice. The mass of the gastrocnemius in Sod1”" mice is
significantly decreased, so much so that the mass of Sod1”- mice gastrocnemius at 8-12 months
of age is similar to the mass of WT gastrocnemius at 25-30 months of age. b-d) Voluntary wheel
running, rotarod performance, and endurance on a treadmill are all significantly decreased in
Sod17- mice. b) WT and Sod1”- mice were each housed in individual cages with wheels that they
could willing choose to run on. The wheels had zero resistance. The running distance shown is
the average distance per day over a 16-week period. c) The rotarod performance indicates the
time, in seconds, before the mouse falls off the rotarod. d) Treadmill endurance signifies the
distance, in meters, that the mice could run for until exhaustion (Deepa et al., 2019; Deepa et al.,
2017).
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c TABLE 1. COMPARISON OF TISSUE WEIGHTS
FROM SODI™~ AND WT (SODI™*) MICE
Tissue WT (Sod1™%) Sodl™~
BW (g) 32+1.2 30.7+1.4
AT (mg) 50.1+£1.7 41.7+1.1*
EDL (mg) 11.4+0.8 11.9+0.7
GTN (mg) 172.5+4.6 120.7 +7.6
SOL (mg) 96+1.2 10.6+0.4
Liver (g) 1.77£0.1 1.85+0.2
Spleen (mg) 119.4+22.6 173.4+27.3
Kidney (mg) 238+26.6 276.5+39.7
Heart (mg) 177.7+7.8 190.9+32.7
Lung (mg) 179.7£26.1 2153+£353
Brain (mg) 440+33 4453+384

Figure 12: Decrease in skeletal muscle mass accounts for decrease in body mass of Sod1”-
mice.

a-b) Absence of Sod1 in mice decreases body weight of both male (a) and female (b) mice. c)
Comparison of tissue weights between WT mice and Sod1”- mice shows that decrease in skeletal
muscle mass is responsible for the overall decreased in body mass of Sod17- mice. Some tissue
weight in Sod1”7 mice actually increase, such as the liver, spleen, kidney, heart, and lungs. The
weight of Sod1” brains remains unchanged compared to WT. (Muller et al., 2006; Sakellariou et
al., 2018).
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Note, the mice used in the Van Remmen studies differ from the mice originally made by
Ting-Ting Huang. While both are mice that lack Sod1 expression, the mice in the muscle studies
were originally generated by Russell M. Lebovitz in 1998 and lack exons 1 and 2 of the Sod1 gene,
rather than exons 3 and 4 as in the Huang mice®®. In this thesis, the Lebovitz mice are used as
well as they are readily available via The Jackson Laboratory. In addition to the phenotypes
discussed above, these mice have also shown delayed wound healing, hearing loss, increase in
cellular senescence, denervation, motor axonopathy, macular degeneration, impaired
motivational behavior, and impaired olfactory sexual signaling®’® 619625 This highlights just how
many processes Sod1 is involved in and makes it all the more shocking that these mice without

SOD1 expression are alive and appear, to the untrained eye at least, relatively normal.

Lethality associated with loss of Sod2

Although loss of a single copy of Sod2 (Sod2* mice) produces no obvious pathologies, loss of
both copies of Sod2 (Sod2”- mice), if successfully born, die within 20 days®?°. Sod2*" mice display
an increased incidence of cancer in old age, higher oxidative damage, increased susceptibility to
oxidative stress, premature apoptotic initiation, and perturbations of mitochondrial function, yet
somehow have a lifespan resembling that of wild-type mice® 827630 |n the same realm of
thought, studies show that increasing SOD2 expression leads to a marked reduction in
mitochondrial superoxide levels, less of an age-associated increase in oxidative damage, and
improved mitochondrial function at geriatric ages®'%33, Importantly, despite these changes,
increased SOD2 expression had little to no effect on lifespan®32,

To further study how loss of Sod2 leads to premature death in mice and what is the
requirement for SOD2 in vivo, various conditional knockout have been created. Of these
knockouts, the loss of Sod2 in cardiac and skeletal muscles appears to be the most detrimental®®°.
Early death is seen in conditional knockout mice in both cardiac/skeletal muscle and the brain.
Note, loss of Sod2 in the brain appears to mimic whole body Sod2 knockout as these mice survive
only 3-4 weeks after birth. This suggests that neurons are particularly sensitive to loss of
mitochondrial superoxide dismutase activity and therefore elevated mitochondrial superoxide

levels®34.
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The physiological processes that are affected by the loss of mitochondrial SOD activity
and how these alterations lead to death remains to be uncovered. This is further complicated
because superoxide itself is not particularly reactive, if compared to other reactive species found
in organisms, and the toxicity associated with increased superoxide levels is most likely a result
of transformation of superoxide into other reactive species rather than by superoxide-caused
oxidative damage®3>. The most well-known direct target of superoxide, iron-sulfur clusters found
in proteins. This may be extremely relevant in a mitochondrial setting as most of the
mitochondrial respiratory chain proteins (e.g. succinate dehydrogenase) and citric acid cycle
enzymes (e.g. aconitase) have Fe-S clusters in their active sites. Both the mitochondrial
respiratory chain and the Krebs cycle are key for energy generation in the cell. The influence of
superoxide on some of these enzymes, such as aconitase, is so well-established that they can be
used as a sensitive indicator of steady-state superoxide levels. When superoxide levels are high,
as they are in Sod2”- mice, aconitase activity is greatly diminished®3®. Another consideration
necessary to understand the lethality of Sod2 loss is that superoxide, especially when in excess
and without the control of SOD activity, readily reacts with nitric oxide. The reaction of
superoxide with nitric oxide leads to peroxynitrite formation, a damaging oxidant in of itself, but
also leads to decreased nitric oxide bioavailability. Nitric oxide, while noted as a potent inhibitor
of cytochrome oxidase, is also a significant regulator of oxygen consumption. Peroxynitrite, like
nitric oxide, is an inhibitor of mitochondrial complexes, but unlike nitric oxide that causes
selective, rapid, and reversible inhibition of the electron transport chain, peroxynitrite causes
irreversible and non-selective inhibition of a vast array of mitochondrial components®’.
Inhibition of the mitochondrial electron transport chain further increase oxidative stress and

alters energy production of cells.

Phenotypes associated with loss of Sod3

Sod3”" mice, more so than mice lacking another other isoform of Sod, develop normally and are
healthy for the bulk of their adult lives®®. However, when not under normal conditions, one can
uncover the impact of the loss of extracellular SOD activity on a mouse’s ability to respond to
stressors. When under high oxygen pressure conditions (>99% oxygen, 8 litres/minute), Sod3”"

mice have a significantly reduced lifespan compared to that of wild-type mice in the same
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stressful conditions. These mice, which lack extracellular SOD activity, also develop lung edema
when housed under high oxygen pressure. The mice lacking SOD3 survived ~91 hours post oxygen
exposure, whereas mice with SOD3 expression survived ~121 hours. The death of these oxygen-
exposed, SOD3 null mice is caused by lung edema®®. Loss of SOD3 expression is also known to
exasperate angiotensin-induced hypertension. This worsening of hypertension caused by loss of
Sod3 is likely due to a decreased in NO* bioavailability®38. Lungs and blood vessels seem to be
some of the most affected tissues by Sod3 loss. This is not surprising as high SOD3 expression has

been shown in these tissues3??

. Interestingly, in contrast to germline knockout Sod3 mice,
inducible knockout Sod3 mice leads to severe lung injury and these mice die within 7 days of the
induction of Sod3 knockout®®°. This remarkable difference between the survival of germline Sod3
knockout mice and inducible adult-onset Sod3 knockout mice indicates that there are
compensatory mechanisms or developmental adaptations at play in germline Sod3 knockout

mice that allow for survival and a relatively normal phenotype.

b. Mouse models studying NOS
NO* is known to be involved in various physiological processing ranging from neurotransmission
to vasodilation. Mouse models lacking each isoform of NOS have been key to investigate the
specific roles of NO*® derived from each isoform. Of note from single NOS knockout mice, is that
NOS activity and nitric oxide production are well-preserved®®. Because NOS activity is grossly
unaltered in single NOS knockout mice, this makes it more difficult to unravel the distinct roles
of each NOS isoform as the possibility of NOSs compensating for one another is quite strong.
Some surprising findings have come from studies of mice lacking NOS isoforms (Figure 13).
While eNOS knockout mice (Nos3”- mice) do show increased risk of cardiovascular disease and
its anti-arteriosclerotic role is well-established, these mice do not develop atherosclerotic
lesions®*. Another shocking finding is that triple n/i/eNOS null mice are viable and although their
survival and fertility is significantly reduced, mice completely lacking any NOS activity can live for
up to 10 months®*2, The creation and study of triple knockout NOS mice also confirmed the role
of NOS in various physiological processes, as these mice exhibit phenotypes of the metabolic,
renal, respiratory, bone, and cardiovascular systems. However, the question does still remain,

how do these physiological processes function at a high enough level to sustain life without the
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production of NO* for signaling. This raises the possibility that all regulation provided by ROS and
RNS is simply fine-tuning, rather than obligatory regulation. ROS and RNS may make the system

better, but not be essential for the system to function.
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Figure 13: Mice lacking all three NOS isoforms are alive.

Nitric oxide is a pervasive mammalian signaling molecule, involved in vasodilation,
neurotransmission, and immune responses. Surprisingly, mice lacking all three NOS isoforms are
alive and can even live as long as 11 months. At 11 months of age, 100% of the wild-type mice
survived and 15% of the triple knockout NOS mice survived. The survival rate of mice lacking NOS
isoforms gets progressively worse as the number of NOS genes disrupted increases. This to say
that single NOS knockouts live longer than double NOS knockouts that live longer than triple NOS
knockouts. 55% of the mice lacking all NOS isoforms death was caused by myocardial infarction
and this study was the first to show that loss of NOS expression is linked to the development of
myocardial infarction. The wild-type mice in this study were C57BL/6J. n is the number of mice
for each group. *, T, and # indicate that P < 0.05 (Tsutsui et al., 2015).

Triple KO NOS mice are hypertensive, but this hypertension is comparable to the
hypertension seen in (e)Nos37- mice®. This suggests that hypertension in these mice is caused
by a diminished level of endothelium-derived NO®. The heart rate of triple KO NOS mice is
significantly lowered (bradycardia), but also to an extent that is comparable with Nos37" mice,

once again indicative that the bradycardia phenotype is mostly due to deletion of the eNOS

gene®3, These mice that lack all NOS expression helped to reveal that, perhaps unexpectedly, all
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three NOS isoforms play a role in the regulation and formation of vascular lesions®.
Spontaneous vascular lesion formation was only noted in triple KO NOS mice, not eNOS KO mice.
Spontaneous accumulation of lipids was also only noted in triple KO NOS mice, perhaps thanks
to the high diffusion distance of NO*%%°,

At the 11-month time point, only 15% of triple NOS KO mice survived, whereas all wild-
type mice were still alive. The survival rate of mice lacking NOS isoforms progressively worsens
as the number of NOS isoforms disrupted increases. This to say that single NOS KO mice survive
longer than double NOS KO mice that survive longer than the triple NOS KO mice. Post-mortem
examination of triple KO NOS mice showed that 55% of these mice died from myocardial
infarction®®, Interestingly, beginning at 5 months of age, triple NOS KO mice and eNOS KO mice,
but not nNOS KO or iNOS KO mice, show left ventricular hypertrophy, cardiac myocyte
hypertrophy, and elevated mass of the left ventricle. This hypertrophy was much more significant
in triple NOS KO mice than eNOS KO mice. Also noted at 5 months of age in triple NOS KO mice
was significant left ventricle diastolic dysfunction. This was evaluated using echocardiograph E/A
wave ratio.®*®. The E/A wave ratio is used as an indicator of function of the heart’s left ventricle.,
The E wave measures the velocity of blood flow in early diastole and the A wave measures the
velocity of blood flow in late diastole. The blood flow during the E wave is caused by ventricular
relaxation, whereas the blood flow during the A wave is caused by atrial contraction®¥’. These
studies of diastolic dysfunction in triple NOS KO mice were the first to demonstrate in vivo that
NOS have a central role in the pathology of diastolic heart failure. Furthermore, arterial responses
to acetylcholine (endothelium-derived hyperpolarization) reduced as the number of NOS
isoforms disrupted increased. However, function of the vascular smooth muscle was conserved
in all mice lacking NOS activity®*.

Another finding in these mice was that both triple NOS KO mice and eNOS KO mice
showed evidence of phenotypes of metabolic syndrome. These phenotypes include
hypertension, obesity, impaired glucose tolerance, insulin resistance, and hypertriglycemia®®. It
has also been shown that renal lesion formation is greatly accelerated in response to chronic
unilateral ureteral obstruction in triple NOS KO mice, indicating that NOSs play a vital role in

renoprotection®. Finally, bone mineral density and bone thickness were both significantly
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elevated in triple NOS KO mice, but not in any single NOS KO mice®®°. This is indicative of a key
role of NOSs in regulation of bone homeostasis.

In closing, triple NOS KO mice, especially, highlight the various roles of NOS in the
pathology of countless physiological dysfunctions and thereby significance of NO* as both a

signaling molecule and essential regulator.

9. Thesis Rationale

This thesis aims to better understand the distinct phenotypes observed upon loss of SOD1
expression in vitro and in vivo. As highlighted earlier, when SOD1 expression is lost in vitro (Sod1
/), the cells rapidly undergo apoptosis; however, when SOD1 expression is lost in vivo, the mice
can survive for up to ~25 months. How is it possible that cells isolated from these animals cannot
last in culture, but the animals themselves can survive? To unravel this conundrum, we used a
conditional Sod1 knockout model. Inducible knockouts allow us to bypass any possible
developmental adaptations that germline knockout models may have and that could explain their
survival. As you will be shown in later chapters, the inducible Sod1 knockout mice (Sod1/o*"/loxP)
die within weeks of the loss of SOD1 expression, in distinct contrast to their germline knockout
counterparts. This is highly suggestive that there are developmental adaptations that are
important to allow Sod17~ mice to survive. Attempting to rescue the phenotypes of the inducible
knockout mice is a way we can determine what allows the germline knockout mice to survive.
This is somewhat the opposite of the more usual approach. . Conditional models are typically
made after seeing that loss of the expression of a particular gene results in a severe phenotype
(e.g. loss of viability). In this case, conditional models tend to knockout the gene of interest in
particular tissues to uncover where the loss of the gene is most significant to the phenotype seen
in germline knockouts. This thesis highlights the prospect of using conditional mouse models
differently, to uncover why mice that we expect not to survive do, in fact, survive with relatively

mild phenotypes.

63



CHAPTER 2: CONSEQUENCES OF THE LOSS OF THE CYTOPLASMIC
SUPEROXIDE DISMUTASE SOD1 ON CELLULAR PHYSIOLOGY
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1. Abstract

Superoxide dismutases (SODs) are one of the most abundant proteins in vertebrates, responsible
for the dismutation of superoxide to hydrogen peroxide. It is a key element of the antioxidant
machinery endogenous to aerobic organisms. In fact, in mice, SOD1 is the 34" most abundant
protein in the whole organism, out of 17,698 proteins?®®. Keeping oxidative stress under control
is a crucial element of various metabolic diseases and, possibly, aging. The difficulty for cells and
tissues arises because reactive oxygen species (ROS) and reactive nitrogen species (RNS) are both
crucial signaling molecules and potentially toxic. For example, nitric oxide (NO°) fulfills
indispensable signaling functions in the vasculature, the immune system, and in
neurotransmission?321> Similarly, hydrogen peroxide (H20>) is a widespread modulator of signal
transduction pathways®'. Here, we create a new tool for studying ROS/RNS metabolism, a line
of mouse embryonic fibroblasts which can survive without any detectable SOD expression. These
cells thrive in the presence of nitric oxide synthase (NOS) inhibitors and a peroxynitrite
decomposition catalyst, indicating that peroxynitrite, rather than superoxide per se, is the
molecule SODs defend against. Our study highlights that superoxide is not an inherently

damaging molecules in the absence of NO®, in contrast to what was previously thought.

2. Introduction

Superoxide dismutases (SOD) are the first line of defence against the formation of reactive
oxygen species. The importance of SODs is highlighted by the fact that the vast majority of
aerobic organisms, and interestingly some anaerobic organisms such as the obligate anaerobe
bacteria Clostridium perfringens, express at least one SOD isoform®2, SODs accelerate the
dismutation of superoxide (0;*7), or the breakdown of 0,*" to hydrogen peroxide (H.0,) and
molecular oxygen (02) (02*~ + 2H* = H20; + 03) (Figure 14)3. Beyond that, by controlling
superoxide, SODs also control the concentrations of other reactive species that can be generated
when superoxide is abundant, such as hydrogen peroxide and peroxynitrite (ONOO™). The
dismutation of superoxide via SODs is extremely efficient. The reaction occurs at ~2 x 10° M1s1,
or approximately 10* times faster than spontaneous dismutation of superoxide®>3. Note, the

reaction of superoxide with nitric oxide, yielding the damaging peroxynitrite, occurs three times
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faster than SOD dismutation (6.7 x 10° Ms), because 0,*~ and NO°® are both radicals with

unpaired electrons in their outer orbitals!?2.
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Figure 14: Reactions of superoxide

Dismutation of superoxide (02*") by superoxide dismutases (SOD) generates hydrogen peroxide
(H202) and molecular oxygen (0O2). From there, catalases (CAT), glutathione peroxidases (GPx),
and peroxiredoxins (PRX) can convert H,0, to water. It is also possible for H,0, to react with
metals, such as iron, to generate a more reactive ROS, the hydroxyl radical (OH®). The reaction of
H,O, with a redox-active metal is termed the Fenton/Haber-Weiss reaction. Prior to SOD
dismutation, superoxide can also react with nitric oxide (NO*) to produce peroxynitrite (ONOO").
Peroxynitrite is known to lead to cell death, but its decomposition can also yield highly oxidizing
molecules including NO,*, OH®, CO3*", and the stable NOs*~. Due to the formation of peroxynitrite,
elevated levels of superoxide ultimately have the ability to decrease nitric oxide bioavailability
and thereby peroxynitrite toxicity. Finally, 0,*") itself can reduce ferric (Fe3*) to ferrous (Fe?*) iron
in essential iron-sulfur centres of proteins. This causes enzymatic inactivation and loss of Fe?*
from these proteins. This Fe?* can then further fuel Fenton chemistry. The protonation of 0,*~
can also from the hydroperoxyl radical (HO;*) (Wang et al., 2018).

Superoxide is both a by-product of metabolic processes (e.g. mitochondrial respiration) and
the intended product of enzymes dedicated to superoxide formation (e.g. NADPH oxidases)
(Figure 15)31°, Reactive species, such as superoxide and its derivatives, are essential for signalling,

despite being potentially toxic. These oxygen-containing compounds are involved in cell
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proliferation, migration, and differentiation, and pathogen defence amongst other cellular
processes®? 654 655 Since superoxide does not readily cross cell membranes and is short-lived, it
is thought to act locally to where it is produced. However, hydrogen peroxide, produced as a
result of superoxide dismutation, is more stable, uncharged, and freely able to pass through cell
membranes, qualities making it an extremely versatile signaling molecule3'® 5%, SOD isoforms
are found in distinct subcellular compartments, highlighting how changes in SOD activity can lead

to H,0; concentration gradients and activation of specific redox-sensitive pathways.
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Figure 15: SOD-dependent mammalian ROS signaling

In mammals, numerous processes lead to superoxide (02*") formation including, but not limited
to, the mitochondrial electron transport chain (ETC), NADPH oxidases (NOX), cytosolic xanthine
oxidase (OX), and cytochrome P450-monooxygenases (CYP) in the endoplasmic reticulum. NOX
is @ membrane-bound enzyme, found in the plasma membrane and in vesicle membranes and
produces superoxide both intra- and extra-cellularly®®’. Extracellular O>*~ has two methods of
entering the cell — first via chloride channel-3 (CLC-3) or via conversation to H.0; by SOD3, after
which it can freely traverse into the cell using aquaporin channels (AQP) and go on to initiate
cellular signalling®”- ®%8, H,0, has been the focus of ROS signalling studies as it is known to
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oxidatively modify redox-sensitive cysteines in proteins and thereby alter protein function. Well-
accepted targets of ROS signalling include protein phosphatases (PTP), nonreceptor protein
tyrosine kinases (PTK), transcription factors (TF), mitogen-activated protein kinases (MAPK), and
protein kinase C (PKC). Unlike H20,, the signalling function of O,*" remains largely unknown.
Additionally, compartmentalization of SOD expression is a key mechanism for spatial and
temporal control of ROS homeostasis and therefore ROS signaling (Wang et al., 2018).
Surprisingly considering how ubiquitous SODs are in organisms, organisms can survive with
low SOD expression, notably this has been well demonstrated in C. elegans that can live just as
long as their wild-type controls, although lacking all of their five SOD isoforms?®. Important for
this chapter is the conundrum of Sod17- (germline knockout) mice and embryonic fibroblasts.
Huang et al. show that Sod1”- mouse embryonic fibroblasts (MEFs) have, on average, 4 to 10
times more apoptotic cells (labeled by biotinylated dNTP with terminal transferase (TdT)) than
Sod1*/* MEFs. After only 48 hours in culture, culture plates of Sod17- MEFs were mostly remnants
of apoptotic cells and healthy cells were rare (Figure 16)°. In contrast, Sod1”- mice are alive, with
a mean lifespan of 20.8 months'’. To better investigate the mechanisms of cell death in
mammalian cells lacking Sod1 in vitro and to understand how Sod1”" mice are alive, we
engineered a conditional (floxed) allele of Sod1, from which we derived Sodl KO MEFs by
retroviral-mediated expression of Cre recombinase. Control of gene expression with inducible
systems allows for both spatial and temporal regulation of a gene. This chapter characterizes

inducible knockout Sod1 cells in an attempt to shed light on the balance between the beneficial

and harmful effects of reactive oxygen species in mammalian systems.
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Figure 16: Sod17- mouse embryonic fibroblasts undergo apoptotic cell death

Cell death analysis of Sod1*/* and Sod17- MEFs. On average, Sod1”- MEFs had 4 to 10 times more
apoptotic cells (labeled by biotinylated dNTP with terminal transferase (TdT), blue) than Sod1**
MEFs. By 48 hours, most of what remains on the plate is cellular debris (Huang et al., 1997).

3. Material and Methods

a. Reagents and chemicals

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), and cell culture
phosphate buffer saline (PBS, 1x) was obtained from Wisent. Trypsin-EDTA (0.05% and 0.25%)
were both obtained from Gibco. Lipofectamine 2000 and OptiMEM Reduced Serum Medium (no
phenol red), used for transfections, were purchased from Invitrogen. All other reagents and
chemicals, excluding L-NAME and FeTPPS, were purchased from Sigma-Aldrich. L-NAME and

FeTPPS were both purchased from Cayman Chemicals.

b. Mice
Conditional Sod1 knockout mice (Sod1**/°xP) were generated in collaboration with InGenious
Targeting Laboratory in Stony Brook, New York. Targeted iTL BA1 (C57BL/6 x 129/SvEv) hybrid

embryonic stem cells were microinjected to C57BL/6 blastocysts. The target region of Sod1
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includes exons 2 and 3, which contain 3 of the 4 essential copper binding sites for superoxide
dismutase function. The resulting chimeras with the highest percentage of agouti coat colour
were crossed with C57BL/6 FLP mice. These crosses were necessary to remove the Neomycin
cassette. Agouti mice are grey in coloration, but each strand of fur is both partly yellow and partly
black. Tail DNA from these mice was analyzed using PCR to ensure deletion of Neomycin cassette.
Then, the resulting heterozygous mice were mated to C57BL/6 (wild type mice). The genotype of
their offspring was also confirmed using PCR, as described below, to ensure the absence of both
the Neomycin cassette and FLP transgene. These mice were then interbred to generate

BL allele has been previously

homozygous Sod1/o*/o* mice. Mice with the inducible KRas
described by Tuveson, et al. and can be obtained from The Jackson Laboratory. All mice were
handled in accordance with recommendation of the Canadian Council on Animal Care and studies
were conducted under an approved Animal Utilization Protocol (AUP). This protocol was
approved by the animal Care and Use Committee of McGill University. The mice were house in
the pathogen-free animal facility at McGill University (CMARC). All experimental mice were

sacrificed using isoflurane (Baxter Corporation) as an anaesthetic, followed by cervical dislocation

for euthanasia.

c. Genotyping and detection of Sod1/>® allele

All mice were genotyped via PCR amplification of genomic DNA isolated from tails. ~1-2mm
mouse tail clippings were boiled in 25mM NaOH, 0.2mM EDTA (Solution 1) at 100°C for 20
minutes. Immediately after boiling, the DNA extraction reaction is neutralized with 40mM Tris-
HCL pH 5.5 (Solution Il). 60uL of both Solution | and Il are used for DNA extraction from a single
1-2mm piece of tail. After the reaction is neutralized with Solution I, the tails should be spun
down. The floxed Sodl allele was amplified using primer #1 (ALTLOX-forward): 5 -
CTCCACAGGCAGTAGGACAA - 3’ and primer #2 (ALTLOX-reverse): 5’- CAACACAACTGGTTCACCGC
- 3’. The resulting wild-type product size is 496bp, whereas the loxP product size is 541bp. PCR
reactions were performed using NEB’s OneTag DNA polymerase. Genotyping PCR program is:
95°C for 3 minutes (initial denaturation), 35 cycles of 95°C for 30 seconds, 60°C for 30 seconds,

and 72°C for 60 seconds, followed by 72°C for 5 minutes (final extension), and hold amplified
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products at 4°C. For mouse embryonic fibroblasts obtained from Sod1/°*"/** mice, embryonic
DNA extraction was performed using the QIAGEN DNeasy Blood & Tissue Kit and using their
protocol for DNA extraction from animal tissues. To detect the recombined Sod1/*” allele in
genomic DNA isolated from mouse embryonic fibroblasts (MEFs) from the mice discussed above,
different primers, but the same PCR program were used. The recombined Sod1°" allele was
detected with primer #3 (NDEL2): 5’- GGG GCT TTA GTA AAG TAT GCC AGC TC - 3’ and primer #4
(LOX1): 5’- CTC CAC AGG CAG TAG GAC AAA GG - 3'. The resulting band of a successfully excised
allele of Sod1 is 600bp. PCR products were visualized by gel electrophoresis on a 2% agarose
(FroggaBio) gel at 120V until satisfactory resolution and band separation was reached (~30
minutes).

LS allele

d. Genotyping and detection of KRas
All mice and the MEFs isolated from KRas™! mice were genotyped using the same protocol of
DNA isolation as for Sod1/*/** The KRas"" allele was amplified using primer #5 (KRasWT_F): 5’
- GTCGACAAGCTCATGCGGG - 3’, primer #6 (KRasG12D_F): 5’ - CCATGGCTTGAGTAAGTCTGC - 3,
and primer #7 (KRas_R): 5" - CGCAGACTGTAGAGCAGCC - 3’. The resulting bands are ~600bp for
the LSL allele and ~507bp for the wild-type allele of KRas. Genotyping PCR program is: 95°C for 3
minutes (initial denaturation), 35 cycles of 95°C for 30 seconds, 60°C for 30 seconds, and 72°C for
60 seconds, followed by 72°C for 5 minutes (final extension), and hold amplified products at 4°C.

PCR products were visualized by gel electrophoresis on a 2% agarose (FroggaBio) gel at 120V until

satisfactory resolution and band separation was reached (~30 minutes).

e. Preparation of mouse embryonic fibroblasts

Sod1'F/xP males and females were placed together and the females were checked every
morning for a copulation/vaginal plug (white in appearance). The morning a copulation plug is
found is termed embryonic day 0.5 (E0.5) and the female with the plug is subsequently moved to
a separate cage. The copulation plug indicates that a mating has occurred and the female in
guestion could be pregnant. The method of mouse embryonic fibroblasts (MEFs) isolation is

based on that described by Robertson and colleagues in 1987, In short, embryos were removed
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from pregnant females at E13.5 and placed into a dish with PBS. Embryos are first separated from
their lining. In PBS, the head was removed from each embryo and reserved for genotyping. In
addition to removal of the head, soft tissues, such as the liver (a bright red spot in the embryo)
were removed. These tissues have the possibility of being further along in their differentiation
than the remainder of the embryo. Next, each embryo was placed into a separate well of a 6-well
plate and 500uL 0.25% trypsin. Embryos were then crushed using autoclaved scissors. After
shearing, an additional 500uL 0.25% trypsin was added to each well and the embryos were
incubated at 37°C for 20 minutes. 20 minutes later, cells were pipetted up and down in each well
and then mixture was transferred, one well at a time, to separate plates containing 10mL DMEM
(10% FBS, 1% antimycin A). These freshly isolated MEFs were incubated at 37°C overnight. The
following day, the media on these plates was changed to remove any debris from MEF isolation
process. Cells can then be cultured and expanded in DMEM (10% FBS, 1% antimycin A). KRas"*

MEFs were isolated using the same protocol as for the isolation of Sod1/**/°xP MEFs.

f. Construction of retroviral vector and retroviral infection

The retroviral vector used to induce expression of Cre recombinase in mouse embryonic
fibroblasts is a pBabe-Cre-Puro retroviral vector. It was constructed by subcloning the cDNA of
Cre recombinase into EcoRI and Sall sites of a pBabe-Puro retroviral vector. To produce the
retroviruses used in these experiments, PhoenixTM-Eco virus packaging cells, provided by
Cedarlane Labs, were used. Separate plates of PhoenixTM-Eco cells, at 60-80% confluence, were
transfected with either pBabe-Cre-Puro vector DNA or empty pBabe-Puro vector DNA, at a
concentration of 20ug plasmid DNA/100mm pplate. All transfections were conducted using
Lipofectamine 2000 (Invitrogen) and by following the manufacturer’s protocol. 48-hours after
the introduction of plasmid DNA to PhoenixTM-Eco cells, virus-containing media was taken,
filtered, and placed on Sod1'**/** mouse embryonic fibroblasts. This infection procedure of
introducing virus-containing media onto MEFs was repeated for a total of three times — twice on
the first day and then once on the second day. Infected MEFs were then incubated in puromycin-

containing DMEM (10ug/mL) for two days. Puromycin selects for only cells that have been
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infected and stably express the viral DNA. MEFs obtained after retroviral infection were always

used at passage numbers below 12.

g. Cells and tissue culture

All cells were incubated at 37°C in 5% CO;. Mouse embryonic fibroblasts were grown and
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% antimycin A. PhoenixTM-Eco cells are plated on poly-D-lysine (Sigma)
coated plates prior to transfections. If cells are frozen, they are frozen in 70% DMEM, 20% FBS,

and 10% DMSO.

h. Cell viability assays

For crystal violet assays, cells (1.5 x 10* cells/well for MEFs) were plated in 12-well dishes in
triplicates. The day cells are seeded is termed day 1. Plates are then washed with PBS and fixed
in 4% paraformaldehyde (Cedarlane) on each day where readings were to be taken. After cells
were fixed, cells are stained with 0.5mL of 0.1% crystal violet (Sigma) per well and the crystal
violet was allowed to sit on fixed cells for 30 minutes. Plates are then repeatedly rinsed with tap
water to remove excess crystal violet dye and then left to air dry. Crystal violet is then extracted
from each well using 1mL 10% acetic acid and 100pL of this mixture is transferred to a 96-well
plate. Using a Bio-Tek PowerWave XS microplate reader/spectrophotometer, absorbance is read
at 590nm. For AlamarBlue cell viability assays, also referred to as resazurin assays throughout
this thesis, cells are seeded, in triplicates, at a concentration of 2.5 x 103 into 96-well plates. For
rescue experiments, various different substances were added to growth media and then cell
viability assays could be performed at any time point. After at least 3 days in culture (occasionally
more), AlamarBlue assay was completed according to manufacturer’s instructions. In short, on
the day of cell viability readings, AlamarBlue reagent is diluted 100x in DMEM and 100pL of this
mixture is added to each well. The 96-well plates are then incubated for at least 4 hours (can be
incubated up to 24 hours) and absorbance is read using plate reader mentioned above.
Absorbance of the AlamarBlue reagent is read at 570nm and an absorbance reading of 600nm is

used as a reference wavelength.
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i. Superoxide dismutase activity
Superoxide dismutase activity was measured, according to manufacturer’s instructions, using the

Superoxide Dismutase Assay Kit from Cayman Chemical.

j. Microscopy

For fluorescence microscopy, cells were plated onto glass coverslips in the bottom of each well
of a 12-well plate. These coverslips had been coated with poly-D-lysine. After leaving cells to
adhere to coverslips overnight, the fluorescent dye of choice is then introduced and incubated
with cells according to manufacturer’s instructions. The cells were then fixed for 10 minutes in
4% paraformaldehyde. After 10 minutes of fixation, coverslips are washed twice in PBS to ensure
removal of any leftover fixative. The coverslips were then mounted on slides using Prolong Anti-
Fade Reagent (Invitrogen) and imaging was done using an Olympus BX63 microscope. Live cell

images, used to visually track cell growth, were taken on an Olympus CKX41 microscope.

k. Detection of apoptotic cells

Detection of apoptotic cells was achieved by use of a fluorogenic dye, CellEvent Caspase-3/7
Green Detection Reagent (ThermoFisher). The fluorescence of this substrate is only activated by
caspase 3/7, caspases associated with activation of the apoptotic machinery of cells. To stain
cells, 2 drops (2-8 uM) of the reagent are added per 1mL of DMEM culture media. The media
containing the reagent was incubated with cells for 30 minutes at 37°C. After this, cells are
preserved in 4% paraformaldehyde for 15 minutes. They are then washed in PBS 3 times, for 5
minutes each wash. Finally, coverslips containing now stained and fixed cells are mounted using
Anti-Fade reagent. Using the Olympus BX63 microscope, a bright-field image is first taken to
ensure there are cells on the slide and then cells are imaged using an appropriate filter set, the
same used for FITC and Alexa Fluor 488 dye. The excitation/emission maxima for this reagent is
502/530nm. Cells that fluoresce green have caspase activation and therefore have begun the

apoptotic cascade.

74



|. RNA preparation and gRT-PCR analysis

Total RNA was extracted from mouse embryonic fibroblasts using TRIzol reagent (Invitrogen). 1ug
of extracted RNA was then reverse transcribed to cDNA according to manufacturer’s instructions
with use of the QuantiTect Reverse Transcription Kit (Qiagen). Next, RT-PCR was performed using
Qiagen SYBR Green and CFX96TM Real-Time PCR Detection System and C1000TM Thermal Cycler
(BioRad). Primers for Sod1 mRNA were Sod1-forward: 5 - GGCCGTACAATGGTGGTCC - 3’ and
Sodl-reverse: 5 - TGGTTTGAGGGTAGCAGATGAG - 3’. Primers for Sod2 mRNA were Sod2-
forward: 5" - ACCGAGGAGAAGTACCACGA - 3’ and Sod2-reverse: 5" AGCGGAATAAGGCCTGTTGT
- 3’. Primers for the mRNA of the housekeeping gene (control) B-actin were forward 5 -
GGAGCACCCTGTGCTGCTCA - 3’ and reverse 5" -GGATTCCATACCCAAGAAGGAAGGC - 3’. Data was
analyzed using the AACt method and CFX MaestroTM Software (Bio-Rad)®®°.

m. Cell lysis and protein quantification

For western blots using protein isolated from mouse embryonic fibroblasts, cells were lysed using
CellLytic™ M buffer (Sigma). Cells were scraped off confluent 100mm plates, spun down to
collect cell pellet, and this pellet was suspended in 200 pL of cell lysis buffer and then rocked at
4°C for 30 minutes. Lysed cells were then centrifuged for 10 minutes at 13,000g in an accuSpin
Micro R microcentrifuge (Fisher Scientific). The protein-containing supernatant was removed and

quantified using Bio-Rad Protein Assay Dye, according to manufacturer’s instructions.

n. Western blotting

Total cell lysate samples were loaded into 12% running gel/5% stacking gel SDS-PAGE gels. These
gels were initially electrophoresed at 70V until the stacking gel was cleared, then 120V for the
remainder of the running time, and finally transferred onto nitrocellulose membranes (Bio-Rad).
Membranes were blocked in 5% milk-PBS for 2 hours and then exposed to primary antibody
overnight at 4°C. All antibodies were diluted in 5% milk-PBS. The following antibodies were used:
anti-SOD1 (ab16831; dilution 1:2000), anti-SOD2 (ab13533; dilution 1:5000), anti-SOD3
(ab83108; dilution 1:1000). Control antibodies were all diluted 1:2000. They were one of the
following: GAPDH (2118S Cell Signaling Technology (CST)), a-tubulin (2144S CST), or B-actin
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(4967S CST). The next day, primary antibody mixtures were removed, and membranes were
washed 3 times in PBS-0.05% Tween 20 (Sigma). Membranes were then incubated for 2 hours
with anti-rabbit 1gG, horseradish peroxidase (HRP)-linked secondary antibody (7074S CST) and
ultimately developed using the GE Healthcare ECL Plus Western Blotting Detection System.

Protein band signals were visualized using AFP Manufacturing Mini-Med 90.

o. Statistical analysis
All statistical analyses were performed using Prism 8 (GraphPad Software) using either ANOVA
or t-tests, as appropriate. All data is presented at mean + standard error of the mean (SEM). A

result is considered significant when the p-value is less than 0.05.

4. Results

a. Generation of mice with floxed Sod1 allele for conditional knockout

Germline Sod1 knockout (KO) mice (Sod17°) live a moderately shortened lifespan (~2 years of
age)Y’. But, germline deletion of Sod1 slows the growth rate of mouse embryonic fibroblasts to
25% that of their wild-type controls®. Furthermore, PC12 (rat adrenal medulla) cells with
downregulated Sod1 (via antisense oligonucleotides) do not survive in culture®®. With a goal of
understanding how the severe phenotype associated with SOD1 deficiency in vitro relates to the
mild phenotype observed in vivo, we generated, in collaboration with the Dankort lab and
inGenious Targeting Laboratory, conditional Sod1 knockout (KO) mice where exons 2 and 3 are
flanked by loxP (Figure 17b). LoxP sites allow for targeted excision of a segment of DNA by Cre

662

recombinase®“. Mice homozygous for floxed alleles of Sod1 are indistinguishable from their wild-

type littermates and if no excision of Sod1 is induced, they develop normally.

b. Generation of inducible Sod1 knockout mouse embryonic fibroblasts (MEFs)
Next, | generated Sod1 knockout mouse embryonic fibroblasts (MEFs) using retroviral-mediated
expression of Cre recombinase (pBabe-Puro-Cre) in MEFs isolated from Sod1/o/°xF mice. For

control, | also infected the same MEF lines used for the experiments with an empty vector
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(pBabe-Puro). This ensures that the infection itself and the selection of successfully infected cells
with puromycin (Puro denotes the presence of a puromycin resistance gene in the vector
notation) are not responsible for any observed phenotypes in cells that express Cre recombinase.
Knockout of the floxed Sod1 allele upon retroviral infection with the Cre-expressing retrovirus
was analyzed both by PCR and RT-PCR amplification of the intact or recombined Sod1 alleles and
by western blot (Figure 17c, and 26). Collectively, these results confirmed that the change of the
floxed Sod1 allele into a form lacking exons 2 and 3 (the knockout form of the allele) was
complete. Hereinafter, these cells will be referred to as Sod1/**/*" knockout (KO) cells. The cells

transfected with an empty vector will be referred to as Sod1/°/°* control cells.
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Figure 17: Generation of Sod1'°**/"*P knockout mouse embryonic fibroblasts.

a) Schematic of retroviral infection of mouse embryonic fibroblasts (MEFs) isolated from
Sod1'F/1oxP mice. MEFs are express Cre recombinase due viral introduction of its DNA into cells.
b) Upon expression of Cre recombinase, exons 2 and 3 are excised from Sod1 to generate a stable
recombinant Sod1 lacking those exons. c) PCR amplification of intact Sod1 and recombined Sod1
confirms knockout of Sod1 in Sod1'**/** MEFs expressing Cre recombinase. Cells treated with
empty-vector retrovirus showed a band for intact Sod1 only and cells treated with Cre-containing
retrovirus showed only a band for recombined Sod1.

c. Viability of inducible Sod1 knockout MEFs
As expected, Sod1/o?/oxP KO MEFs undergo cell death, just like Sod17- MEFs (Figure 18)°%3. Cell

viability was assessed by visual inspection of the cells by quantitative resazurin- and crystal violet-
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based cell viability assays (Figure 19) 3. These MEFs undergo apoptotic cell death shortly after
Sod1 excision by Cre recombinase, as confirmed by a caspase 3/7 detection assay (Figure 20).
This assay takes advantage of a cell-permeable fluorogenic substrate that requires cleavage of a
4-amino acid peptide (DEVD) by activated caspases to reveal its fluorescent qualities. Upon
cleavage of the DEVD peptide, the reagent can bind to DNA and brightly label apoptotic cells.
Caspase activation is associated with stimulation of the apoptotic machinery®®, If a cell produces
green fluorescence, as seen in the majority of Sod1/°*/°** KO MEFs, there is activation of its
apoptotic machinery. If a cell does not fluoresce, as with Sod1/°**/ control cells, these are viable
and actively dividing cells. Thus, we conclude that Sod1/°/*" KO MEFs are not viable and cannot

proliferate in vitro.

Sod1lox/iox eqntrol cells Sod1/ox/loxP knockout cells

Figure 18: Induction of Sod1 knockout in mouse embryonic fibroblasts leads to cell death.
Microscope mages comparing the viability of Sod1/**/"x KO MEFs to wild-type MEFs, 1.5 weeks
post-transduction. Sod1/°/°* KO MEFs, unlike Sod1/**/°xF control MEFs, fail to survive in culture.
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Figure 19: Viability of Sod1/°**/"*P knockout mouse embryonic fibroblasts.

Cell viability of Sod1/**/o MEFs measured by a) resazurin assay and b) crystal violet. The
resazurin assay is a colorimetric assay that measures the metabolic capability of cells. In other
words, only live cells can reduce the non-fluorescent blue resazurin put on cell culture to the
fluorescent red resorufin. The amount of resorufin created is directly proportional to the number
of live cells. The crystal violet assay makes use of a blue dye to stain cells that are attached to cell
culture plates. This assay assumes that non-adherent cells are cells undergoing cell death, which
for mouse embryonic fibroblasts is true. The crystal violet stain binds to ribose-based molecules,
such as nuclear DNA.

a Sod1loxP/lexP control cells b Sod1lox/lox? KO cells
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Figure 20: Sod17- mouse embryonic fibroblasts (MEFs) and Sod1/°*/*P knockout MEFs both
undergo apoptotic cell death.

Cell death analysis of Sod1*/* and Sod17- MEFs showed that on average, Sod17- MEFs had 4 to 10
times more apoptotic cells (labeled by biotinylated dNTP with terminal transferase (TdT), blue)
than Sod1** MEFs. By 48 hours, most of what remains on the plate is cellular debris (Huang et
al., 1997). CellEvent Caspase 3/7 Green Detection Reagent was used to assess caspase activation
in Sod1/o*/xP control and knockout (KO) cells. This reagent is a fluorogenic substrate that is
activated only by caspase 3 and 7. Caspases active in apoptotic cells cleave the DEVD peptide
from the intrinsically non-fluorescent reagent. The DEVD peptide inhibits the ability of the dye to
bind to DNA. Once cleaved, the dye can bind to DNA and yields a fluorogenic response.
Fluorescence was detected using a fluorescent microscope. Caspase activation is associated with
the stimulation of the apoptotic machinery. Caspases were activated in Sod1/*/** KO cells, but
not in Sod1”*/1 control cells.

d. Rescue inducible Sod1 knockout MEFs by L-NAME

Next, | attempted various treatments to rescue the viability of Sod 1>/ KO MEFs. As expected,
the addition of reactive oxygen species, by means of hydrogen peroxide (H.0;) addition, did not
increase cell viability (Figure 21b). We did not anticipate increasing the levels of ROS to improve
the viability of Sod1/*/oxP KO MEFs because loss of SOD1 already means increased ROS levels,
albeit levels of superoxide, rather than hydrogen peroxide. The reason to attempt rescue with
hydrogen peroxide is because with less superoxide dismutase, less superoxide is transformed to
hydrogen peroxide, which, although a ROS molecule, is also a well-established signaling
molecule. | also found that antioxidants, which hypothetically can quench the presumably
increased levels of superoxide, such as ascorbic acid (vitamin C), had no effect on the survival of
Sod1 KO MEFs (Figure 21c). Similarly, when | treated Sod1’**/*** KO MEFs with ascorbate and

iron simultaneously to yield hydroxyl radicals (OH®), a pro-oxidant, cell death was unaffected
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(Figure 21d). And finally, in the list of unsuccessful rescue attempts, the divalent chelator,

clioquinol, also failed to prolong the viability of Sod1 KO MEFs (Figure 21e).

— B ROS C Antioxidants
Sod1 control MEFs  gop1 kO + 50 uM H.O SOD1 KO + 200 uM ascorbic acid

D Pro-oxidants E Divalent chelators

SOD1 KO + 100uM Fe and 1mM ascorbate SOD1 KO + 5 uM clioguinol SOD1 KO + 10 uM clioquinol

Figure 21: Unsuccessful rescue attempts for Sod1/°**/'oxP KO MEFs.

Microscope images showing a) Sod1/°*"/ control MEFs that thrive in culture. b) Sod1/**/oxP KO
MEFs cultured with hydrogen peroxide (H20;), a reactive oxygen species (ROS), are not rescued
c) Sod1'°F/xP KO MEFs cultured in the presence of the antioxidant, ascorbic acid, are not rescued.
d) Sod1/oP/loxP KO MEFs cultured in the presence of the hydroxide ion, a pro-oxidant formed from
the reaction of iron (Fe?*) with ascorbate, did not survive 1.5 weeks like control MEFs did. e)
Sod1"oxP/loxP KO MEFs cultured in the presence of the divalent chelator clioquinol were also not
rescued.

Findings described in early literature indicated that the lethality associated with Sod1
antisense knockdown in PC12 (rat adrenal medulla) cells was rescued by treatment with L-nitro-
L-arginine methyl ester (L-NAME), a non-specific NOS inhibitor (Figure 22)%. | confirmed that L-
NAME also rescues Sod1/o?/xP KO MEFs (Figure 23). Likewise, | showed that 7-nitroindazole (7-
NI1), a nNOS-specific inhibitor, is effective for rescuing the viability of Sod 1"/ KO MEFs (Figure

23). It can be concluded that nNOS is the pertinent NOS in MEFs.
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Figure 22: Downregulation of Sod1 in rat adrenal medulla cells leads to cell death that can be
rescued by a nitric oxide synthase inhibitor.

PC12 cells with low levels of SOD1, caused by downregulation of Sodl by exposure to an
antisense oligonucleotide, undergo apoptotic cell death. This was the first finding to indicate that
the reaction of superoxide with nitric oxide to form peroxynitrite could be responsible for this
apoptotic cell death. Inhibitors of NO synthase (NOS), such as L-NAME (shown in the above
figure), blocked cell death in this publication, whereas NO donors, compounds that stimulate the
production of NO, accelerated cell death. In these experiments, cell viability was tracked by
counting visible nuclei using a hemocytometer (Troy et al., 1996).
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Figure 23: Nitric oxide synthase (NOS) inhibitors fully rescue viability of Sod1/°**//*F knockout
mouse embryonic fibroblasts.

L-NAME and 7-nitroindazole (7-Nl) inhibit NOS. Inhibition of NOS leads to a reduced NO® levels.
NO* spontaneously reacts with O,*~ to form ONOO-, a very toxic oxidant that causes cell death.
With less NO*® to react with 02°~, less ONOO™ is formed. a) Sod1/°/*** KO MEFs cultured in the
presence of 10 uM L-NAME, a nonselective NOS inhibitor, are successfully grown in culture for
the same length of time as wild-type MEFs. 7-NI, a selective nNOS inhibitor, also rescues
Sod1'F/loxP KO MEFs. b) Cell viability assessed by visual inspection of the cells was confirmed by
resazurin-based cell viability assays (and crystal violet, not shown).

As mentioned previously, NO* spontaneously reacts with 0;*~ to form ONOO-, a very toxic
oxidant. Sod1/°xF/lxP KO MEFs treated with 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrinato-

Fe(lll) (FeTPPS), a ONOO~ decomposition catalyst, thrive like their Sod1/o*/*x* control cell
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counterparts (Figure 24). The full rescue of Sod1/**/"oxP KO MEFs by FeTPPS indicates that ONOO-
generation is the cause of cell death.

After observing that inducible Sod1 KO MEFs die by apoptosis, by measuring caspase
activation using the CellEvent Caspase 3/7 Green Detection Reagent, | also decided to attempt
rescuing these cells with a caspase inhibitor (Figure 25). Carbobenzoxy-valyl-alanyl-aspartyl-[O-
methyl]- fluoromethylketone (Z-VAD-FMK) is an irreversible caspase inhibitor that binds to the
catalytic site of caspases thereby blocking their activity. Treatment with Z-VAD-FMK allows the
cells to survive in culture as well as control cells, albeit with a depressed growth rate. This
suggests that PN-induced cell death in Sod1/**/xP KO cells requires caspase activation, a crucial

stage in apoptosis.

Sod1lexPlexP control cells

Sod1lexPioxP KO cells + FeTPPS

o

B Soq1oxPeP cellg

1.5+ B Sod7°*” knockout cells

ok orx

Sod1lexPioxP knockout (KO) cells

Viability Relative to Untreated Control

Figure 24: Peroxynitrite decomposition catalyst, FeTPPS, rescues Sod1/°**/!oxP knockout MEFs.
a) 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrinato-Fe(lll) (FeTPPS), a peroxynitrite
decomposition catalyst, increases the likelihood of isomerization of ONOO™ to nitrate (NO37).
Nitrate is a harmless anion that is eliminated in the urine of mammals. FeTPPS rescues Sod1/x*/loxP
knockout MEFs. These cells have a growth rate similar to that of control cells. b) Cell viability
assessed by visual inspection of the cells was confirmed by resazurin-based cell viability assays
(and crystal violet, not shown).
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Figure 25: Resazurin cell viability assay on Sod1/xP/loxP ce|ls,

Resazurin cell viability assays are based on the fact that nonfluorescent resazurin can only be
reduced to fluorescent resorufin by dehydrogenases in viable, metabolically active cells. The
absorbance of these cells is then measured using a spectrophotometer. The viability of
Sod1'F/1oxP control cells and Sod1/°*P/ knockout (KO) cells with no treatment (NT) is significantly
different. Knockout cells do not survive beyond 1.5 weeks in culture, whereas control cells
undergo normal cell division and can survive numerous weeks in culture. N-nitro-L-arginine
methyl ester (L-NAME), a nitric oxide synthase inhibitor, rescues KO cells. The viability of L-NAME-
treated KO cells resembles that of untreated control cells. 5,10,15,20-tetrakis-(4-
sulfonatophenyl)-porphyrinato-Fe(lll) (FeTPPS), a peroxynitrite (PN) decomposition catalyst, also
restores the cell viability of KO cells. PN is formed from the reaction of superoxide with nitric
oxide. Both KO and control cells treated with FeTPPS grow faster than untreated control cells.
Carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK), a caspase
inhibitor, partially rescues KO cells. KO cells treated with Z-VAD-FMK have a slower growth rate
than control cells. Results are expressed as mean + SEM. Two-way ANOVA with multiple
comparisons: *¥*** p < 0.001.

For all treatments, cell viability was assessed by visual inspection of the cells and by
quantitative resazurin- and crystal violet-based cell viability assays®®3. The results suggest that
SOD activity affects the bioavailability of NO*® by controlling the level of O,*~ and thus the
elimination of NO°® through ONOO~ formation3’®. The intracellular concentrations of SODs are

estimated to be very high. SOD concentrations must be so high to ensure low levels of residual
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0,*"and ONOO™ since the rate of ONOO™ formation is three times faster than the rate at which

SODs quench 0y° 375665,

e. Expression of SOD2 and SOD3 in inducible Sod1 knockout MEFs

In Sod1/oxP/lxP KO MEFs rescued by NOS inhibition, we expected that the loss of SOD1 would lead
to a compensatory increase in the expression of the other two SOD isoforms. In contrast,
shockingly, the expression of SOD2 and SOD3 is almost completely abolished in L-NAME treated
Sod1"xP/lxP KO MEFs (Figure 26f). Moreover, these cells have dramatically low SOD activity and
have impaired O,*~ handling (Figure 27). At first, it seems hard to understand that these cells are
fully viable and have a normal growth rate and appearance. The survival of the cells is in keeping
with our hypothesis that it is not superoxide but peroxynitrite that is toxic. The absence of SOD2
and SOD3 likely does not increase peroxynitrite generation when NO*® levels are low, thanks to

the L-NAME treatment.
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Figure 26: SOD levels in control cells and Sod1'*"/"*F knockout cells (before and after rescue).

Sod1'oxP/oxP control cells are infected with an empty-vector retrovirus. Sod1/°/° knockout cells
are infected with a retrovirus containing Cre recombinase. Cre expression induces the excision of
exons 2 and 3 of Sodl. a) Control cells with no treatments express all three isoforms of
mammalian SODs. b) Levels of SOD expression in control cells are unaffected by treatment with
FeTPPS. c) Treatment of control cells with L-NAME noticeably decreases the levels of SOD2
expression. d) KO cells with no treatments do not survive beyond 1.5 weeks in culture. Sod1 KO
cells lack SOD1 expression, as expected. However, when these cells are isolated immediately
after infection and selection, they have SOD2 and SOD3 levels comparable to control cells. e)
Sod1 KO cells treated with FeTPPS have SOD2 and SOD3 levels comparable to control cells. f)
Sod1 KO cells treated with L-NAME show no SOD1 or SOD2 expression and little SOD3 expression.
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Figure 27: SOD activity in Sod1 knockout MEFs.

The total SOD enzymatic activity and the mitochondrial SOD2 activity in Sod1/*/* knockout cells
rescued with L-NAME is dramatically decreased. This result is consistent with the loss of SOD
expression observed in western blots.

Our current hypothesis of why SOD2 and SOD3 expression is abolished is the following: we
surmise that L-NAME-rescued Sod1/°/" KO MEFs have extremely low levels of NO* due to two
mechanisms — 1) the inhibition of NO formation and 2) the interaction of any remaining NO* with
the high levels of O,* resulting from the absence of SOD1. Thus, very low levels of NO® could be

incompatible with SOD2/3 expression if NO* is a sensitive positive regulator of their expression.
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This conclusion is reinforced by the face that rescue with FeTPPS, a compound that catalyzes the
decomposition of ONOO™ but does not affect NO* levels, does not change SOD2 or SOD3
expression (Figure 26d). Furthermore, when Sod1/°"/° control cells are treated with L-NAME,
SOD2 expression is decreased (Figure 26c¢). This role of NO*® in the regulation of SOD expression
has not previously been documented.

There is a positive correlation between the dose of L-NAME and the efficiency of Sod1/ox*/lexP
KO MEFs rescue (Figure 28a). The optimal dose of L-NAME to fully rescue Sod1/°*/"o*" KO MEFs is
10uM. This allowed me to observe how increasing NOS inhibition affects SOD expression. Thus
far, | have shown that SOD2 expression decreases with increasing doses of L-NAME (Figure 28b).

These results strengthen our supposition that NO® positively regulates SOD expression.

%098 wild-type control (Sod1™"+pBABE-puro)

- Sod1 KO (Sod1""+pBABE-puro-Cre) Sod tlexPtor knockout cells

+OpM +0.25pM +0.5uM +0.75uM «1pM *2uM +SpM +10puM
L-NAME L-NAME L-NAME L-NAME L-NAME L-NAME L-NAME L-NAME

Sod1lexPioxF control cells

Cell Viability
(Relative to untreated WT control)

D L] L] 1
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Figure 28: Dose-dependent effects of L-NAME on the survival of Sod1/**/"*" knockout MEFs
and SOD2 expression.

Cells were exposed to different doses of L-NAME immediately after the completion of infection
with control or Cre-expressing virus. a) Cell viability was determined after 5 days of treatment. It
is apparent that survival of Sod1/2?/°xF knockout cells is positively correlated to the dose of L-
NAME. b) Cells were collected after 1 day of L-NAME treatment to ensure that in all treatment
groups, most of the knockout cells were still alive. Expression of SOD decreases with increasing
L-NAME doses.
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f. The regulation of SOD expression is not transcriptional

We tested transcript levels of the recombined Sod1 gene in L-NAME rescued Sod1**/o KO
MEFs. The expression of the recombined gene, which makes a stable transcript, in knockout MEFs
is equivalent to the expression of the intact Sod1 gene in control cells (Figure 29c). These results
provided preliminary evidence that perhaps the decrease of SOD expression observed when NO*
levels are low is not transcriptional.

To further investigate, we checked the levels of Sod2 transcript in L-NAME treated
Sod1'F/loxP KO MEFs where SOD2 and SOD3 are virtually undetectable. We found no change by
gPCR in levels of Sod2 transcript in the knockout cells (Figure 30). Once again, our observations
support our assertion that NO* regulation of SOD is not via a transcriptional mechanism.

After our results showed that SOD regulation by NO® is not transcriptional, | evaluated past
western blot results for any hints concerning SOD regulation. It became apparent that SOD may
be regulated via post-translational modifications. In L-NAME treated Sod1/**/°xP KO MEFs, SOD3
levels are dramatically decreased but more significantly, the remaining protein is heavier. An
increase in molecular weight is observed by the upward shift of the protein in the gel (Figure
26e). This shift in molecular weight can also be seen in what remains of SOD2 expression in
Sod1'F/1oxP control MEFs (Figure 26c). Post-translational modifications, or the covalent addition
of functional groups to a protein, will increase the molecular weight 6, At this time, the idea
that SOD expression is regulated via post-translational modification is still very much a
hypothesis. In our western blots, while we have seen an upward shift in SOD2 and SOD3 bands
many times, it is not always the case. We have yet to work out the conditions under which this

upward shift can be seen systemically.
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Figure 29: The effect of L-NAME treatment on Sod1 mRNA expression.

a) RT-PCR analysis confirms the loss of Sod1 expression from the floxed allele and the presence
of a stable shorter transcript from the recombined locus in our Sod1 KO MEFs. Shown here are
agarose gel electrophoresis images of RT-PCR amplicons of Sod1 and Hprt in total RNA extracts
from Sod1/°F/lP MEFs infected with empty viral vector (wild-type control) and Cre-expressing
virus (KO). b) No change in Sod1 mRNA expression in wild-type cells after treatment is observed.
c) gRT-PCR analysis of Sod1 mRNA expression in L-NAME treated Sod1 KO MEFs related to
untreated wild-type control cells shows that levels of intact Sod1 expression in controls and
recombined Sod1 expression in KO cells are similar.

2.09

Sod2 mRNA expression
(Fold change relative to Hprt)

Untreated Sod1 KO
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Figure 30: Relative Sod2 mRNA expression level in L-NAME treated Sod1 KO cells by qRT-PCR.
There is no change in the levels of Sod2 transcript in Sod1 KO MEFs relative to those seen in
untreated control cells, measured by qRT-PCR. These results support our assertion that NO*
regulation of SOD is not via a transcriptional mechanism.

90



g. Sensitivity of viable Sod1 knockout MEFs (rescued with L-NAME) to paraquat (O.* generator)

Inducible Sod1 KO MEFs treated with L-NAME are alive and grow normally. Yet, they lack SOD1
completely, their levels of SOD2 and SOD3 fall below the level of detection of a western blot, and
they have low superoxide dismutase enzymatic activity. It can therefore be assumed that these
cells thrive with a greatly diminished ability to handle superoxide. To test this assumption, we
used the superoxide generator, paraquat (PQ) to challenge these cells. We used a dosage of PQ
(100uM) that almost entirely prevents the survival of control cells to challenge the rescued Sod1
KO cells. Surprisingly, with the L-NAME treatment that allows survival of the inducible Sod1 KO
MEFs, these KO cells show even better survival than the control cells after exposure to PQ (Figure
31). Another fascinating observation is that while FeTPPS fully relieves the toxicity of PQ on
control cells (cells with remaining SOD1 expression), it does not have the same effect on inducible

Sod1 KO cells (Figure 31).
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Figure 31: Paraquat (PQ) treatment on Sod1'**"/"*P mouse embryonic fibroblasts.

PQgenerates 0, in the mitochondria. Sod1'**/**" KO MEFs were hypersensitive to PQ compared
to control cells. Treatment with FeTPPS fully relieves the toxicity of PQ on control cells, but not
on Sod1'>*/* KO MEFs Treatment with L-NAME dramatically relieved the effect of PQ on
Sod1'oxP/loxP KO MEFs. A possible interpretation of these findings is that when the generation of
ONOO  is reduced with L-NAME treatment, cells with less SOD activity are protected from PQ
because they generate less H.0,. This implies that the toxicity of O,*” is much less problematic
than that of H20,.

One possible interpretation of these observations is that the toxicity of PQ, as a superoxide
generator, is not directly due to the reactivity of superoxide itself, but rather to the combinatorial
effect of peroxide toxicity and peroxynitrite toxicity. This is within the realm of possibility, as
superoxide is 1) a negatively charged molecule that diffuses rather slowly, 2) is only moderately
reactive by itself, 3) does not readily pass through cell membranes, and 4) is relatively short-lived,
meaning that superoxide presumable acts only where it is produced® 129 667,

In FeTPPS-rescued Sod1 KO MEFs treated with PQ, the lack of SOD1 expression and the
addition of PQ are both expected to lead to an increase in superoxide levels. This means there is
more superoxide available to spontaneously react with nitric oxide to form peroxynitrite. FeTPPS,
as a peroxynitrite decomposition catalyst, then helps to remove some of the deleterious
peroxynitrite formed. However, FeTPPS-rescued Sod1 KO MEFs treated with PQ will produce
more peroxynitrite than their counterparts that are not treated with PQ, meaning there could be
some residual peroxynitrite contributing to the deleterious effects of PQ on these cells. This
affect may not be as prominent in L-NAME rescued Sod1 KO MEFs treated with PQ, as nitric oxide
expression is reduced in these cells, which prevents peroxynitrite from being produced in the first
place. Additionally, the role of SODs is to catalyze the transformation of superoxide to hydrogen
peroxide (H20;), which can diffuse much greater distances than superoxide and can traverse
cellular membranes®®8. Furthermore, the role of H,0; in signal transduction is more common, at
least based on current scientific knowledge, than superoxide®'. Sod1 KO MEFs rescued with L-
NAME have very low superoxide dismutase activity and thus might produce much less H,0> in

response to PQ treatment. Consequently, one interpretation of our observations is that the well-

known toxicity of PQ is more related to excess H,O, production, rather than superoxide
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formation, and that excess H,0 can be deleterious through direct toxicity of macromolecules
and disruption of signal transduction pathways. This interpretation also explains why PQ toxicity
is not changed in FeTPPS-rescued Sod1 KO MEFs. These MEFs still have SOD2 and SOD3 levels
comparable to control cells, meaning they have much stronger remaining superoxide dismutase

activity than their L-NAME counterparts, and therefore still produce higher levels of H,0,.

h. Sensitivity of viable Sod1 knockout MEFs (rescued with L-NAME) to N-acetyl cysteine
(antioxidant)

Inducible Sod1 KO MEFs treated with L-NAME have very low SOD activity, suggesting that they
have low levels of H,0,, as discussed above when considering the sensitivity of these cells to PQ.
Note, however, that there are remaining sources of H,0; in these cells, such as spontaneous
superoxide dismutation, peroxisomes, and some NOX isoforms (e.g. NOX4)®%°, N-acetyl cysteine
(NAC) functions as an antioxidant by introducing cysteine into cells, which stimulates the
production of glutathione®’°. Glutathione, as discussed above, is the main antioxidant and redox
regulator of the cell and numerous H,0, detoxification mechanisms have been shown to depend
on it®”!. Therefore, treatment of cells with NAC leads to a reduction in H20; levels. So, we treated
control cells and inducible Sod1 KO cells with NAC to see how these treatments would affect cell
growth. Treatment of control cells with 5mM NAC did not impair cell growth. Similarly,
simultaneous treatment of control cells with NAC and L-NAME did not inhibit growth and these
cells survived and appeared normal. However, the addition of NAC to inducible Sod1 KO cells,
whose viability were previously maintained by L-NAME, resulted in a dramatic loss of viability

(Figure 32).
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Figure 32: N-acetyl cysteine treatment on Sod1/°**/"**P mouse embryonic fibroblasts.

NAC is known for its antioxidant activity. This activity is due to its participation in the synthesis of
glutathione. Glutathione helps lower H,0, levels and repair ROS damage. Treatment with NAC
does not significantly improve the survival of Sod1/°**/**P KO MEFs that have been treated with L-
NAME or FeTPPS. In fact, NAC almost completely eliminates the pro-survival effect of L-NAME
and FeTPPS. Our current interpretation of these results is that the amounts of H,0, needed for
signalling are limiting when H,0; is low due to the absence of SOD1.

The fact that inducible Sod1 KO cells, formerly rescued with L-NAME, are killed by a
normally non-toxic dose of NAC was surprising. One possible interpretation of this observation is
that there are already low levels of H,02 in L-NAME rescued inducible Sod1 KO MEFs because of
their very low superoxide dismutase activity, and NAC treatment further lowers these levels

more, resulting in a deleterious disruption of signal transduction pathways that rely upon H,0;

as a messenger or modulator.
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i. The sensitivity of KRas®!?® cells to nitric oxide donors

We also took another approach to study the consequences of changing levels of intracellular
superoxide. KRas is part of a family of small GTPases and is one of the most frequently mutated
genes in cancer®’% %73 Mutated KRas cells produce more ROS than wild-type KRas cells®’4 7> |n
cancer models, this increase in ROS has been shown to downregulate tumour suppressor genes,
increase cell proliferation, and mutate DNA®’4, Thus, we wanted to see if the survival of mutant
KRas cells are more sensitive to treatment with nitric oxide donors, due to a possible increase in
peroxynitrite formation. We tested this idea in KRas"”* mouse embryonic fibroblasts. These MEFs
have a transcription stop signal flanked by loxP before the KRas mutant allele (Isl or lox-stop-lox).
Upon retroviral presentation of Cre, the transcriptional stop codon is excised, allowing for the
mutant allele (G12D) to be expressed®’®. For this experiment, we infected MEFs with an empty-
vector retrovirus or a retrovirus containing Cre recombinase. Then, we treated all cells with
diethylenetriamine-nitric oxide (DETA-NO), a nitric oxide donor. After three days of DETA-NO
treatment, Cre-infected KRas"/* MEFs were significantly more sensitive to treatment with DETA-

NO than control MEFs (Figure 33).
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Figure 33: Sensitivity of KRas"/* cells to nitric oxide donors.

Cre-infected KRas"/* MEFs are significantly more sensitive to treatment with
diethylenetriamine/nitric oxide adduct (DETA-NO) than Puro-infected KRas*/* MEFs at
concentrations higher than 0.6mM. Results are expressed as mean + SEM. Two-way ANOVA with
Bonferroni posttests: * p < 0.05, ** p < 0.01, *** p <0.001.

5. Discussion

In this chapter, we describe the generation and characterization of mouse embryonic fibroblasts
lacking expression of SOD1. Viability of these cells is restored by reducing peroxynitrite
formation, using either nitric oxide synthase inhibitors or peroxynitrite decomposition catalysts.
Surprisingly, when both SOD1 are lost and NOS function is hindered, expression of the two other
mammalian isoforms of superoxide dismutase is also lost. We have also shown that Sod1 KO cells
that are rescued by NOS-inhibitor (with no SOD1 and undetectable SOD2 and SOD3) are not
hypersensitive to the superoxide generator paraquat but are killed by the antioxidant N-

acetylcysteine.
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a. Rescued inducible Sod1 KO MEFs are viable, despite lack of SOD expression

NOS inhibition, not low peroxynitrite, leads to low SOD2/3 expression in rescued inducible Sod1
knockout MEFs. In L-NAME-rescued Sod1 KO MEFs, we speculate that there is an extremely low
level of nitric oxide thanks to the inhibition of NOS by L-NAME. L-NAME is a derivative of L-
arginine, the precursor of nitric oxide formation by nitric oxide synthases®’’. This extremely low
level of nitric oxide also corresponds with little to no expression of all three mammalian SOD
isoforms. Loss of superoxide dismutase expression is not seen in cells rescued with FeTPPS and
this further validates our conclusion that a threshold level of nitric oxide is required to maintain
superoxide dismutase expression. In FeTPPS rescued Sod1/o*/oxF KO cells, there is only one
pathway removing nitric oxide, the excess formation of peroxynitrite due to increased reactions
of superoxide with nitric oxide. But, in L-NAME rescued Sod1/*/o*" KO cells, there are two
pathways removing nitric oxide from the cell, the formation of peroxynitrite and the overall
decrease in nitric oxide due to the inhibition of nitric oxide synthases by L-NAME itself.

It is quite surprising that cells that have little to no SOD expression are viable. It suggests that
these mouse embryonic fibroblasts can tolerate relatively high levels of superoxide. The question
then becomes, if cells can tolerate high levels of superoxide, why are SODs necessary? SOD
expression is conserved in vertebrates, invertebrates, aerobes, and some anaerobes and these
enzymes are some of the most abundant in mammals, indicating that their function is likely
significant. These results thus suggest that superoxide dismutases are not important to prevent
the formation of superoxide per se, but rather to control the levels of peroxynitrite made in the
cell. We show that if we intervene to reduce nitric oxide levels in cells with already high
peroxynitrite levels (L-NAME rescued Sod1 KO MEFs), these MEFs can survive and survive with
little SOD expression, suggesting that when peroxynitrite is not being produced, there is no longer
much reason for SOD expression.

Several questions remain at this time and present a line of inquiry for future studies. At this
time, we do not know the mechanism by which NO* impacts the expression of superoxide
dismutases. It is important to further investigate this mechanism because the observed
phenomenon is so dramatic in vitro that it is reasonable to postulate that it corresponds to an

equally important in vivo mechanism of superoxide dismutase expression as well. Our preliminary
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data suggests that the regulation of SOD2 and SOD3 expression is not post-transcriptional and
may be post-translational. We showed that the transcript levels of Sod2 are unaffected in L-
NAME rescued Sod1 KO MEFs, yet when we look at SOD2 protein expression in these same cells,
there is no SOD2 expression. Furthermore, we also found a suggestion, in our western blots
looking at SOD2 and SOD3 expression, of SODs being degraded in response to low levels of NO®.
This is represented by an upward shift in SOD2 and SOD3 bands. Thus, we will probe to discover
the mechanism of SOD degradation. It is possible that a post-translational modification, such as
the addition of ubiquitin or ubiquitin-like (e.g. SUMO), leads to the altered molecular weight
bands of SOD2 and SOD3. Other mechanisms of SOD degradation to explore would be covalent
protein modifications known to contribute to protein degradation, such as phosphorylation and
whether protease inhibitors, both broad-spectrum and mitochondrial-specific (e.g. MG132 and
velcade) interfere with loss of SOD2 and SOD3 expression.

Additionally, the best documented method of nitric oxide signaling is via soluble guanylate
cyclases (sGC). Binding of NO* to the prosthetic heme of sGC activates its ability to synthesize
cGMP, an intracellular messenger that can go on to activate various enzymes, most notably cGMP
protein kinases (PKG, of which there are two mammalian isoforms)®’8, There are pharmacological
inhibitors available that inhibit sGC and cGMP kinase. These inhibitors would allow us to
investigate if nitric oxide signalling is necessary for SOD expression or if the interaction between
SOD and nitric oxide is more direct (e.g. a nitrosative modification of SOD)®’ 60, |f any of these
inhibitors impact SOD expression, it is indicative that the regulation of SOD is via a NO* signalling
pathway, rather than by NO* itself. If regulation of SOD is through a NO*® signalling pathway and
inhibitors of downstream elements of this pathway also impact SOD expression, this would
represent a helpful tool to study the regulation of SOD, without needing to use NOS inhibitors
such as L-NAME and potentially even in the absence of high superoxide levels (if the inhibitor
also impacts SOD2 and SOD3 expression in wild-type cells). If these inhibitors have no effect, it is
possible that SOD regulation occurs through non-canonical, yet well-documented, methods of

NO* signalling®8?.
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b. Inducible Sod1 knockout MEFs are a new tool to understand ROS/RNS metabolism

Superoxide dismutases are essential to protect against the formation of peroxynitrite, not the
formation of superoxide. This is evident because cells without any detectable superoxide
dismutase expression (L-NAME rescued Sod1/**/°xP KO MEFs) are viable. These cells, although
alive, have changes in their levels of reactive species (02°", H,02, NO®*, ONOO™, and the GSSG/GSH
ratio) and thereby most likely in the molecular damage that they produce. To further understand
ROS/RNS metabolism, it will be useful to score the reactive species levels in both Sod1 inducible
KO cells and control cells, treated with NOS inhibitors and NO® donors. There are both direct and
indirect measures for reactive species, including: 1) ROS-sensitive dyes, such as MitoSox and DCF-
DA, to visualize and quantify levels of ROS in living cells and their mitochondria, 2) Amplex Red
assay to determine H,0: levels in cells and mitochondria, 3) scoring of ROS modification to
cellular components (e.g. activity of Fe-S cluster enzymes, protein carbonyls, isoprostanes, and
8-OHdG), 4) scoring NO* by measuring nitrite accumulation (Griess reagent) and imaging with the
fluorescent probe DAF-FM, 5) assessing ONOO™ levels indirectly by measuring 3-nitrotyrosine,
and 6) assaying GSSG/GSH ratio using a well-established kit.

Comparison of the concentration of reactive species and oxidative/nitrosative damage will
further confirm the physiological differences between cells rescued with either L-NAME or
FeTPPS. For example, L-NAME treated cells that have lost most of their SOD2 and SOD3
expression should show more damage to mitochondrial Fe-S clusters (e.g. aconitase, due to
higher superoxide levels) and low GSSG/GSH ratio (because of much lower hydrogen peroxide
production) in comparison to FeTPPS treated cells that have normal levels of SOD2 and SOD3.

We also observed paradoxical sensitivity of L-NAME rescued inducible Sod1 knockout cells
to pro-oxidants and antioxidants. Despite the loss of SOD1/2/3 expression in these cells, they are
no more or less sensitive than control cells to PQ, a pro-oxidant. We believe that this suggests
that PQ’s normally observed harmful effects are more a result of H,0; toxicity, rather than 0,*~
toxicity. Furthermore, L-NAME rescued inducible Sod1 knockout cells are killed by low dose of
NAC (5mM) and we believe this may be due to insufficient H,0 to support necessary signalling

transduction pathways. It is possible to delve deeper into these observations by using already
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available tools to measure oxidative damage, such as measurements of H,O; levels with Amplex
Red, damage to Fe-S clusters, and the GSSG/GSH ratio.

Another clear question to address with this new tool, our inducible Sod1 knockout cells, is
how reactive species levels impact signal transduction. To gain insight, we can establish how
known targets of ROS signaling are affected by altered levels of reactive species, as seen in our
cells. For example, the oxidation state of PTEN (a redox-sensitive phosphatase) and the activation
of MAPKs (ERKs, JNKs, p38 MAPKs) are known to be modulated by changes in ROS levels®82 683,
The activation of MAPKSs is also known to respond to changes in intracellular nitric oxide levels®84.
Recent work has shown that PTEN is inactivated by oxidation of its active site cysteine by H,0,,
so one would expect to see less PTEN activity (i.e. phosphorylation status of its downstream
effectors, such as PI3K and AKT, or decrease in measured phosphatase ability) in conditions of
high H20,%8% 8¢ Examining how ROS levels impact signal transduction in our inducible Sod1 KO
cells seems as a validation to any results found from measuring indicators of oxidative damage,
as many of these measures simply account for all ROS present. Exploring the activity of ROS-
sensitive transcription factors, such as NFkB and HIF-1a, by determining the expression levels of
their target genes, would also provide valuable insight as to the redox state of the cells®87 688,

Finally, as the importance of NO®* and H,0; in signaling is well documented, viable L-NAME
and FeTPPS treated Sod1/®*/** knockout cells provide us with a unique opportunity to uncover
not only how cells can manage dramatic changes in reactive signaling molecules, but also how
cells can survive with major changes in the production of these molecules, that at toxic levels,
are expected to severely alter macromolecules (e.g. nucleic acids and proteins).

After these striking in vitro results, we used the insight we gained to move onto the
potential applications of L-NAME treatment in both inducible and germline knockout Sod1 mice.
While it is clear that our in vitro findings can lead to more cell work, we chose to prioritize
characterizing the effects of L-NAME in vivo. Before addressing the further open questions in
cells, we want to do more work to ensure the reproducibility of these results, including in other

cell types, and confirm the best protocol for the production of inducible Sod1 knockout mouse

embryonic fibroblasts.
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CHAPTER 3: ADULT-ONSET LOSS OF SOD1 IS LETHAL DUE TO
PEROXYNITRITE DAMAGE TO SKELETAL MUSCLES
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1. Abstract

SOD1 is one of the most abundant proteins in mammalian cells and carries out ~90% of total
cellular superoxide dismutase activity®®. Loss of Sod1 in vitro is lethal, meaning cells are unable
to grow and die by apoptosis. It is therefore surprising that homozygous germline knockout mice
(Sod17) display only a relatively mild phenotype, producing animals that are fertile and live up
to two years?’. To investigate this observation further, we created a mouse model with adult-
onset global knockout of Sod1, by combining a floxed Sod1 allele with a globally expressed
tamoxifen-sensitive Cre recombinase-expressing transgene (CAG-CreER™). Tamoxifen treatment
in these mice does indeed cause the loss of SOD1 in the heart, skeletal muscle, lungs, brain, and
kidney. SOD1 expression remains in the liver as tamoxifen is metabolized in the liver. The health
of these mice declines rapidly after tamoxifen injections and they die within three weeks of the
loss of Sod1. Pathology of adult-onset Sod1 knockout mice showed that most organs (heart,
brain, kidney, and liver) are unaffected in adult-onset Sod1 knockout mice. But loss of Sod1 in
young adult mice leads to acute degeneration of skeletal muscles. The knockout phenotype,
viability of the mice and skeletal muscle degradation, can be rescued by intraperitoneal injections
of L-nitro-L-arginine methyl ester (L-NAME), a nitric oxide synthase (NOS) inhibitor. These results
indicate that germline knockout Sod1”- mice have a developmental adaptation, perhaps in nitric
oxide handling, that allow them to survive. Our preliminary findings are that these mice have
changes in their blood composition and lower nNOS expression, specifically in muscle tissues.
Overall, our study presents the first mammalian model of inducible global Sod1 knockout and
provides new insights into the strategies for handling reactive oxygen and nitrogen species,

specifically superoxide, nitric oxide, and peroxynitrite.

2. Introduction

a. Superoxide dismutases
Superoxide dismutases (SODs) are one of the most abundant proteins in vertebrates. In mice,
SOD1 is the 34" most abundant protein in the whole organism, out of 17,698 proteins?®®. The

first SOD was discovered over half a century ago, in 1969, by Fridovich and McCord. They
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demonstrated that hemocuprein (the future SOD1), a blue-copper protein isolated from bovine
erythrocytes, competitively inhibits the reduction of cytochrome c by xanthine oxidase?’.
Xanthine oxidase produces superoxide (02°~)?’®. All SODs catalyze the dismutation of superoxide
(02° ") to hydrogen peroxide (H20,)?8. In mammals, there are 3 SOD isoforms — SOD1 in the
cytoplasm and mitochondrial intermembrane space, SOD2 in the mitochondria, and SOD3 in the
extracellular space3!> 690,691,

Historically, the existence of SOD enzymes was key evidence supporting the oxidative stress
theory of aging, because of their abundance and because they are highly conserved and found in
all kingdoms of life?88 295 The oxidative stress theory of aging states that organisms age due to
accumulated damage from reactive species and has since been greatly debated!' ®92, For
example, our lab showed that SODs, the only enzymatic defence against superoxide, are
dispensable for normal lifespan in C. elegans®. Furthermore, mice lacking superoxide dismutase
1 (SOD1) are alive, albeit with a reduced lifespan, with Sod17- mice having mean lifespan of 20.8
months, compared to 29.8 months in Sod1** micel’. Phenotypes of Sod1” mice include reduced
body weight®'’, sarcopenia (muscle loss)®'?, reduced physical activity and endurance®®,

increased incidence of liver tumours?’, reduced fertility®*

, and various accelerated aging
phenotypes such as hearing loss, skin thinning, and cataracts®2l 695697,

Germline knockout Sod1”7 mice were first generated in 1997°. These Sod1”- mice have a
deletion of exon 3 and 4 of the Sod1 gene, resulting in a shortened Sod1 gene, in which exon 1,
2, and 5 are spliced together'’. Then, in 1998, Russell M. Lebovitz generated another mouse that
lacked Sod1 expression, but these mice lack exons 1 and 2, rather than exons 3 and 4 as in the
Huang mice®®. The Van Remmen lab, using the Lebovitz mice, went to focus specifically on the
muscle phenotypes of these mice. Germline knockout Sod1”- mice have significantly less muscle
mass than wild-type mice beginning at 3-4 months of age®. By 8-12 months of age, Sod1”" mice
show decreased muscle mass that mimics changes seen in 25-30 months old wild-type mice®!L.
In addition to loss of muscle, Sod1”~ mice also showed a decrease in muscle function, measured
by diminished ability to generate isometric contractile force (the generation of muscle tension
without changes in muscle length or joint angle) and reductions in rotarod performance, wheel

running, treadmill endurance, and grip strength® 612613 |t is believed that sarcopenia, or muscle
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loss, in Sod1”- mice is due to less innervation of the muscle by motor neurons. Motor neuron
innervation is necessary for maintenance of muscle size, structure, and function®!4,

The body mass of Sod17" mice is lower than that of wild type mice®'”. The reduction in body
weight (¥17% in females and ~20% in males) was first seen at 5 months of age and continued to
be observed until about 20 months of age®. It is important to note that decrease in muscle tissue
specifically seems to be responsible for the age-related decrease in body mass of Sod1”- mice®28.
Note, in our lab, for any experiments using germline knockout Sod17-mice, we use the Lebovitz
mice which are available via The Jackson Laboratory.

The goal of this project is to better understand how Sod17-mice can lack Sod1 and still be
alive as SODs are the sole defense against superoxide formation, typically considered to be a

damaging reactive oxygen species (ROS) and has been implicated in disease development and

aging.

b. Cre-loxP system

Most site-specific recombinases fall into two families — tyrosine recombinases and serine
recombinases®®®. Cre recombinases, along with flipase (Flp) and D6 specific recombinase (Dre),
are tyrosine site-specific recombinases®®2. Initiation of recombination by tyrosine recombinases
occurs when one strand of double-stranded DNA is cleaved by the nucleophilic tyrosine of these
recombinases. This leads to the creation of DNA-protein phosphotyrosine covalent linkages at 3’
DNA ends and free hydroxyl groups at 5’ DNA ends®®®. Proper recombination requires a cleavage
event at two sites. Next, the free 5" hydroxyl attacks the 3’ phosphotyrosine at the other cleavage
site, forming a Holliday junction. A Holliday junction is a cross-shaped structure where 2 double-
stranded DNA molecules are separated into 4 separate strands to aid in exchange of genetic
material’%. This structure allows the second strand of each DNA duplex to be attacked, leading
to resolution of the Holliday junction, release of the tyrosine recombinase enzyme, and
completion of the DNA recombination event’®. Cre recombinases specifically recognize loxP
(locus of x-over, P1) sites’2. loxP sites are 34 base pair (bp) sequences consisting of two inverted
and palindromic repeats (13bp each) and an 8bp core sequence - 5’-

ATAACTTCGTATANNNTANNNTATACGAAGTTAT - 3' (N = any nitrogenous base)®®?,
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The Cre-loxP system is a powerful tool as it allows for temporal and spatial control of gene
expression. In a tamoxifen-inducible Cre-loxP system, as used for the experiments in this chapter,
the Cre recombinase protein has been fused with an estrogen receptor (CreER) that contains a
mutated ligand binding domain that only binds tamoxifen’%% 794 When CreER is in the cytoplasm,
it normally binds heat shock protein 90 (HSP90), preventing nuclear translocation. Upon
tamoxifen binding, this CreER recombinase is then free to translocate to the nucleus and effect

genetic modifications’®.

c. Elimination of nitric oxide from the body

The reaction of nitric oxide (NO*) with hemoglobin (Hb) is one of the main sinks of nitric oxide in
the body. The physiological significance of this reaction was established when NO*® was
established as the endothelial-derived relaxing factor. In mammals, NO®is eliminated by binding
to hemoglobin (Hb)7%® 797, Hemoglobin can bind oxygen when its iron heme is ferrous (Fe?*),
leading to the formation of oxyhemoglobin (oxyHb). When the iron heme of hemoglobin is ferric
(Fe3*), oxygen can no longer bind and methemoglobin (metHb) is formed. The dioxygenation
reaction, or the reaction responsible for the sequestration of NO®, is when oxyHb reacts with NO*
leading to the formation of metHb and nitrate (Fe?*O;Hb + NO® = Fe3*Hb + NOs™) (Figure 34)7%,
This reaction occurs at a rate of 6-8 x 10’ M1 st and is limited merely by the rate of diffusion of
NO* to the heme. It has even been suggested that one of the advantages for Hb
compartmentalization in red blood cells (RBCs) is that it ensures that there is not excessive
scavenging of NO*’%. NO* has an incredibly high affinity (K4 (dissociation constant) = 101* M) for

the ferrous heme of hemoglobin’1°,
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Figure 34: The dioxygenation reaction of hemoglobin and nitric oxide.

The reaction of nitric oxide (NO*) with hemoglobin (Hb) is one of the main sinks of nitric oxide in
the body. The physiological significance of this reaction was established when NO*® was
established as the endothelial-derived relaxing factor. NO is quickly inactivated by
oxyhemoglobin. Hemoglobin can bind oxygen when its iron heme is ferrous (Fe?*), leading to the
formation of oxyhemoglobin (oxyHb). When the iron heme of hemoglobin is ferric (Fe3*), oxygen
can no longer bind and methemoglobin (metHb) is formed. The dioxygenation reaction, or the
reaction responsible for the sequestration of NO®, is when oxyHb reacts with NO* leading to the
formation of metHb and nitrate.

3. Materials and Methods

a. Reagents and chemicals
All reagents and chemicals in this study were purchased from Sigma-Aldrich or Cayman Chemical,

unless otherwise noted, and were of molecular biology grade or higher.

b. Mice

Conditional Sod1 knockout mice (Sod1**/°xP) were generated in collaboration with InGenious
Targeting Laboratory in Stony Brook, New York. Targeted iTL BA1 (C57BL/6 x 129/SvEv) hybrid
embryonic stem cells were microinjected to C57BL/6 blastocysts. The target region of Sod1

includes exons 2 and 3, which contain 3 of the 4 essential copper binding sites for superoxide
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dismutase function. The resulting chimeras with the highest percentage of agouti coat colour
were crossed with C57BL/6 FLP mice. These crosses were necessary to remove the Neomycin
cassette. Agouti mice are grey in coloration, but each strand of fur is both partly yellow and partly
black. Tail DNA from these mice was analyzed using PCR to ensure deletion of Neomycin cassette.
Then, the resulting heterozygous mice were mated to C57BL/6 (wild type mice). The genotype of
their offspring was also confirmed using PCR, as described below, to ensure the absence of both
the Neomycin cassette and FLP transgene. These mice were then interbred to generate
homozygous Sod1/*/oP mice. Mice with the CAG-CreER™ recombinase were obtained from The
Jackson Laboratory. With these two mouse lines, CAG-CreER™; Sod1/°/1o*P mice were generated.
In brief, Sod1/°*"/"*** mice were bred with CAG-CreER™ mice, resulting in mice that carry CAG-
CreER™ and were heterozygous for Sod1/°”. The heterozygous mice were then intercrossed to
generate mice harbouring both homozygous floxed Sod1 and CAG-CreER™ recombinase. All mice
examined in this study had a hybrid 129/Sv xC57BL/6 background and were handled in
accordance with recommendation of the Canadian Council on Animal Care and studies were
conducted under an approved Animal Utilization Protocol (AUP). This protocol was approved by
the animal Care and Use Committee of McGill University. The mice were house in the pathogen-
free animal facility at McGill University (CMARC). All experimental mice were sacrificed using

isoflurane (Baxter Corporation) as an anaesthetic, followed by cervical dislocation for euthanasia.

c. Genotyping of mice

All mice were genotyped via PCR amplification of genomic DNA isolated from tails. ~1-2mm
mouse tail clippings were boiled in 25mM NaOH, 0.2mM EDTA (Solution 1) at 100°C for 20
minutes. Immediately after boiling, the DNA extraction reaction is neutralized with 40mM Tris-
HCL pH 5.5 (Solution Il). 60uL of both Solution | and Il are used for DNA extraction from a single
1-2mm piece of tail. After the reaction is neutralized with Solution Il, the tails should be spun
down. The floxed Sodl allele was amplified using primer #1 (ALTLOX-forward): 5" -
CTCCACAGGCAGTAGGACAA - 3’ and primer #2 (ALTLOX-reverse): 5’ - CAACACAACTGGTTCACCGC
- 3’. The resulting wild-type product size is 496bp, whereas the loxP product size is 541bp. PCR

reactions were performed using NEB’s OneTag DNA polymerase. Genotyping PCR program is:
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95°C for 3 minutes (initial denaturation), 35 cycles of 95°C for 30 seconds, 60°C for 30 seconds,
and 72°C for 60 seconds, followed by 72°C for 5 minutes (final extension), and hold amplified
products at 4°C. For mouse embryonic fibroblasts obtained from Sod1/*"/** mice, embryonic
DNA extraction was performed using the QIAGEN DNeasy Blood & Tissue Kit and using their
protocol for DNA extraction from animal tissues. The recombined Sod1/”” allele was detected
with primer #3 (NDEL2): 5’- GGG GCT TTA GTA AAG TAT GCC AGC TC - 3’ and primer #4 (LOX1):
5’- CTC CAC AGG CAG TAG GAC AAA GG - 3. The resulting band of a successfully excised allele of
Sod1 is 600bp. To detect AlbCre, the primers were as follows: primer #8 (Cre-forward): 5' -
GCCAGCTAAACATGCTTCATC - 3' and primer #9 (Cre-reverse): 5' - ATTGCCCCTGTTTCACTATCC - 3’
and, once again, the same PCR program, detailed above, was used. PCR products were visualized
by gel electrophoresis on a 2% agarose (FroggaBio) gel at 120V until satisfactory resolution and
band separation was reached (~30 minutes). Genotyping protocol is based on that previously

described by the Hekimi lab”1%,

d. Intraperitoneal injections

To induce the excision of floxed Sod1 alleles, CAG-CreER™?; Sod1/°*/1o*P mice, between the age of
12 to 15 weeks, were intraperitoneally injected, every other day for a total of 10 days, with
tamoxifen (7mg tamoxifen/kg mouse body weight). Injected tamoxifen solution was prepared at
a concentration of 15mg/mL in sterilized corn oil. Litter siblings of tamoxifen-injected mice were
injected with corn oil only, as a vehicle control. If mice were also receiving L-NAME or FeTPPS
injection, these injections began on off days of tamoxifen or corn oil injections and then
continued every other day for a total of three months. Injected L-NAME solution was prepared
in saline at a concentration of 20mg/mL and intraperitoneally injected mice received 7mg/kg L-
NAME each injection. There were three concentrations of FeTPPS attempted in mice — 5mg/mL,
10mg/mL, and 15mg/mL. Both L-NAME and FeTPPS were acquired from Cayman Chemical. Mice
only injected with tamoxifen or corn oil were sacrificed the day after the completion of their
intraperitoneal injections. Mice that also received L-NAME or FeTPPS injections, in conjunction
with corn oil or tamoxifen, were sacrificed the day after the completion of their L-NAME or

FeTPPS injections.
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e. Protein extraction and quantification from mouse tissue

Immediately following sacrifice of mouse, the organs of interest were dissected out of the animal.
The organs dissected were the heart, brain, lungs, liver, kidneys, and various leg muscles. Organs
were stored in Axygen Scientific 2mL, flat bottomed Microcentrifuge Tubes (MCT-200C) at -80°C
until extraction of protein. Organ samples were thawed on ice and cold 200-400uL RIPA buffer
was added. The RIPA buffer is composed of: 150mM NaCl, 50mM Tris-HCI pH 7.4, 1% NP-40, 0.5%
Na-deoxycholate, 0.1% SDS, and 2mM EDTA. Prior to use, 1 tablet of cOmplete Mini per every
10mL RIPA buffer is dissolved. The cOmplete Mini tablet (Roche) is a protease inhibitor tablet.
This tablet inhibits a range of serine and cysteine proteases and helps defend protein lysates
against degradation. The organ and RIPA buffer were homogenized for 15 seconds using the
OMNI International Tissue Master 125 Watt Lab Homogenizer with 7mm probe. Homogenized
samples were then spun down in a microcentrifuge for 15 minutes at 4°C, at 13,000rpm. The
protein-containing supernatant was reserved and stored in a separate microcentrifuge tube at -
80°C until quantification. Protein lysates were quantified using the Pierce BCA Protein Assay

(Thermo Scientific), according to manufacturer’s instructions.

f. Western blotting

Total organ lysate samples were loaded into 12% running gel/5% stacking gel SDS-PAGE gels.
These gels were initially electrophoresed at 70V until the stacking gel was cleared, then 120V for
the remainder of the running time, and finally transferred onto nitrocellulose membranes (Bio-
Rad). Membranes were blocked in 5% milk-PBS for 2 hours and then exposed to primary antibody
overnight at 4°C. All antibodies were diluted in 5% milk-PBS. The following antibodies were used:
anti-SOD1 (ab16831; dilution 1:2000), anti-SOD2 (ab13533; dilution 1:5000), anti-SOD3
(ab83108; dilution 1:1000), anti-eNOS (ab76198; dilution 1:500), anti-nNOS (ab76067; dilution
1:1000), and anti-iNOS (ab15323; dilution 1:250). Control antibodies were all diluted 1:2000.
They were one of the following: GAPDH (2118S Cell Signaling Technology (CST)), a-tubulin (2144S
CST), or B-actin (4967S CST). The next day, primary antibody mixtures were removed, and

membranes were washed 3 times in PBS-0.05% Tween 20 (Sigma). Membranes were then
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incubated for 2 hours with anti-rabbit or anti-mouse IgG, horseradish peroxidase (HRP)-
linked secondary antibody (7074S and 7076S CST) and ultimately developed using the GE
Healthcare ECL Plus Western Blotting Detection System. Protein band signals were visualized

using AFP Manufacturing Mini-Med 90.

g. Tissue processing and pathology

Mice were anaesthetized using isoflurane (Baxter Corporation), during which mice were perfused
with phosphate-buffered saline (PBS) via injection in the right ventricle of their heart. After,
organs of interest (heart, lungs, liver, kidney, leg muscles, aorta, and brain) were dissected and
washed in PBS. Extracted organs were then rocked at 4°C overnight in Zn?* formalin. The next
day, organs were removed from formalin and sequentially dehydrated in 30%, 50%, and finally
70% ethanol. Organs gently rocked in each concentration of ethanol for at least 1 hour. Organs
were then embedded in paraffin by the Histology Core Facility at McGill or by Charles River
Laboratories. After paraffin embedding, organs were sectioned (5um) and mounted onto Fisher
Superfrost Glass Slides. Initial histopathology and interpretation were performed by Charles River
Laboratories and then with guidance, further analysis of the provided slides was performed (e.g.

acquisition of microscope images).

h. Hematoxylin and Eosin

Paraffin embedded tissue sections were de-paraffinized and rehydrated in xylenes, followed by
decreasing ethanol concentrations (100%, 95%, 70% diluted in distilled water) and finally distilled
water. All of these steps were completed using a Varistain™ Gemini ES Automated Slide Stainer.
In running distilled water, nuclei were stained in 100% hematoxylin and then counterstained with
eosin. Next, tissue sections were once again dehydrated using increasing ethanol concentrations
(70%, 95%, 100%) and xylene. Finally, slides were mounted using Acrytol Mounting Media (Leica

Biosystems) and cover slipped.
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i. Immunohistochemistry

Paraffin embedded tissue sections were de-paraffinized and rehydrated in xylenes, followed by
decreasing ethanol concentrations (100%, 95%, 70% diluted in distilled water) and finally distilled
water. For the purposes of immunohistochemistry (IHC), all slides were hand dunked. Next,
antigen retrieval was accomplished by pressure cooking slides for 10 minutes in 10mM sodium
citrate pH 6.0. Slides were allowed to cool to room temperature and then washed in distilled
water followed by PBS. One by one, slides were placed onto a humidity chamber and tissue
sections were outlined using a PAP pen to create a hydrophobic barrier. From there, tissue
sections were blocked with 2% BSA dissolved in PBS for half an hour and then incubated with
primary antibody overnight at 4°C. Primary antibodies used were: anti-SOD1 (ab16831; dilution
1:5000) and anti-3-nitrotyrosine (ab110282; dilution 1:5000). After primary antibody incubation,
slides were washed with dH.0 and PBS-T. Immediately following the washes, slides were treated
with 0.3% hydrogen peroxide for 20 minutes. This is done to block endogenous peroxidases. Next,
slides are incubated with secondary biotinylated antibodies (in 2% BSA) for 1 hour. Tissue
sections are then incubated with Vectastain avidin-biotin complex kit (Vector laboratories).
Finally, antigens are revealed with DAB substrate to allow visualization. Slides are once again
dehydrated in increasing ethanol concentrations (70%, 95%, and 100%) followed by xylenes and

are mounted using Acrytol Mounting Media (Leica Biosystems).

j. Microscopy

For both hematoxylin and eosin staining and immunohistochemistry, prepared slides were
imaged using the automated upright microscope Leica DM4000B and Olympus CellSens imaging
technology to aid in digital image acquisition and processing. Images were taken using brightfield

and using either 20x or 40x magnification.

k. Tail vein lactate measurements
Tail vein blood lactate measurements were taken with the Lactate Plus handheld blood lactate

meter (Nova Biomedical). These measurements were taken for a week after the completion of
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tamoxifen or corn oil injections and then immediately before sacrifice. Adapted from Lgnbro et
al., one drop of tail vein blood was collected onto the disposable lactate analysis strips, provided
by Nova Biomedical with the lactate meter’*2. To collect blood sample, the tail of each mouse
was punctured with a razor blade and a drop of blood was allowed to drop onto lactate strip.
Vein puncture is the preferred method of tail vein blood collection for lactate measurements. All
animals were acclimated prior before tamoxifen and corn oil injections began to the blood

sampling procedure.

[. Urea assay

To assess urea excretion, an indicator of kidney function, the Urea Nitrogen (BUN) Colorimetric
Detection Kit from Arbor Assays was used’3. Urine was collected from each mouse immediately
after sacrifice. Once urinating, a 200ul single channel pipette was used to collect urine and urine
was stored in a microcentrifuge tube at -80°C until urea measurements could be made. The urea
content of this urine was determined according to manufacturer instructions. This is a

colorimetric assay.

m. Bloodwork

Blood was collected via cardiac puncture from mice anesthetized with 5% isoflurane. Cardiac
puncture is a technique that allows for up to 1mL of blood collection from a mouse. After blood
samples were taken from the heart (ventricle on the left side of mouse chest), mouse was
sacrificed immediately, and organs were removed for western blotting. Blood gently inverted in
1.3mL microtubes coated with K3 EDTA (Sarstedt) to prevent coagulation. A complete blood
panel was performed each blood sample by the Comparative Medicine and Animal Resources

Centre (CMARC) at McGill University.

n. Statistics
All statistical analyses were performed using Prism 8 (GraphPad Software) using either ANOVA
or t-tests, as appropriate. All data is presented at mean # standard error of the mean (SEM). A

result is considered significant when the p-value is less than 0.05.
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4. Results

a. Construction of a mouse strain combining a floxed Sod1 allele and a broadly expressed
tamoxifen (TM)-inducible Cre transgene

Although germline Sod17- mice are viable, MEFs isolated from these mice die. Therefore, it is
likely that the survival of germline Sod1 KO mice is the result of a developmental adaptation to
the absence of SOD1. If this is true, adult-onset loss of SOD1, as can be obtained with TM-
inducible CRE, would have a much more severe phenotype (Figure 35).

Adult-onset global Sod1 knockout mice were generated by two breeding steps. First, we
crossbred floxed Sod1'9®/°* mice (previously described in chapter 2 and used to generated
mouse embryonic fibroblasts) with CAG-CreER™ mice’!4. CAG-CreER™ mice ubiquitously express
the fusion protein, Cre recombinase-ER™, a version of Cre recombinase that is only active when
the synthetic estrogen analogues, tamoxifen, is present’!. The resulting progeny from these
breedings, CAG-CreER™; Sod1'*®/oxP mice, were then treated with tamoxifen to induce the

excision of exons 2 and 3 from Sod1, yielding no detectable SOD1 protein.
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Figure 35: Schematic describing the steps involved in the generation of adult-onset Sod1
global knockout mice.

Sod1"oxP/oxP mice are crossed with mice containing the CAG-CreER™ transgene. CAG-CreER™is an
inducible version of Cre-recombinase. It is engineered to be activated by tamoxifen (TM). In CAG-
CreER™, the inducible Cre-recombinase is under the control of a ubiquitous chimeric promoter
of the cytomegalovirus immediate-early enhancer and chicken B-actin promoter/enhancer
(CAG). Without TM, the fusion protein CreER™ is inactive while being confined to the cytoplasm
in a complex with heat shock protein 90 (Hsp90). Untreated Sod1/**//x; CAG-CreER™ mice express
wild-type SOD1 at endogenous levels. Following intraperitoneal (IP) administration of TM, TM
releases CreER™ from Hsp90. CreER™ can then translocate to the nucleus, where it is able to
catalyze recombination between loxP sites.

b. Adult-onset global Sod1 knockout mice die within three weeks of Sod1 excision and are
rescued by L-NAME treatment
We developed an inducible mouse model to understand how Sod1”- mice can lack Sod1, which is

715

responsible for up to 80% of superoxide dismutase activity, yet still be alive’*>. We use a Cre-lox

system to control Sod1 expression. These mice contain a floxed Sod1 allele (Sod1/°*F/) and a
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transgene expressing a tamoxifen (TM)-sensitive Cre recombinase under an ubiquitous promoter
(CAG)’*¢. When the mice are treated with TM, Cre recombinase is translocated to the nucleus
where it can splice out exons in the Sod1 gene, leading to KO. Tamoxifen is used to induce
knockout of Sod1. From a stock solution of 15mg tamoxifen/mL of corn oil, the mice receive 10
intraperitoneal (IP) injections, every other day (10uL/gram). Tamoxifen treatment successfully
knocks out SOD1 expression (Figure 36) and within 3 weeks of the deletion of Sod1, the health of
the mice quickly declines (weight loss, scruffy coat, hunched) and they die (Figure 37a-c).
Furthermore, L-NAME IP injections (20mg/mL injected 10uL/gram, dissolved in saline), beginning
on the off-days of tamoxifen injections and continued every other day for two months,
successfully rescued the adult onset Sod1 knockout mice. Instead of adult onset Sod1 knockout
mice dying no later than 3 weeks after loss of Sod1, mice treated with L-NAME are still alive and
well, appearing healthy (well-groomed and energetic), after receiving L-NAME injections for 2
months (Figure 38a-c). Also note, the loss of SOD1 expression and treatment with L-NAME does
not affect SOD2 and SOD3 expression levels, unlike in the cell work shown in the previous chapter

(Figure A1).

115



NT +L-NAME NT +L-NAME NT +L-NAME NT +L-NAME

+tamoxifen +corn oil +tamoxifen +corn oil
soD1 S —— soD1 arEbaban s
~ Heart -~ Kidney
B-actin BEEEEEEE————— B-actin -
SOoD1 - - -~ SOD1 - En. = e
—- Muscle - Lung
B-aCctin e . o - —-— - B-actin eSS —essoo e
sopr S SOD1 - ———
- Liver - Brain
B-actin e ————————————— B-actin' - -

Figure 36: Tamoxifen successfully knockouts SOD1 in Sod1/o*P/1oxP mijce.

SOD1 expression is absent in the heart, muscle, kidney, lung and brain of all tamoxifen treated
mice. The levels of SOD1 were analyzed 2 months after the completion of tamoxifen/corn oil
intraperitoneal injections for all groups except the “tamoxifen only” mice since these mice die
within three weeks of the completion of tamoxifen injections. Samples are taken for the
tamoxifen only group at endpoint (approximately 2-3 weeks after the completion of tamoxifen
injections) and all other samples are taken 2 months after the completion of corn oil/tamoxifen
injections. During the 2 months following tamoxifen or corn oil injections, the mice in the L-NAME
treated groups received intraperitoneal L-NAME injections every other day. The L-NAME is
dissolved in saline at a concentration of 20mg/mL. NT stands for no treatments, meaning these
mice received no further injections, other than the corn oil or tamoxifen injections.
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Figure 37: Adult onset Sod1 knockout mice degenerate and die quickly.

a) Survival curve of control mice (Sod1/°*/°* mice that received 10 intraperitoneal injections of
corn oil, the vehicle used for tamoxifen) relative to the survival curve of tamoxifen treated
Sod1'F/1oxP mijce (adult onset Sod1 knockout mice). Mice that lose Sod1 expression as adults
quickly die after the completion of tamoxifen injection, which induce the knockout. n=21 for corn
oil group and n=22 for tamoxifen only group and the mice represent a collection of 6 individual
experiments. b) Image of a control mouse (corn oil) and c) image of an adult onset Sod1 knockout
mouse (tamoxifen).
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Figure 38: Adult onset Sod1 knockout mice are rescued by L-NAME treatment.

a) Survival curve of tamoxifen treated Sod1/**/°*P mice (adult onset Sod1 knockout mice) relative
to the survival curve of adult onset Sod1 knockout mice that also received L-NAME injections.
Mice that lose Sod1 expression as adults quickly die after the completion of tamoxifen injection.
But mice that receive L-NAME injections in combination with tamoxifen injections survive for the
2 months post tamoxifen injections that L-NAME injections are given. n= 22 for tamoxifen group
and n=15 for the tamoxifen + L-NAME group. b) Image of an adult onset Sod1 knockout mouse
(tamoxifen) and c) image of a L-NAME treated adult onset Sod1 knockout mouse (tamoxifen + L-
NAME).

c. Dying adult-onset global Sod1 knockout mice show signs of muscle atrophy and degradation

To uncover how adult-onset global Sod1 knockout mice are dying, we sent formalin-fixed,
paraffin-embedded mouse organs, specifically heart, muscle, brain, liver, and kidney, to Charles
River Laboratories for trained pathologists to analyze. We sent samples from 12 mice — 3 that

only received corn oil IP injections, 3 that received both corn oil and L-NAME IP injections, 3 that
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only received tamoxifen IP injections, and 3 that received tamoxifen and L-NAME IP injections.
Pathology showed that most organs (heart, brain, kidney, and liver) are unaffected in adult-onset
Sod1 knockout mice. They identified signs of muscle degradation in skeletal muscles of mice
lacking Sod1 and from there we went on to analyze tissue sections and procure images of these
afflicted muscles. From there, we analyzed further muscle sections for similar signs of muscle
degeneration and found that loss of Sod1 in young adult mice clearly leads to acute degeneration
of skeletal muscles (Figure 39 and 40). Signs of skeletal muscle degeneration include nuclear
clumps, swollen/fragmented muscle fibers, macrophage infiltration, and dystrophic

mineralization’!’

. Immunohistochemistry for SOD1 confirmed that SOD1 was, in fact, lost in
skeletal muscles that show signs of muscle degeneration (Figure 41). Even better, L-NAME
rescued adult-onset Sod1 knockout mice have skeletal muscles that resemble normal, healthy

skeletal muscles (Figure 42 and A2).
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Tamoxifen

Figure 39: Loss of Sod1 in young adults leads to acute skeletal muscle degeneration.

Adult onset Sod1 knockout mice (tamoxifen injected) show signs of muscle degeneration. There
are little to no signs of muscle degeneration in mice that still have SOD1 expression (corn oil
injected). * indicates an example of phagocytosis seen in degenerating muscle, characterized by
clusters of nuclei seemingly without associated cellular structure. Macrophage infiltration is key
for phagocytosis of debris associated with muscle degeneration. Arrow indicates swollen
myofibers, yet another sign of muscle degeneration. Triangle indicates fragmented muscle fibers.
Square indicates hyalinized muscle fibers, or tissue that is degenerating into a translucent glass-
like state. All images are longitudinal cross-sections of muscle tissues. Degenerating myofibers
can be displaced, enlarged, and fragmented, therefore are not always cut exactly perpendicularly
as can be easily done in healthy muscle tissue.
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Figure 40: Further examples of muscle degeneration in adult onset Sod1 knockout mice.

Other images of muscle degeneration seen in adult onset Sod1 knockout mice. Top left image
shows more signs of muscle degeneration - the juxtaposition of hypereosinphilic and
hypoeosinphilic muscle fibers, indicated by a circle, and dystrophic calcification (calcification that
occurs during the degeneration of necrotic tissue), indicated by a diamond. Triangle in the top
middle image indicates fragmented muscle fibers. In the top right image, * indicates phagocytosis
of severely degenerated muscle tissue. In the bottom left image, the box marks fragmented and
partly hyalinized muscle fiber that loses striations. This is accompanied by early infiltration of
macrophages. Lightning bolt in the bottom middle image marks rounded fiber with internal
nucleus and cytoplasmic vacuoles, another sign of muscle degeneration. And, the bottom right
image has many examples of swollen myofibers, indicated by an arrow.
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Figure 41: SODL1 is lost in degenerating skeletal muscle.

Immunohistochemistry further confirms that SOD1 expression is lost in skeletal muscle of mice
that received tamoxifen injections. Blue staining is hematoxylin and the brown staining results
from SOD1 antibody (ab16831). Tissues were removed at sacrifice, fixed in formalin for 24 hours,
and then embedded with paraffin. Tissue sections were sliced on a microtome and mounted on
Fisherbrand™ Superfrost™ Plus Microscope Slides. Superfrost slides have undergo a special
treatment process that electrostatically adheres tissue sections to the slide without the need for
extra adhesives or protein coatings. For immunohistology study, the sections were incubated
with sodium citrate (10mM, pH 6.0, pressure cooked for 10 minutes) for antigen retrieval.
Blocking for non-specific binding was achieved by 30 minutes incubation in 2% BSA. Slides were
subsequently incubation with primary antibody against SOD1 overnight at 4°C. Next, the slides
were incubated with biotinylated secondary antibody and avidin-biotin-peroxidase from
Vectastain ABC kit according to manufacturer’s instructions. Binding of ABC was visualized by
incubation with diaminobenzidine. Finally, the nuclei were counterstained with hematoxylin.
Staining revealed, once again, that adult onset Sod1 knockout mice show signs of muscle
degenerations, in this case, nuclear clumps. Nuclear clumps are nuclei that are detached from
their normal location and found in the center of the cell. Centrally located nuclei are a sign of
muscle atrophy and degeneration. The most obvious signs of muscle degeneration seen are
phagocytosis (*) and centrally located nuclei/nuclear clumps (square).
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Figure 42: L-NAME rescued adult onset Sod1 knockout mice have healthy skeletal muscles.
Pathology of skeletal muscles shows muscle degeneration in adult onset Sod1 knockout mice.
Skeletal muscle pathology is seen by H&E (hematoxylin & eosin) staining. Hematoxylin stains the
nuclei blue and eosin stains the extracellular matrix and cytoplasm pink. This is not observed in
adult onset Sod1 knockout mice rescued with L-NAME. The skeletal muscles of L-NAME rescued
adult onset Sod1 knockout mice resemble skeletal muscles of healthy mice (e.g. corn oil injected
mice). Also note, L-NAME does not appear to alone affect skeletal muscles (see mice treated with
simultaneously corn oil and L-NAME.
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Elevated lactate (>3mmol/L) is an indicator of mitochondrial dysfunction and the presence
of high levels of reactive oxygen species (ROS) 718 719 Lactate is a sign that the tissues are relying
on the glycolysis for energy production, rather than the mitochondrial electron transport chain
(ETC), because of damage, including possibly ROS damage, to the ETC. 7?°. To check lactate levels
in these mice, | tracked lactate levels using a lactate blood meter and test strips from Nova
Biomedical. | measured lactate levels in adult-onset global Sod1 knockout mice every other day
for the first week of injections and then at endpoint. Lactate levels are significantly elevated and

the elevation of lactate in tail vein blood appears to worsen as the condition of the mice worsen

(Figure 43).
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Figure 43: Adult onset Sod1 knockout mice have elevated lactate levels.

Elevated lactate levels are most commonly caused by tissue hypoperfusion and are a sign of
elevated reactive oxygen species (ROS). Lactate is produced as a result of glycolysis. Glycolysis
becomes the primary method of ATP production when there is damage to the mitochondrial
electron transport chain (ETC). Damage to the ETC is associated with ROS production. Adult onset
Sod1 knockout mice (tamoxifen) have significantly elevated lactate levels, compared to both
control (corn oil) groups and L-NAME rescued adult onset Sod1 knockout mice (tamoxifen + L-
NAME). n=7 for all 4 groups of mice. Error bars indicate SEM. ** p < 0.01 (t-test).
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As adult-onset Sod1 knockout mice worsen, their body weight dramatically decreases
(Figure 44) and there are changes in their breathing patterns by visual observation. Due to these
observations and the rapid degeneration of hindlimb skeletal muscles, we hypothesize that the

muscles involved in eating, drinking, and breathing may be compromised as well.
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Figure 44: Body weight of adult onset Sod1 knockout mice.

Body weights in adult-onset Sod1 knockout mice. Initial weights of the mice were measured the
day prior to beginning treatments. The animals were intraperitoneally injected with corn oil or
tamoxifen 10 times, every other day. The animals receiving L-NAME intraperitoneal injections
received the first injection the day after the first corn oil/tamoxifen injection, and then received
a L-NAME injection every other day until 2 months after the completion of corn oil/tamoxifen
injections. The body weights of both corn oil-treated (control) groups gained weight, whereas
the body weights of both tamoxifen-treated (adult-onset Sod1 knockout) groups lost weight. The
tamoxifen only group lost weight much more rapidly than the tamoxifen + L-NAME group.). n=12
for all groups of mice, except the tamoxifen group where n=18. Error bars indicate SEM. **** p
<0.0001 (t-test).
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d. Peroxynitrite in adult-onset global Sod1 knockout mice

We hypothesize that the degenerating muscles of adult-onset global Sod1 knockout mice show
increased protein damage from peroxynitrite, formed as a result of the reaction of excess 0"
and NO°. While this hypothesis is supported by the fact that L-NAME treatment fully prevents
muscle degeneration in adult-onset Sod1 knockout mice, we would like more direct evidence that
peroxynitrite formation is involved. 3-nitrotyrosine (3-NT, the addition of -NO; to tyrosine) is a
protein modification commonly attributed to peroxynitrite and is generally accepted as a
biomarker for endogenous peroxynitrite activity3®. Analysis of peroxynitrite levels in muscle by
immunohistochemistry (IHC) suggests that adult-onset Sod1 knockout mice with degenerating
muscles do have higher peroxynitrite levels than both the control mice and adult-onset Sod1
knockout mice rescued with L-NAME (Figure 45). It is also noteworthy that the highest 3-NT levels
correspond to the areas of significant muscle degeneration, specifically, in Figure 45, nuclear
clumps and macrophage infiltration. This is not entirely surprising as it has been shown that
skeletal muscle from germline Sod1”- mice have increased 3-NT72L. However, the fact the skeletal
muscle phenotype of adult onset Sod1”- mice also show this elevation of 3-NT is a good indicator
that muscle degradation, although more rapid, may be occurring by a similar mechanism.
Furthermore, any previous study that looked at 3-NT levels in germline Sod1”" mice observed
these levels only by western blot. IHC provides us with new insight of where increases in

peroxynitrite are important for muscle maintenance.
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Figure 45: Peroxynitrite in skeletal muscles of adult onset Sod1 knockout mice.
Immunohistochemistry for 3-nitrotyrosine (3-NT), a biomarker of peroxynitrite, shows elevated
3-NT levels in adult onset Sod1 knockout, compared to L-NAME rescued adult onset Sod1
knockout mice and corn oil injected control mice. Blue staining is hematoxylin and brown staining
results from binding of 3-NT antibody. The above figure compares 3-NT staining in not-rescued
adult-onset Sod1 knockout mice (tamoxifen only) to 3-NT staining in L-NAME rescued adult-onset
Sod1 knockout mice (tamoxifen + L-NAME). In addition to seeing an elevated level of 3-NT
staining in the tamoxifen only mice to the L-NAME rescued tamoxifen mice, there are also
indications of muscle degradation in the tamoxifen only image, specifically nuclear clumps
(aggregates of nuclei) and macrophage infiltration.

e. Heart, brain, liver, and kidney are unaffected by loss of Sod1

Paraffin-embedded organs, other than skeletal muscles, were also analyzed. The heart and brain
showed no morphological changes, assessed with H&E (hematoxylin and eosin) staining, when
Sod1 expression was lost (Figures 46 and 47). This was both unexpected and somewhat expected.
The fact that germline Sod1 knockout mice (Sod17°) live for approximately 24 months suggests
that the major organs can thrive without Sod1. But our inducible Sod1 KO mice (Sod1/*/°*) die
within three weeks of the completion of their tamoxifen injections and in mice that quickly
deteriorate, one would expect damage to major organs, such as the heart. Furthermore, Sod1 is
one of the most abundant proteins in mice and it still remains surprising that the majority of the

mouse’s organs can remain undamaged in mice that lack Sod1 and that die as a result of this loss
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of gene expression. Note, while the liver and kidneys showed no morphological changes as a
result of Sod1 loss, these organs in all treatment groups (corn oil alone, corn oil + L-NAME,
tamoxifen alone, and tamoxifen + L-NAME) showed evidence of damage that is characteristic of
receiving continuous intraperitoneal injections for consecutive months (Figure 48 and 49)722,
Mild kidney damage, in all groups, was also evident from elevated blood urea nitrogen (BUN)
levels. This data is not included in the thesis as the elevated BUN levels are a result of continuous

intraperitoneal injections, rather than the loss of Sod1.
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Figure 46: Loss of Sod1 does not alter the morphology of cardiac muscles.

Pathology of cardiac muscles (heart) shows no morphological changes in adult onset Sod1
knockout mice when compared to control mice (corn oil only). Cardiac muscle pathology is
visualized by H&E (hematoxylin & eosin) staining. Hematoxylin stains the nuclei blue and eosin
stains the extracellular matrix and cytoplasm pink. The cardiac muscles of tamoxifen-only adult
onset Sodl knockout mice and L-NAME-rescued adult onset Sodl knockout mice resemble
cardiac muscles of healthy mice. Also note, L-NAME does not appear to alone affect cardiac
muscles (see mice treated with simultaneously corn oil and L-NAME).
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Figure 47: Loss of Sod1 causes no morphological changes in the brain.

Pathology of the brain shows no morphological changes in adult onset Sod1 knockout mice when
compared to control mice (corn oil only). Brain morphology is visualized by H&E (hematoxylin &
eosin) staining. Hematoxylin stains the nuclei blue and eosin stains the extracellular matrix and
cytoplasm pink. The brains of tamoxifen-only adult onset Sod1 knockout mice and L-NAME-
rescued adult onset Sod1 knockout mice resemble brains of healthy mice. Also note, L-NAME
does not appear to alone affect brain morphology (see mice treated with simultaneously corn oil
and L-NAME).
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Figure 48: Morphological changes in liver of mice lacking Sod1 are a result of continuous
intraperitoneal injections.

Any morphological changes observed in the liver are not a result of the loss of Sod1, but rather a
result of continuous intraperitoneal injections of corn oil, tamoxifen, and L-NAME for months. In
fact, Sod1 is not lost in the liver as tamoxifen is metabolized in the liver. Histological assessment
of the liver was performed on tissues fixed in zinc-formalin at 4°C, followed by sequential
dehydration to a final concentration of 70% ethanol. Next, tissues were paraffin-embedded,
sectioned, and stained with hematoxylin and eosin to visualize nuclei and extracellular
matrix/cytoplasm, respectively. Liver sections were initially assessed by a trained pathologist and
the abnormality seen in all liver samples, for each experimental group, was mild necrosis. This is
a result of drug metabolism in the liver and tissue damage from intraperitoneal injections.

131



+L-NAME

Figure 49: Changes in kidney morphology in inducible Sod1 knockout mice result from
continuous intraperitoneal injections.

Any morphological changes to the kidneys, were observed in all 4 experimental groups, indicating
that the changes were a result of intraperitoneal injections, not the loss of Sod1 expression.
Histological assessment of the kidneys was performed on tissues fixed in zinc-formalin at 4°C,
followed by sequential dehydration to a final concentration of 70% ethanol. Next, tissues were
paraffin-embedded, sectioned, and stained with hematoxylin and eosin to visualize nuclei and
extracellular matrix/cytoplasm, respectively. Kidney sections were initially assessed by a trained
pathologist and the gross abnormality seen in all kidney samples, for each experimental group,
was acute kidney injury resulting from repetitive intraperitoneal injections. This damage likely
occurs because kidneys are the major organ responsible for toxin filtration”?3,
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f. Developmental adaptations in germline Sod1 knockout mice

The fact that adult-onset inducible Sod1 knockout mice rapidly die after the loss of Sod1
expression, yet somehow germline Sod1 knockout mice, also lacking Sod1 expression but since
the beginning of their development, have a mean lifespan of 20.8 months was surprising?’. This
suggests that Sod1 germline KO mice have developmental adaptation(s) that enable these mice
to survive without Sod1, the principal defense against superoxide formation. To uncover what
adaptation(s) allow Sod17- mice to survive, we were guided by the result that L-NAME rescues
adult-onset Sod1 knockout mice. It suggests that NO* handling may be altered to allow Sod1”
mice to survive.

First, we examined NOS expression in Sod1**, Sod1*~ and Sod1”" mice. L-NAME rescues
inducible Sod1 KO mice by inhibiting NOS. Decreasing NOS expression would also lead to a
decrease in NO® available to react with superoxide and thereby less peroxynitrite. Furthermore,
since skeletal muscle degradation was found in dying inducible Sod1 KO mice, perhaps this
change in NOS expression in germling Sod1 KO mice would occur in the skeletal muscle. |
evaluated the expression levels of all three NOS isoforms in skeletal and cardiac muscles (Figure
50 and A3). The only significant change of NOS expression seen between the Sod1** and Sod1”
mice was a decrease in nNOS expression in the skeletal muscle of both Sod1* and Sod17- mice.
Although we only observe a decrease in expression of a single NOS isoform, the localization of
the activity might be crucial and sufficient to reduce the levels of peroxynitrite formed so they

are not lethal.
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Figure 50: NOS expression in Sod1 germline knockout mice

In heart, expression of all three nitric oxide synthase (NOS) isoforms remains unchanged between
the three genotypes examined - Sod1**, Sod1*~ and Sod1”" mice. However, in the muscle,
inducible NOS and endothelial NOS levels remain the same regardless of Sod1 expression, but
neuronal NOS levels seem to have significantly decreased in both the heterozygous and
homozygous Sod1 knockout mice. The genotypes of the mice were confirmed by PCR and SOD1
western blotting. It is evident that Sod1* mice have a lower level of SOD1 expression than Sod1**
mice. It is also evident that Sod1” mice have no residual SOD1 expression, as expected. The
protein lysates were collected from samples from littermates.

Another mechanism to modulate nitric oxide levels, and therefore peroxynitrite levels, is
to alter the bioavailability of hemoglobin. Oxyhemoglobin is a sink for nitric oxide. In the absence
of superoxide dismutase expression, modulation of nitric oxide levels is the only other way to
affect the amounts of peroxynitrite formed. This is because superoxide dismutases are the only
known mechanism from breaking down superoxide and when not present, superoxide levels
cannot be easily lowered. The simplest ways to change the bioavailability of oxyhemoglobin
would be by increasing the hematocrit, the proportion of red blood cells relative to the liquid, or

plasma, component of blood, or by increasing the hemoglobin in the blood overall or in a red

blood cell itself.
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To see if the composition of the blood is altered in germline Sod1 knockout mice, we
performed cardiac blood draws on mice with the three genotypes of interest (Sod1**, Sod1*~ and
Sod17") and then did a complete blood count (CBC) for each sample of blood collected. CBC is a
group of blood measurements that collectively provide insight into the composition of the blood
— red blood cells, white blood cells, plasma, and hemoglobin’?*. These analyses identified
significant changes in five measurements — red blood cell (RBC) count, hematocrit, hemoglobin,
mean corpuscular volume (MCV), and mean corpuscular hemoglobin (MCH).

Overall, the red blood cell count, the hematocrit, and the hemoglobin are all significantly
lower in the Sod17- mice (Figure 51-53). This is rather surprising as it is the opposite of what we
expected to see, either no change at all or an increase in one or all of these measurements. This
is based on the notion that hemoglobin is a sink for nitric oxide. We expect peroxynitrite levels
to be managed in germline Sod1”- mice to allow these mice to survive and one way to do so
would be to increase nitric oxide binding to hemoglobin by either increasing hemoglobin directly

or by making hemoglobin more readily available.
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Figure 51: Red blood cells (RBC) of Sod1 germline knockout mice
The comparative number of red blood cells per liter of blood for the three genotypes examined
- Sod1**, Sod1*- and Sod1”- mice. Blood was taken from the heart and processed the same day.
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Sod17- mice have significantly less RBCs per liter than their wild-type and heterozygous
littermates. Error bars indicate SEM. n = 7 for all groups of mice. **** p < 0.0001.
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Figure 52: Hematocrit of Sod1 germline knockout mice

The comparison of hematocrit for the three genotypes examined - Sod1**, Sod1*" and Sod1”
mice. Blood was taken from the heart and processed the same day. Sod1”" mice have a
significantly lower hematocrit than their wild-type and heterozygous littermates. Error bars
indicate SEM. n = 7 for all groups of mice. ** p <0.01 and **** p < 0.0001.
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Figure 53: Hemoglobin of Sod1 germline knockout mice

The comparison of hemoglobin for the three genotypes examined - Sod1**, Sod1*- and Sod1”
mice. Blood was taken from the heart and processed the same day. Sod1”" mice have a
significantly lower hemoglobin concentration than their wild-type and heterozygous littermates.
Error bars indicate SEM. n = 7 for all groups of mice. *** p <0.001 and **** p < 0.0001.

The other two measurements where we observed significant differences were the MCV
and MCH. MCV is a measure that indicates the average size and volume of a red blood cell. Mice,
in general, have much smaller RBCs compared to other mammals, with a normal MCV being 45-
55 femtoliters (fL, 10"*°L). MCH is a measure of the average amount of hemoglobin per red blood
cell and a normal MCH for a mouse is considered ~16.7 picograms (pg)’?*> 7?¢. Both MCV and MCH

values increased in Sod1”- mice (Figure 54 and 55).
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Figure 54: Mean corpuscular volume (MCV) of Sod1 germline knockout mice

The comparison of the mean corpuscular volume of the three genotypes examined - Sod1**,
Sod1*/- and Sod17- mice. Blood was taken from the heart and processed the same day. The MCV
of Sod17 mice is elevated compared to that of their wild-type and heterozygous littermates. Error
bars indicate SEM. n = 7 for all groups of mice. ** p <0.01 and *** p <0.001.

137



ns

e |
e |
20~ : *k ,
Bl Sod1**
15- Bl Sod71*"
> BN Sod1”
I 10-
o
=
5_
0_
x\x o )%
A A \
& S

Figure 55: Mean corpuscular hemoglobin (MCH) of Sod1 germline knockout mice

The comparison of the mean corpuscular hemoglobin of the three genotypes examined - Sod1*/*,
Sod1*/- and Sod1”" mice. Blood was taken from the heart and processed the same day. The MCH
of Sod17-mice is elevated compared to that of their wild-type and heterozygous littermates. Error
bars indicate SEM. n = 7 for all groups of mice. * p < 0.05 and ** p < 0.01.

Taken together, germline Sod1 knockout mice have lower nNOS expression in their skeletal
muscles, less red blood cells and overall hemoglobin, but interestingly a higher concentration of
hemoglobin per red blood cell. Perhaps, with a higher concentration of hemoglobin per cell, even
if the concentration of hemoglobin overall is lower not higher, this is sufficient to quench enough
nitric oxide when combined with lower nNOS expression in the skeletal muscles. Another
possibility is the larger blood cells move more slowly through capillaries and therefore there’s
more time for hemoglobin to interact with nitric oxide. Or, the larger blood cell size allows
hemoglobin to be closer to the capillary walls, where nitric oxide is produced. The skeletal
muscles are the only organ we observed degeneration and damage in as a result of Sod1 loss in
adult onset inducible Sod1 knockout mice.

It is clear that more, yet unknown, adaptations must collaborate with the changes we have
identified to lead to germline Sod1 knockout mice that survive almost two years. Without SOD1,

the organism needs to strike a balance between the need for NO*® and the deleterious effects of

peroxynitrite formation. The particular balance struck could be quite subtle, meaning low nNOS
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and low hemoglobin, although they seem counterintuitive, may be necessary to ensure both
survival and proper signalling. Additional changes to those observed could be changes in blood
flow may also need to accompany the changes in blood composition to attain the phenotypes we
observe. Altering the speed of blood flow, like changes to hematocrit and hemoglobin, would
similarly affect the availability of red blood cells and thus hemoglobin to quench nitric oxide. In
principle, a way to study the balance of NO* needed in germline Sod17- mice is to treat them with
L-NAME. L-NAME could be either deleterious, if NO* levels become too low, or beneficial, if these
mice would benefit from an even more dramatic decrease in peroxynitrite formation. It would
also be intriguing to see if blood transfusions, from wild-type mice, and erythropoietin (EPO)
treatment alter the survival of germline Sod17- mice, as we did observe changes to the blood

composition of germline Sod17 mice that may be key for their survival.

5. Discussion

We have described the generation and characterization of adult-onset whole-body Sod1
knockout mice. These mice are born with normal Sod1 expression and, at approximately 12-15
weeks of age, tamoxifen injections begin, leading to translocation of Cre recombinase to the
nucleus and successful excision of Sod1 leading to its loss of expression. These mice are the first

inducible model for whole-body Sod1 knockout in a mammalian model organism.

a. L-NAME rescues the lethality of Sod1 loss and skeletal muscle degradation in adult onset Sod1
knockout mice

Loss of Sod1 in adult mice leads to rapid death. This is unlike their germline counterparts, mice
that proceed through development without Sod1 and are readily able to survive. The loss of Sod1
as an adult can be rescued, however, by treatment with a nitric oxide synthase (NOS) inhibitor,
L-NAME. L-NAME treatment of inducible Sod1 KO mice not only restored their viability, but it also
improved the skeletal muscle degradation we observed in dying mice. The skeletal muscles
appear to be the only organ severely affected in dying inducible Sod1 KO mice. Their skeletal
muscles display distinct signs of muscle necrosis and degeneration, such as the juxtaposition of

hypereosinphilic and hypoeosinphilic muscle fibers, dystrophic calcification, fragmented muscle
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fibers, phagocytosis of muscle fibers, hyalinization, infiltration of fibers by macrophages, and
round muscle fibers with internal nuclei and cytoplasmic vacuoles’?’. In L-NAME rescued
inducible Sod1 KO mice, their muscles no longer show signs of degradation and resemble healthy,
normal skeletal muscles.

There remain several open questions that can be address with our inducible Sod1 KO mouse
model. As we see an association between an increase in peroxynitrite expression and indicators
of muscle degeneration in dying mice, it would be intriguing to see if FeTPPS, the peroxynitrite
decomposition catalyst that rescues Sod1/°*/°x KO MEFs, can result in a similar rescue in these
mice as treatment with L-NAME does. We focused on L-NAME for our initial experiments as it is
a much easier drug to deliver to mice, both intraperitoneally and in drinking water. FeTPPS is only
ever used for a maximum of three intraperitoneal injections, but, in our case, we would need to
inject continually for months as both superoxide and nitric oxide continue to be produced in
these mice’?8, In the same line of thought, it would be beneficial to see if L-NAME rescue is also
effective when L-NAME is delivered via drinking water, rather than intraperitoneally. L-NAME
delivery via drinking water would allow aging of these mice to see if they can survive as long as
Sod17- mice. Although we successfully deliver L-NAME to our mice for two months without any
negative L-NAME dependent phenotypic effects, it is known that long-term L-NAME treatment
can damage the blood-brain barrier and lead to arteriosclerotic lesions and changes in heart
structure’?>731, |n addition to L-NAME, there are several other NOS inhibitors that can be tested
for their rescue effects on adult onset Sod1 KO mice. 7-NI is an intriguing candidate, as it is a
neuronal NOS specific inhibitor, was shown to rescue Sod1/°**/°*? KO MEFs, and nNOS expression
is reduced in the skeletal muscle of Sod17~ mice that survive.

Furthermore, Sod1”" mice display accelerated sarcopenia, or aged-related loss of skeletal

611 We show that inducible Sod1 KO mice have similar, albeit much

muscle strength and mass
more rapid, muscle degeneration and wasting, but it would be insightful to also measure their
muscle strength. Measuring the muscle strength of inducible Sod1 KO mice would help us further
understand how similar the muscle phenotype of Sod1/**/°*F mice is to that of Sod17- mice. In

mice, there are numerous well-established methods to measure skeletal muscle performance.
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These include, but are not limited to, treadmill exhaustion test, wheel running, rotorod, whole-
limb grip strength assay®3 732,

Finally, as adult-onset Sodl knockout mice worsen, their body weight dramatically
decreases and there are changes in their breathing patterns by visual observation. Due to these
observations and the rapid degeneration of hindlimb skeletal muscles, we hypothesize that
muscles other than hindlimb skeletal muscles may be compromised, specifically muscles involved
in eating, drinking, and breathing. Jaw muscles such as the superficial masseter muscles and
muscles key for breathing such as the diaphragm are possible candidates that could help further

explain the rapid decline of these mice”33 734,

b. Lessons from Sod1/°*/*P and Sod1”- mice and mouse embryonic fibroblasts

To date, there is no clear understanding of the great phenotypic difference between Sod1” mice,
that can survive almost two years, and their mouse embryonic fibroblasts, where most cells die
within 48 hours in culture. An understanding of NO* and peroxynitrite formation in the phenotype
of Sod1/o*/xP cells and mice help to begin to explain why Sod17- MEFs have a more severe
phenotype than Sod1”- mice and why adult onset Sod1 knockout mice die quickly after the loss
of Sod1 expression but their germline counterparts survive for years. Here, we show that NO® is
essential for understanding the toxicity associated with Sod1 loss.

NO® is a small hydrophobic molecule that can easily traverse cellular membranes and
signals through activation of soluble guanylate cyclases (sGC)’3>. NO°® signaling is key for
physiological processes, such as vasodilation, neurotransmission, and the immune response!’®
736,737 " Nitric oxide synthases, of which there are 3 isoforms (neuronal NOS, inducible NOS, and
endothelial NOS), synthesize NO*73>. However, NO* also readily reacts with superoxide, to form
peroxynitrite, a molecule that is highly toxic. Peroxynitrite (ONOO™), although it is not a radical
as its radical precursors are, it is a stronger oxidant than both nitric oxide and superoxide and its
formation is highly favoured as it is formed by the reaction of two radicals to form a non-
radical’3®. Peroxynitrite is known to interact with critical biomolecules via direct, such as DNA,

proteins, and lipids. It can directly target these molecules with one- or two-electron oxidations

or it can alter these molecules by radical-mediated mechanisms, as the presence of peroxynitrite
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is known to contribute to the formation of radicals like the carbonate radical (CO3*") via a
reaction with carbon dioxide*'?. We show that peroxynitrite is associated with muscle
degradation and dying mice in the adult onset Sod1 KO mouse model. Informed by this, we began
to investigate possible developmental adaptations in germline Sod1 KO mice. Mice that lack Sod1
have little way to modulate superoxide levels, but modulation of nitric oxide levels is still possible.
With this thought in mind, we decided to look at the two main ways to alter levels of nitric oxide:
1) changing the expression of NOS, the only known in vivo source of NO® and 2) changing the
bioavailability of oxyhemoglobin, a pathway of NO* elimination from the body’°. These possible
developmental adaptations are only the simplest answers and it is likely that germline Sod1 KO
mice survive as a result of a combination of biomolecular alterations.

Germline Sod1 KO mice showed decreased nNOS expression in skeletal muscles, less red
blood cells but a higher level of hemoglobin per red blood cell. This suggests that perhaps the
combination of lower nNOS solely in skeletal muscles with a higher percentage of hemoglobin
per RBC is sufficient to allow these mice to survive, but, more likely, various other developmental
adaptations are present in these mice and we have just begun to uncover the first few. This opens
the question of what other developmental adaptations could occur in these mice to allow them
to survive. In addition to changes in blood composition, it is also worth looking at the rates of
blood flow in these mice, as this would also impact the bioavailability of oxyhemoglobin. The rate
of blood flow can be measured using Laser-Doppler flowmetry (LDF). LDF is a well-established,
non-invasive method of measuring blood flow in tissues. The general principle of LDF is that most
photons can readily travel through tissue, but a small fraction of these photons are scattered
back towards the light probe as a result of hitting moving red blood cells’3. It is also possible that
developmental adaptations that allow germline Sod1 KO mice to survive are independent of NO*
production and elimination. For example, we know that muscle wasting is a problem in these
animals but occurs at a much slower rate than in our inducible KO mice. Perhaps the slower rate
of muscle wasting and degeneration is a result of improved muscle repair mechanisms, rather
than less damage resulting from peroxynitrite formation. Skeletal muscle repair is highly
dependent on satellite cells, that are located next to myofibers’?. These satellite cells are

mitotically inactive in adult skeletal muscle, but upon muscle damage can quickly enter the cell
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cycle and form proliferating myoblasts that go one to form multinucleated myotubes’*!. It is
known that the number of satellite cells differs between species, developmental stages, types of
myofibers, and most importantly muscles. For instance, there are 2- to 4-fold more satellite cells
in the soleus (located in the back of the lower leg and is an important flexor muscle of the ankle)
muscle than in the tibialis anterior or extensor digitorum longus (both found at the front of the
leg, tibalis anterior on top of the extensor digitorum longus) muscles’? 743, Therefore, it is
conceivable that germline Sod1 KO mice may have increased numbers of satellite cells in their
skeletal muscles, both during development and during adulthood. Such an increase in satellite
cells would improve the efficiency of skeletal muscle repair. In fact, 88% of satellite cells in
humans are within 21um of a capillary, blood vessels that connect arteries to veins, quite
interesting considering that NO* signalling is prominent in the vasculature’* 745,

Finally, there is yet another way to see if NO*® is of as great of importance in germline Sod1
KO mice as it is in adult onset inducible Sod1 KO mice. It would be insightful to treat the germline
Sod1 KO mice with L-NAME, the compound used to rescue the inducible Sod1 KO mice, and see
if this treatment further improves their muscle phenotype. Following the same line of thought,
we could also create mice that lack both Sod1 and one, or multiple, Nos genes, as we know that
Nos are dispensable®?,

In conclusion, comparing the phenotypes of germline and inducible Sod1 knockout mice
and cells can help us elucidate mechanisms that are essential for mouse survival, especially in
conditions of elevated oxidative stress. Altering NO* production and elimination seems to make
a difference in both models, but is not the complete story, particularly in the germline model.
These findings can be essential to develop potential treatments for diseases that involve

dysfunctional superoxide dismutases.
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CHAPTER 4: GENERAL DISCUSSION
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In this thesis, the Cre-loxP system for conditional gene targeting is used to provide insight into
the disagreement between in vitro and in vivo phenotypes that result from Sod1 loss. An inducible
Sod1 global knockout mouse line was created that had not been studied before. The use of the

Cre-loxP system in this mouse allows for temporal control of Sod1 deletion.

1. The SOD conundrum

Superoxide dismutases (SOD) are the first, and only known, line of defence against superoxide
(02°"). SODs are one of the most abundant proteins in vertebrates and are found in all aerobic
organisms. This is a good indicator of their importance. But why are SODs important? Is it simply
for preventing the potential harmful effects of superoxide itself or is there more to it? Superoxide
is not considered to be a particularly strong oxidizing agent, but it has been shown to be
potentially toxic. For example, it can oxidize iron-sulfur clusters in proteins resulting in loss of
their catalytic iron and their enzymatic activity, as seen in Krebs cycle proteins and aconitase!”
125 However, our results suggest that one of the focus of the need for SODs is somewhere else.
Our work suggests that the most important reaction to consider is the reaction of superoxide
with nitric oxide to form peroxynitrite (ONOO~). After all, peroxynitrite is a much stronger
oxidizing agent and its decomposition can result in the formation of other very reactive
molecules, such as OH*, NO2°, and CO3°~°7 746 Additionally, free radicals react with one another
at diffusion-controlled rates, meaning very quickly’#’. This reaction of superoxide with nitric
oxide is therefore both thermodynamically and kinetically favoured as the formation of this new
chemical bond results in the elimination of the unpaired elections®’%. All this to highlight that
SODs, in addition to being the only enzyme that interacts with superoxide, are also the only
enzymes that can prevent dangerously high peroxynitrite levels. This thesis shows that the
management of peroxynitrite levels is the most acute role of SODs in mammals.

Since the creation of germline Sod1 knockout mice in 1997, it has been unclear why these
mice are able to survive for ~2 years, but mouse embryonic fibroblasts isolated from these mice
die within 48 hours in culture®. One of the most interesting findings on this dilemma was that
growth retardation and cell death of Sod17- MEFs was partially rescued in hypoxic (2% 0,)

conditions and this continued the theory that superoxide alone was responsible for the death of
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these cells. But how does that reconcile with the fact that mice lacking Sod1 are still alive®®. In
efforts to unravel this mystery, we designed an inducible Sod1 knockout mice strain, of which we
studied both the mice themselves and embryonic fibroblasts. We show that cells can somehow
survive with little to no SOD expression and activity. Indeed, L-NAME treated Sod1/ox/lox
knockout cells not only lacked SOD1, but the SOD2 and SOD3 expression seemingly disappeared.
It is likely that this is a phenomenon specific to in vitro conditions, but nonetheless we show that
in the absence of NO°, in vitro mammalian cells can survive well without SOD. This is much like
what was shown by our lab in C. elegans. C. elegans do not produce NO® and can survive, with a
lifespan similar to wild-type worms, without any of their 5 SOD isoforms!® 748, Likely because
superoxide toxicity is not a major problem thanks to the absence of NO® formation in these
organisms. All these results together suggest that superoxide by itself is not very toxic, but rather
peroxynitrite, formed via the reaction of superoxide with nitric oxide, is responsible for many of
the toxic effects historically attributed to superoxide formation. Additionally, we show that L-
NAME-treated wild-type cells are still sensitive to paraquat treatment and this is likely a result of
hydrogen peroxide toxicity, as more superoxide is converted to hydrogen peroxide by SODs, or
because paraquat leads to superoxide formation in specific locations where damage is
particularly detrimental (e.g. complex | of the mitochondrial electron transport chain).
Furthermore, we show that adult onset Sod1 knockout mice die rapidly after the loss of
SOD1 expression. This was surprising as their germline knockout counterparts can survive for up
to 2 years. Our observation rather deepened the mystery of how germline Sod1”" mice survive
much more profound. Adult onset Sodl knockout mice seemingly die of muscle
wasting/degradation and rapid weight loss. The phenotype of adult onset Sod1 knockout mice
mimics the loss of muscle seen in germline Sod1”- mice, just at a much more rapid pace®3. The
lifespan and muscle degeneration of adult onset Sod1 knockout mice was rescued with L-NAME,
a nitric oxide synthase inhibitor. The L-NAME treatment mice can thus thrive with an elevated
level of superoxide, simply because we prevent the formation of the truly damaging compound,
peroxynitrite in muscles. These results suggest that germline Sod17 mice must have
developmental adaptations that allow them to deal with elevated peroxynitrite levels in muscles

or that allow them to prevent peroxynitrite formation in muscles.
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The ability of mice lacking Sod1, both germline and adult-onset knockouts, to survive
provides another piece of evidence that challenges the oxidative stress theory of aging. The
oxidative stress theory of aging proposes that organisms age due to an accumulation of damage
produced by reactive oxygen species’*. The very existence of SODs was a key piece of evidence
used to support this theory as they are both highly conserved and incredibly abundant
enzymes’>®
2. Sod1 and skeletal muscles
In skeletal muscles, 65-85% of superoxide dismutase activity occurs in the cytosol (SOD1) and the
remaining 15-35% of superoxide dismutase activity is located in mitochondria (SOD1 and
SOD2)’1. Superoxide dismutase activity is higher in type | (slow-twitch) muscle fibers than in type
Il (fast-twitch) muscle fibers’>2. This difference in SOD activity is thought to be due to the fact
that slow-twitch muscle fibers have two- to three-times more mitochondria, a source of
superoxide, than fast-twitch muscle fibers’>3. SOD activity in skeletal muscles has also been
shown to be influenced by exercise, which increases levels of both SOD1 and SOD27°2. Superoxide
is produced at various sites in skeletal muscles, but mitochondria are often said to be the primary
source of superoxide in muscle fibers’>,

Germline Sod17- knockout mice are a model of sarcopenia, or aged-related muscle loss and
degeneration®!3. Sarcopenia is observed in aging humans, who show a 30-40% reduction in
skeletal muscle. This sarcopenia is generally accepted as the main cause of frailty in the elderly’>>.
Larkin et al. showed in germline Sod1”7- knockout mice that the reduction in muscle function,
measured by grip strength, rotarod, wheel running, and treadmill running, is a result of, at least
partially, to loss of innervation in muscles®?. Furthermore, the Van Remmen lab showed that
germline Sod17- knockout mice, as a result of this denervation, have deterioration of their
neuromuscular junction (NMJs) characterized by acetylcholine receptor cluster fragmentation
and degenerating or retracting motor neurons®!?. Interestingly, expression of Sod1 in the neurons
of germline Sod17~ knockout mice was sufficient to prevent the accelerated sarcopenia of these
mice, but neuronal specific reduction of Sod1 and muscle specific deletion of Sod1 were both not

sufficient to mimic the sarcopenia phenotype seen in whole-body germline Sod17- knockout
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mice®' 756, Based on our findings, we show that germline Sod17- knockout mice have systemic
adaptations such as changes to blood composition and possible other factors that affect NOS
expression in the muscle. While these adaptations do not prevent eventual damage, they delay
this damage as compared to adult-onset Sod1/**/°*" knockout mice and help germline Sod1”
knockout mice survive for as long as they do.

Interestingly, muscle atrophy is seen in mouse models of amyotrophic lateral sclerosis
(ALS), a disease characterized by the progressive loss of motor neurons, induced by SOD1¢%3A
expression?>® 7>’ Note, it is not fully understood how this mutation in Sod1 results in neuronal
degeneration and eventual death. The mutant form of Sod1 is expressed at high levels and it has
been proposed that aggregation of mutant SOD1 leads to mitochondrial damage that results in

muscle atrophy and loss of motor neurons’>® 739,

3. Nitric oxide and skeletal muscles
The role of nitric oxide in skeletal muscles has been explored after it was shown that all NOS
isoforms are expressed in mammalian skeletal muscles’®. The location and time of expression of
NOS isoforms in skeletal muscle is highly dependent on age, innervation of muscle, function or
activity of muscle group, inflammatory response, and muscle fiber type (e.g. slow- and fast-twitch
muscles)’®. In 1977, identification of guanylate cyclase activity in skeletal muscle was the first
indication that nitric oxide signaling may be pivotal in muscle?!l. Remember, soluble guanylate
cyclase is primarily activated by binding of nitric oxide to the enzyme’s heme group. Even more
striking evidence of the involvement of NO*® signaling in muscle function came when it was shown
that nNOS and cGMP colocalize near the sarcolemma of muscle fibers’®2. cGMP activation led to
the inhibition of muscle force production. This study was the first evidence of a functional link
between NO®, cGMP, and muscle activity’®3. From this point, skeletal muscle NOS activity has
been implicated in altered mitochondrial respiration, calcium homeostasis, contractility, injury
response, and glucose uptake’64768,

Interestingly, we observed that a reduction in nNOS was one of the developmental
adaptations that allow germline Sod17- mice to survive. This corresponds with existing literature

that shows that a redistribution/elevation of nNOS contributes to muscle fiber degradation in
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dystrophic muscle in Duchenne muscular dystrophy’®. Note, in rodents, nNOS is primarily
expressed in type Il (fast-twitch) muscle fibers and not type | (slow-twitch) muscle fibers. Fast-
twitch muscle fibers are have higher NOS activity than slow-twitch muscle fibers’®2. However, in
humans, nNOS appears to be expressed in similar amounts in both type | and type Il muscle
fibers’’. Furthermore, in normal skeletal muscles, nNOS expression is enriched at neuromuscular
junctions (NMJ) and seems to be implicated in the proper development of NMJs from embryonic
muscle cells’”’* 772, The reduction in nNOS we observe in germline Sod1”- mice could therefore
explain the previously described degeneration of NMJs in the skeletal muscle and the general

denervation of the muscle of these mice.

4. A new perspective on superoxide and nitric oxide

Loss of Sod1 in adult-onset knockout mice results in low levels of superoxide dismutation, rapid
skeletal muscle degeneration, and ultimately death. However, these mice live with
intraperitoneal injections of L-NAME, a nitric oxide synthase inhibitor. Plus, L-NAME treatment
prevents the skeletal muscle degradation. This highlights that the main function of SOD1 in vivo
is to control peroxynitrite in skeletal muscles. Peroxynitrite, as mentioned previously, is formed
by the spontaneous reaction of superoxide with nitric oxide. SODs are one of the most abundant
proteins in mammals and perhaps this high concentration is required to compete with nitric oxide
for superoxide. This is a shift from the classic viewpoint that SODs prevent damage from
superoxide. Rather, we show that SODs, via regulation of superoxide levels, prevent peroxynitrite
formation and that, when peroxynitrite cannot be formed as well, superoxide is not all that toxic.

In 2000, it was shown as mice that lack each NOS, pair-wise combinations, and even all
three NOS are alive, albeit with a shorter lifespan and phenotypes such as increased incidence of

myocardial infraction and renal disease®*?

. The fact that mice can survive without any
endogenous source of NO® is shocking, as NO® is a pivotal signalling molecule involved in
neurotransmission, vasodilation, immune response, and much more®’®. This was the first
evidence to support the idea that low NO* is easily tolerated by animals. This thesis validates idea
that NO®is not necessarily required for survival, but later in life, phenotypes arise due to this lack

of NO°. This is highlighted by the fact that L-NAME treated adult-onset Sod1 knockout mice
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survive even though NO® levels are low as a result of treatment with a NOS inhibitor and residual
peroxynitrite formed.

This thesis also provides another piece of support to the growing body of evidence that
illustrates that the oxidative stress theory of aging is not the entire story. The oxidative stress
theory of aging proposes that organisms age due to an accumulation of reactive oxygen species,
which are inherently damaging’#°. SODs were a key piece of evidence used to support this theory
as they are both highly conserved and incredibly abundant enzymes’®°. But, just as the work
showing that C. elegans can survive without all 5 sod isoforms challenges this theory, so does the
work presented in this thesis. For example, adult-onset Sod1 knockout mice survive, with a still
elevated level of superoxide, simply because we prevent the truly damaging compound,
peroxynitrite, from being formed. Of note here is that superoxide levels still remain elevated in
these mice, yet, with L-NAME treatment, survive. Similarly, if superoxide was central to aging, as
it has been argued, cells that lack SOD expression should not be able to survive under any

conditions, yet in this thesis, they do.

5. Evolutionary perspective

A look at the evolutionary timeline of SOD and NOS can provide insight into the observation in
my thesis. Superoxide dismutases are thought to have appeared prior to Great Oxidation Event
(GOD) that occurred ~2.4 billion years ago?’® 773, The GOE was a simultaneous increased in both
oceanic and atmospheric oxygen concentration in the atmosphere?. While the accepted start of
the GOE is ~2.4 billion years ago, there is evidence to suggest the oxygen levels began to increase
in cells almost 300 million years prior to this event. This is possible because oxidative
photosynthesis predates the GOE and is key to the evolution of an oxygen-rich atmosphere’’.
Interestingly, nitric oxide synthases in animals evolved much later, around 800 million years
ago’’>. But, nitric oxide signaling can be traced back to ~3.5 billion years ago, as NO* can be
produced by events such as volcanic eruptions and lighting in the early atmosphere of the
Earth’’®. So how can we reconcile this evolutionary perspective with what we observe about the

interactions between superoxide and nitric oxide today?
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Perhaps, at first, the presence of SOD was for a signaling purpose. We have shown that
without sufficient levels of hydrogen peroxide, the main by-product of superoxide dismutation,
cells cannot survive (Sod1/°*/°* knockout cells treated with L-NAME and NAC). This would be
why C. elegans that do not produce nitric oxide still have SOD. But as nitric oxide levels began to
increase as mammals could synthesize their own nitric oxide, the main purpose of SOD had to
adapt. This is because of the paradox of nitric oxide expression —low levels are useful for signaling
but higher levels can be damaging as nitric oxide can cause damage itself and higher levels of
peroxynitrite are made. One way to allow more nitric oxide, without the damaging effects of
peroxynitrite formation, is to express SOD at such a high level that it can out-compete NO°. This
is only one possible interpretation that allows us to fit in our results to an evolutionary

perspective.

6. Clinical applications

Changes in the level of SOD expression or activity have been identified in various diseases. These
diseases include common age-dependent conditions, such as cardiovascular disease,
neurodegenerative diseases, and cancer. The most extensively studied connection between SOD
and a pathological condition is SOD’s involvement in amyotrophic lateral sclerosis (ALS). ALS is a
neurodegenerative disease that affects motor neurons. The onset of ALS is variable but in most
cases occurs in patients 50 years and older’”’. In 1993, the first mutations in SOD1 were found in
patients with familial ALS?°. In the years since, over 170 SOD1 mutations have been found in
both familial and sporadic cases of ALS’’® 779, SOD1 mutations seem to contribute to the
progression of ALS, not necessarily due to the gain or loss of superoxide dismutase function, but
rather the accumulation of an altered form of SOD1. However, the mechanism of how SOD1
mutations contribute to ALS motor neuron death remains to be elucidated!?°.

SODs, and more specifically the oxidative stress that can result from diminished superoxide
dismutase activity, have also been implicated in the pathology of cancers. High reactive oxygen
and nitrogen species can serve both a potential causal and propagative role in cancer
development and progression. Elevated ROS levels favour DNA mutations that can play a

causative role in tumorigenesis. The majority of ROS DNA mutations are G>T transversions and
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if these mutations occur in oncogenes or tumour suppressor genes, both initiation and
progression of cancer can result’8% 781, The resulting cancer cells have elevated levels of ROS that
would be toxic to normal cells, but elevated ROS can promote tumour growth and maintenance
as a result of genomic instability and altered cell metabolism’®2. For example, mutations in
oncogenes such as KRAS and MYC have been shown to be associated with elevated levels of
mitochondrial ROS”83. This ROS can then go on to activate the PI3K/AKT signalling pathway that
can stimulate cell proliferation, cell mobility, and metabolic changes®8® 784, Another example of
elevated ROS level aiding cancer cell maintenance is the ability of ROS to stimulate HIF1a and
thereby activate NRF2. This aberrant activation of NRF2, a transcription factor, can stimulate
angiogenesis and cell proliferation and promote adaptations to hypoxia’8>78’.

Likewise, cancer cells have also shown changes in expression of endogenous antioxidants,
such as alterations in SOD2 expression’88, Reported changes to antioxidant expression in cancer
cells vary, although perhaps this is not surprising as many of the studies are on different types of
cancer and cancer at various stages of progression. Interestingly, with regards to SOD2
expression, one of the interpretations is that SOD2 levels may be kept low to foster an
environment of high oxidative stress at tumour initiation, but SOD2 activity may be increased
later on in tumour progression, leading to increased mitochondrial H,0; and increased activation
of angiogenic and oncogenic pathways!?°,

Altered SOD expression or activity has also been implicated in cardiovascular diseases. It
was rather unexpected when, in 1997, Tribble et al. showed that mice overexpressing SOD1 have
more atherosclerotic lesions than control mice’®. Atherosclerosis is plague formation in arteries,
or the buildup of fats and cholesterol”®°. It has been proposed that excessive SOD activity actually
enhances oxidative injury as SOD1 overexpression generates higher amounts of H,0; that can
promote the formation of proatherogenic compounds like hydroxyl radicals and metal-
containing reactive species'?®. Interestingly, loss of SOD function can also stimulate vascular
disease. Both superoxide and peroxynitrite can lead to mitochondrial dysfunction, which in turn
results in increases in mitochondrial ROS. This mitochondrial ROS can then activate NADPH
oxidase, leading to further ROS production. Increased superoxide severely impacts the levels of

nitric oxide, due to the reaction of superoxide and nitric oxide to form peroxynitrite’!. Loss of
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nitric oxide and increases in peroxynitrite can result in vascular inflammation and remodeling
that alter vascular tone, increase vascular permeability, and can stimulate platelet aggregation’%
793, Finally, SOD3 seems to play a key role in the vasculature, as patients with coronary artery
disease has significantly decreased levels of SOD31%8,

Taken together, as SODs are the only known enzyme to act directly on superoxide, these
enzymes are unique in their ability to control the levels of ROS and RNS. This means that
considering how to mimic the functions of SOD or reduce the downstream reactions of
superoxide in diseases where SOD activity is diminished has high therapeutic potential. In this
thesis, L-NAME has been shown to both reduce the level of peroxynitrite formed in adult-onset
Sod1l knockout mice and to be effective in rescuing their viability and skeletal muscle
degeneration. As L-NAME is a NOS inhibitor, perhaps altering NO*® levels can be useful as a
treatment in neurodegenerative diseases, cancer, and cardiovascular diseases’®*7%7. For
example, in Chapter 2, | show that cells that express a mutant allele of KRas, a common mutation
in cancer known to increase levels of ROS, are more vulnerable to treatment with NO® donors,
supposedly because increases in NO® levels result in further production of peroxynitrite, which is
damaging to cells. One could see this having broader applications in lung cancer for example,
where KRas is often mutated. Perhaps patients could inhale a low level of NO*®, which would lead
to increased peroxynitrite formation in cancer cells specifically and cancer cell death.
Furthermore, in cardiovascular diseases where increased superoxide can severely hinder NO*
levels, treatment with a NOS inhibitor, such as L-NAME, may not be the way to go and it may too
severely diminish NO® levels. But, if cardiovascular diseases result as a combination of reduced
NO* levels and increased peroxynitrite formation, treatment with a peroxynitrite decomposition
catalyst, such as FeTPPS, may be sufficient. Overall, this thesis shows the reaction of superoxide

with nitric oxide is central to various processes throughout the body and should be considered

when developing new therapeutics.
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Figure Al: SOD expression in adult-onset Sod1 knockout mice

SOD1 expression is absent in all tamoxifen treated mice, however SOD2 and SOD3 expression
remains unchanged. SOD1 expression remains in the liver despite tamoxifen treatment as
tamoxifen is metabolized in the liver. SOD expression levels were analyzed 2 months after the
completion of tamoxifen or corn oil intraperitoneal injections. The tamoxifen only mice samples
were analyzed at approximately 2-3 weeks post injections since these mice die within 3 weeks of
the completion of tamoxifen injections from loss of SOD1 expression. During the 2 months
following tamoxifen or corn oil injections, mice in the L-NAME groups receive intraperitoneal L-
NAME injections every other day.
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Figure A2: Replicates of L-NAME rescued adult-onset Sod1 knockout skeletal muscles

Skeletal muscle pathology examined using H&E (hematoxylin & eosin) staining. Hematoxylin
stains the nuclei blue and eosin stains the cytoplasm and extracellular matrix pink. Pathology of
skeletal muscles shows muscle degradation in adult-onset Sod1 knockout mice (+tamoxifen only).
There are no signs of muscle degradation in adult-onset Sod1 knockout mice that received
intraperitoneal injections of L-NAME, a NOS inhibitor. Here, the three separate images for each
group come from different mice.

156



INOS/NOS! “mmmem - i gmgBERmE e e e
atubulin SEw ST em——— — c b em st eee—
— et ) — et ) —_ et
++ +/- -/~ ++ +/- -/- -/~ +/- +/+

Figure A3: Replicates of reduction in nNOS expression in Sod1 germline knockout mice
Comparison of nNOS (neuronal NOS) expression in skeletal muscle of mice with varying degrees
of Sod1 expression. The three genotypes examined were Sod1**, Sod1*- and Sod17". Each lane is
a skeletal muscle protein lysate sample from a different mouse (n = 10). Sod1** mice have higher
nNOS expression than their Sod1*- and Sod1”- counterparts. Each western blot compares
littermates. The genotypes of the mice were confirmed by PCR and SOD1 western blotting (not
shown).
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