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Abstract

The brain is a highly metabolically active tissue that critically relies on oxidative phosphorylation
as means for maintaining energy. One by-product of this process is the production of potentially
damaging radicals such as the superoxide anion (O»"). Superoxide has the capacity to damage
components of the electron transport chain and other cellular constituents. Eukaryotic systems
have evolved defenses against such damaging moieties, the chief member of which is superoxide
dismutase (SOD2), an enzyme that efficiently converts superoxide to the less reactive hydrogen
peroxide (H,0,), which can freely diffuse cross the mitochondrial membrane. Loss of SOD2
activity can result in numerous pathological phenotypes in metabolically active tissues;
particularly within the central nervous system. We will review SOD2’s potential involvement in
the progression of neurodegenerative disease such as stroke, Alzheimer’s, Parkinson’s, as well as
its potential role in “normal” age-related cognitive decline. We will also examine in vivo models
of endogenous oxidative damage based upon loss of SOD2 and associated neurological
phenotypes in relation to human neurodegenerative disorders.
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Introduction

Oxidative stress and reactive oxygen species (ROS) are often implicated in a wide range of
pathological processes throughout the body. Historically, much of the research which has
focused on endogenous oxidative stress can be traced back to the mitochondrial free radical
theory of aging proposed by Harman in 1972 (1). This theory implicated the production of
endogenous damaging free radicals as a by-product of mitochondrial metabolism leading to
progressive damage and ultimately age-related pathology. While the theory provided a
potential framework for discussing late onset degenerative disease; it has been contested as
the primary cause of aging (2), which may be due to an overall lack of specificity with
regards to the specifics of the theoretical framework. The theory is generally vague in a
number of key aspects, such as:

»  What levels of free radicals elicit deleterious phenotypes?

» Areall radicals equally deleterious?
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»  Are there specific proteins/lipids/nucleic acids that are especially vulnerable to
damaging radicals?

« To what extent do different cell types/tissues contribute radicals under different
metabolic states?

We feel that questions such as these, and many other more nuanced iterations to a large
extent make the theory untestable. Current theories about key mechanisms which attempt to
explain the pathobiology of aging such as age-related neurodegenerative disease frequently
include oxidative stress as part of larger constellation of pathological processes, rather than
being focused on a single cause (3-6). In general, contemporary views of common
neurodegenerative disorders including Alzheimer’s disease, Parkinson’s disease, stroke, and
Age-related cognitive decline (7), include a more nuanced view not overwhelmingly reliant
on a single biochemical process. Here, we will examine the role of oxidative stress in
neurodegeneration in relation to the mitochondria’s principal antioxidant enzyme
Superoxide Dismutase 2 (SOD2).

The SOD2 enzyme is the particular focus of this article because its cellular localization and
function arguably makes its presence more critical to neurodegenerative diseases than the
other superoxide dismutase isoforms found in mammals. Localization of the enzyme
determines the particular source of superoxide each isoform acts against in neuronal tissues
(Figure 1). For instance, SOD3 is secreted to the extracellular matrix in most tissues
including the central nervous system (8,9). While this enzyme is not directly located within
the cell, it can participate in metabolic regulation of cells in the central nervous system by
altering vascular tone and blood flow to the brain (10-13). Similarly, SOD1 can also play an
important role in the prevention of damage to the central nervous system with its
cytoplasmic localization (14), and to a lesser extent the mitochondrial intermembrane space
where it can also be found (15-18). Mutations in the SODZ gene are responsible in part for
damage to the mitochondria leading to the onset of the progressive neurodegenerative
disorder Amyotrophic Lateral Sclerosis (ALS) (19-21). It is clear that the maintenance of
superoxide levels in the extracellular and cytosolic environment are important to
maintaining the CNS with SOD1 and SOD3; however in this review will limit our
discussion to the most critical defense against mitochondrial superoxide, SOD2.

SOD?2 is located within the mitochondrial matrix, the main site of free radical production
from the electron transport chain (22). This enzyme catalyzes the reaction of superoxide
(02) to the less reactive hydrogen peroxide (H,O5) (which is not considered a free radical)
at diffusion limiting rates (23,24), before it can oxidize macromolecules such as DNA,
proteins, or lipid (25-29). This conversion to hydrogen peroxide also facilitates a passive
diffusion of hydrogen peroxide away from the mitochondrial matrix preventing a high
accumulation of superoxide close to the site of ATP production (24). We also discuss the
current /n vivo model systems for examining endogenous mitochondrial oxidative stress in
central nervous system by modulating SOD2 function. Finally, we examine the benefits and
limitations of model systems in relation to clinical features of neurodegeneration.

SOD2 in Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of advanced dementia, and currently
has no effective clinical intervention to alleviate AD symptoms. The classic clinical
hallmark in the diagnosis of this disease has been the accumulation of neurofibrillary tangles
and plaques in the brain (30,31). These aggregates of insoluble protein consist primarily of
hyper-phosphorylated tau and misprocessed amyloid-f isoforms in conjunction with metals,
likely arising from a dysregulation of metal homeostasis with age (6). Further, specific genes
have been implicated in familial forms of the disease, primarily relating to amyloid
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processing (32). The progression of Alzheimer’s can also be exacerbated by oxidative stress
(33,34). Clinical evidence in post-mortem samples from patients with Alzheimer’s disease
reveals that there are elevated markers of oxidative stress within the tissue including protein
and lipid peroxidation (35,36). This has lead to the suggestion that markers of oxidative
stress such as oxidized forms of nucleic acids or specific proteins could be used as markers
for AD risk factors (37). Butterfield and colleagues proposed that HNE produced by Ap-
induced lipid peroxidation could be a useful prognostic marker in cerebrospinal fluid (38).
However, teasing out cause and effect with regards to oxidative stress is always problematic,
did the stress come first, or is it a result of some other event as a compensatory process?

The interaction of ROS and AD is also supported by clinical findings that revealed an up-
regulation of antioxidant enzymes such as SOD?2 early in the disease progression (39).
However, there is no evidence to support the idea that dysregulation of SOD2 activity itself
is responsible for increased oxidative stress with age. Rather, up regulation of SOD?2 is
likely a compensatory mechanism against elevated oxidative stress due to an age-related
oxidative challenge of unknown etiology, and altered mitochondrial homeostasis. There is
some evidence supporting the idea that altered metal homeostasis in the brain with age may
be the cause of this endogenous oxidative stress (5). Other contributing factors to altered
mitochondrial function with age in the brain may be interactions with amyloid itself (which
also accumulates with age) (40,41). Amyloid has been shown to directly interfere with
mitochondrial respiration /n vitro (42). This progression could participate in a complex
degenerative cycle in which mitochondrial function is reduced leading to enhanced plaque
formation, which in turn promotes further mitochondrial dysfunction. There are many
variants on this model of a “vicious cycle” of mitochondrial dysfunction, which has long
been speculated on in the literature (43,44). However, there now exist many mouse models
which could be used to test the idea that mitochondrial dysfunction is synergistic to
pathological outcomes (“mitochondrial dysfunction begets more mitochondrial
dysfunction”, and so on...), so this question could be answered definitively with an
appropriate experimental design.

While there are numerous reports indicating a loss of mitochondrial function in Alzheimer’s
disease as well as in mouse models of this important age related disorder, a recent study has
reported that a number of prominent mouse models of AD contain no synaptic mitochondrial
defects despite having ongoing neurodegeneration in association with the prototypical
pathology associated with overexpression of mutant AB (45). This finding suggests that
mitochondrial dysfunction at the synapse is not associated with aberrant Ap pathology due
to overexpression of multiple transgenes involved in plague formation. More importantly,
this emphasizes that these commonly employed animal models of AD incompletely
recapitulate the mitochondrial aspects of the disease phenotype (45), which have long been
reported in tissues from patients suffering from AD. Over-reliance on animal models may
lead to spurious therapies that correct plaque formation, but do not address potentially
important respiratory defects or oxidative damage aspects of AD that may be critical to the
pathophysiology.

A number of mouse models have been created that affect the level of endogenous
mitochondrial oxidative stress by modulating SOD2 function in the presence of plaque
driven by transgenes (46,47). The creation of a transgenic mouse with one deleted copy of
the Sod2 gene crossed to an established model of Alzheimer’s (human APP/J20) accelerated
the AD pathology in the mouse (48). Interestingly, this reduction in SOD2 decreased the
deposition of amyloid-f in the parenchyma and increased amyloidosis in the vasculature of
the brain. Similar results were also reported in other mouse models of AD, such as the
Tg2576 and Tg19959 mice, which over-express mutant forms of human amyloid-f (46,47).
This genetic manipulation also enhanced deposition of amyloid plaque in response to
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reduced levels of SOD2. In a recent report, the overexpression of mutant amyloid prevented
long-term potentiation in cultured neurons which was rescued with administration of MitoQ
and Euk-134 (an antioxidant and SOD mimetic, respectively) (49). This evidence strongly
suggests a synergistic action between the mitochondrial oxidative stress and the progression
of plaque deposition. It is therefore possible that mitochondrial dysfunction and/or
endogenous oxidative stress is a prerequisite for neuronal loss in Alzheimer’s disease. There
is no clear genetic link between a normal age-related decline of neuronal function and the
neuronal loss from abnormalities in amyloid plaque and neurofibrillary tangles. However, a
decline in bioenergetic capacity and mitochondrial metabolism may be a common precursor
to both of these conditions. This emphasizes the importance of minimizing oxidative
damage within the brain to inhibit the loss of neurons over time across multiple disease
paradigms.

SOD2 in Parkinson’s Disease

Parkinson’s disease (PD) can be caused by either genetic or environmental insults that result
in the selective loss of dopaminergic neurons (50). The sporadic form of Parkinson’s disease
is a complex disorder caused by an as yet unknown mechanisms. Roughly 10% of PD cases
are partially explained by a specific gene mutation that results in the Parkinsonian phenotype
(51). Both the sporadic and familial forms progress with the selective loss of dopaminergic
neurons within the pars compacta of the substantia nigra of affected individuals. The result
of this neuronal death are clinical presentations of tremor, and a profound loss of motor
control. The progression of Parkinson’s is accompanied by perturbations in specific
biochemical pathways that include a loss of normal mitochondrial function. To date a
number of specific gene mutations in mitochondrial related genes including PINK1, DJ1,
PARKIN, and HTRAZthat have all been linked to hereditary forms of PD (52-56). All of
these mutations have been studied in relation to a common molecular hallmark, the loss of
complex | activity within the electron transport chain in association with PD. As with
Alzheimer’s disease, reduction in metabolic efficiency within the mitochondria may cause a
selective vulnerability of specific subpopulations of neurons that may contribute to the
disease.

While there is a substantial amount of evidence for biochemical defects in mitochondria of
Parkinson’s patients, there is little evidence to suggest that SOD2 function is directly
involved in the clinical progression of this disease. There have been reports that indicate that
the levels of SOD2 may be increased in the frontal cortex of Parkinson’s patients although
the numbers of patients recruited in the studies were too small to be conclusive (57,58).
Similarly, the activity of SOD2 in the plasma of Parkinson’s patients was found to be
elevated over age-matched controls even when they are in the asymptomatic phase of the
disease (59). Other studies have contradicted these findings, supporting the notion that there
is no change in SOD2 activity in PD (60). While the change in SOD2 in relation to PD
remains debatable, there are characteristic hallmarks of oxidative stress within the substantia
nigra of patients with PD (61-63). There is however a relative lack of detailed data in this
respect, likely relating to the inherent difficulty in examining ongoing changes in the disease
process, and a necessity to rely on material collected at the end stage of the disease after cell
damage and death has occurred. Like AD, the issue of cause and effect is also problematic;
do the oxidative changes occur in response to something else? Is oxidative damage directly
involved in the pathogenesis? This presents a real challenge in mechanistically ordering the
key events in age-related neurodegenerative disease (64). To some extent, this can be better
modeled using animal models of PD, where cause and effect, and temporal sequencing of
pathologies critically involved in the pathogenesis of PD may be better understood.
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Because of complex variations in mutations that can cause different forms of heritable PD,
there are several challenges in making appropriate animal models which capture the
phenotypes observed in PD. There have been several model systems developed which target
selective destruction of dopaminergic neurons within the brain. One of the most common
animal models used to study PD, was inspired by a serendipitous finding in drug addicts
who had consumed the opiate MPPP (1-Methyl-4-phenyl-4-propionoxypiperidine)
contaminated with the toxin MPTP (1-methyl 4-phenyl 1,2,3,6 tetrahydropyridine) (65). Use
of this narcotic resulted in a rapidly developing Parkinsonian like phenotype, after repeated
use of the drug. The symptoms were caused by selective death of the dopaminergic neurons
by the MPTP contaminating the recreational drug. The mechanisms behind the drug’s
neurotoxic effects have been well characterized since the initial report. The conversion of
MPTP to MPP* (1-methyl 4-phenylpyridinium) within the CNS causes the compound to be
taken up by the dopamine reuptake machinery at the synaptic terminal. Once within the cell,
MPP* acts as a Complex | inhibitor of the mitochondrial respiratory chain, causing
bioenergetic collapse and neuronal cell death (66). The exposure to MPTP therefore closely
mimics the loss of neurons in PD from a variety of genetic lesions.

MPTP treatment of rodents and lower primates has uncovered a number of important aspects
in the progression of PD with respect to the reduction of mitochondrial activity. However,
simply selectively challenging the dopaminergic neurons with neurotoxins does not fully
explain how PD progresses in humans. There are a number of biochemical abnormalities
that must occur prior to, or concurrently with the loss of mitochondrial function. A recent
study demonstrated that contrary to a widely held belief, the dopaminergic neuronal
population is not selectively vulnerable to bioenergetic challenge over that of the non-
dopaminergic neurons (67). Furthermore, this study reported that in mice, the ability of
mitochondria to maintain their membrane potential is not affected by age in either neuronal
population. This suggests that the initiation of Parkinson’s is not simply a loss of energy
production, but rather the selective loss of neurons from a unique environment (the
substantia nigra) which are biochemically distinct (68). Glutamate induced toxicity in a
culture model demonstrated that the expression level of SOD2 was sufficient to prevent cell
death, where SOD1 does not affect neuron survival (69). Additionally, these dopaminergic
neurons contain a number of substances such as high iron load and cytoplasmic dopamine
with the potential to generate endogenous oxidative stress beyond that generated during
normal cellular respiration (70).

Other genetic models of PD have been developed beyond the neurotoxic approach,
uncovering potentially important mechanisms (62). One such example is the DJ-1 knockout
mouse, which has revealed that the loss of this protein increased H,0, levels within the
brain (71,72), further implicating oxidative stress in PD. However, these mice do not
demonstrate either a loss of dopaminergic neurons or mitochondrial damage. Therefore,
increased levels of H,O, may be due to a compensatory up-regulation of antioxidant
defenses that include SOD2, thereby giving rise to increased levels of H,O,. Exogenous
DJ-1 treatment was protective of dopaminergic neurons when injected into the fore-brains of
mice which were administered neurotoxins (73). The authors of this study also found that
the levels of SOD2 were increased as a result of DJ-1 inactivation. Modulation of this
disease phenotype has also been noted in unrelated models where indirect up-regulation of
SOD?2 via the transcription factor FOXO prevented the loss of dopaminergic neurons in
PINK1 null drosophila (74). Therefore although SOD2 level does not appear to be directly
tied to PD, the antioxidant defense system is critical is preventing neuronal death in the face
of disparate cellular stresses.
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SOD2 in Ischemic Stroke

The sequence of events during a stroke can lead to a complex cascade ultimately setting up
neuronal death within the affected region (75). Initially during an ischemic stroke, also
called a “cerebrovascular accident”, a vessel supplying the brain becomes occluded, thereby
preventing the normal supply of blood delivering oxygen to meet the metabolic demand of
the tissue. This immediately sets up a situation where the neuronal tissue distal to vessel(s)
becomes ischemic, causing a cascade of bioenergetic collapse (76,77). Typically, a
symptomatic patient presents in the clinic where they are administered agents to dissolve the
impeding clot and restore blood flow to the ischemic region (78). This reperfusion of the
area with oxygenated blood prevents neuronal death due to lack of oxygen and metabolic
substrates. However, the rapid resumption of metabolism in the ischemic area causes a
secondary wave of reactive oxygen species generated from enzymes such as xanthine
oxidase and the mitochondria further damaging the affected area (79). Therefore, the
antioxidant defense systems in neuronal tissue including SOD?2 are critical to preventing cell
death from ischemia and reperfusion injury subsequent to a stroke.

The role of oxidative stress and mitochondria in the neurodegenerative processes of stoke
are somewhat clearer than that in Alzheimer’s and Parkinson’s disease because of the acute
nature of the traumatic injury to the brain (80). Consistent with this notion, antioxidants
have been proposed as potential acute therapeutics in recovery from stroke and more
generally as preventative agents (79). Potential biomarkers for the efficacy of such
antioxidant treatments such as the matrix metalloproteinase MMP9 activity are also under
investigation (81). This strategy may prove to be effective in lessening the damage after
stroke as it has been demonstrated in humans that there is a diminished capacity for
antioxidant activity in patients following an ischemic stroke (82,83). Because of our ability
to follow both the initial and subsequent oxidative damage from a specific traumatic event; a
number of valuable translation models have been developed to model what occurs in human
stroke.

From these translational models of stoke we can also appreciate SOD?2 as a significant
player in counteracting neurodegeneration. If antioxidants are given in the critical period
during the beginning of ischemia, SOD2 is markedly unchanged in cerebral tissue (84). Jung
et al. also demonstrated during reperfusion the regulation of SOD2 expression under the
control of STAT3 is crucial to neuroprotection (85). Similar genetic control in response to
ischemia was seen in genomic studies of brain tissue from ipsilateral and contralateral
strokes identified Sod2as one of the most dramatically altered genes after a stroke (86).
Overall the clinical and basic studies of oxidative damage during and following a stroke
indicate that treating the metabolic symptoms may be important and part of a larger regimen
to restore blood flow, reduce inflammation, and prevent scar tissue to promote the best
outcome for the patient (87,88).

SOD2 in Aging

While much research has been devoted to studying specific diseases or neurological
disorders associated with advancing age, a decline in cognitive function is nearly a universal
attribute of aging. Age-related cognitive impairment (ARCI) typically begins within the
third decade of life, although it is usually not apparent until a much later age. This decline is
not thought to be due to a large decline in the numbers of neurons in the brain, but rather a
loss of connectedness in the neural networks resulting in the loss of our ability to learn, store
and process information (89). Because ARCI is nearly universally present, it often makes it
difficult to differentiate a typical age-related cognitive decline from early pre-dementia
conditions. This often has implications for the physician, requiring them to make a judgment
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call as to what a normal or acceptable rate of cognitive loss is for a patient against their
chronological age (90). Neuronal loss and disease development can be viewed as a function
of the aging process where the loss of cellular homeostasis and function eventually leads to a
bioenergetic crisis point or threshold for each neuron (Figure 2). The exact order of events
leading to this stochastic neuronal loss is not precisely known, and is further complicated by
the interrelated nature of cellular functions in various neuron types. What is clear is that
given enough time of other pathologies; we all would experience some form of neuronal loss
leading to reduced cognitive function.

While the loss of cognitive function in ARCI is not as severe as in Alzheimer’s disease,
ARCI can be considered a mild but progressive form of a neurodegenerative disorder. As we
continue to extend the median and maximal lifespan of individuals, the maintenance of
cognitive function will be of increasing concern to maintain the quality of life of the aging
community (91). The maintenance of neuroplasticity comes with a high energy cost to
maintain synaptic connections. This constant metabolic demand can result in endogenous
oxidative stress as our defenses decline with age. This is complicated by the fact that we
know very little about the rate of oxidative stress within specific neuronal subpopulations of
the brain in vivo. Although it is clear that mitochondria have the potential to produce more
oxidative stress when metabolically quiescent, rather than when actively respiring, it is
unclear how age-related changes in the brain impact the potential for a pro-oxidative
environment. Mitochondria within neurons have been shown to be more susceptible to stress
with age, particularly in synaptic mitochondria (92). Similarly, endogenous oxidative stress
can severely restrict the bioenergetic capacity of the mitochondria in the synapse (93). This
increased oxidative stress has been shown to reduce cognitive function in a number of
animal studies (94-96). Studies in human beings have also found some correlation between
markers of oxidative stress and cognitive function (97,98). The ability to modulate a decline
in cognitive function with dietary supplements has met with mixed success, and this may be
attributable in part to the complexity of cognitive assessment, differences in study design,
efficacy of the antioxidants in question, and the difficulty of effectively delivering
antioxidants to the brain (99). While the results in human trials are not conclusive, aged
C57BI6 mice treated with catalytic antioxidants maintain their cognitive function better than
that of untreated mice (100). While the promise of antioxidant supplements for the
maintenance of cognitive function is an attractive prospect; there may be a more practical
approach to decreasing oxidative stress and maintaining function as we age. Both exercise
and diet can modulate the level of oxidative stress in an organism. Through the use of
lifestyle, changes in activity or diet can slow the onset of cognitive decline with age
(101-105). This not only has benefits to the individual, but also provides a low cost solution
to the expanding costs within the healthcare system. Although there is a great deal of data on
the benefits of exercise in reducing age-related pathologies in humans, corresponding
studies in animal models are much less explored, and this remains a potentially vibrant area
for exploration from a mechanistic perspective. Overall, future studies will determine if
lifestyle alone can maintain normal cognitive function throughout our entire lifespan or
pharmaceutical intervention will be necessary to achieve “successful” aging.

Neuronal effects in animal models of SOD2 dysfunction

We have examined a variety of animal models relevant to age-related neurodegenerative
disease, in the context of our knowledge about the role of SOD2 in maintaining low levels of
superoxide in the mitochondria. However, one can directly manipulate SOD2 by genetic
approaches, and a number of animal models in this context have been created (Table 1).
These models provide interesting phenotypes demonstrating how modulating the antioxidant
capacity within the CNS can affect the progression of neurodegenerative disorders. The
brain consumes approximately 20% of the total available blood flow for oxidative
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respiration despite accounting for only 3% of the total body mass (106). These data convey
just how metabolically active the brain is, and how tightly regulated the neutralization of
potentially damaging radicals from mitochondrial respiration must be in order to avoid cell
toxicity.

One of the first mammalian models to examine the effects of endogenous mitochondrial
oxidative stress in mice was the constitutive SodZ-/- mouse (107). Constitutive inactivation
of the gene for superoxide dismutase 2 results in severe pathologies in multiple organ
systems (107-115), including neurodegeneration ((111), an earlier report of
neurodegeneration proved to be non-reproducible). The extent of neurodegeneration due to
loss of Sod2 can be modulated by treating the mice with different doses of catalytic
antioxidants to prevent the oxidative damage (108,110,111); despite the fact that the
respiratory capacity of mitochondria remains severely impaired (93). Endogenous oxidative
stress in this mouse model also promotes the hyperphosphorylation of tau at multiple
phosphorylation sites, similar to that observed in Alzheimer’s disease (46). This study
directly implicated mitochondrial dysfunction from endogenous oxidative damage in the
etiology of one of the hallmarks of AD, the neurofibrillary tangle.

While the SodZ -I- mouse is a useful model to frame questions about the consequences of
endogenous mitochondrial oxidative stress, these animals experience acute damage that is
not seen in the slow progressive decline of age-related neurodegenerative disorders. In an
attempt to further refine this model system; there were a number of studies reported which
crossed mice hemizygous for Sod2 with “traditional” models of Alzheimer’s disease.
Interestingly, mice heterozygous for Sod2have only a mild phenotype and live a normal
lifespan (116), in contrast to the homozygous null which is neonatal lethal in multiple
genetic backgrounds. However, the heterozygotes still undergo a low level of oxidative
stress, which when combined with other transgenic neurodegeneration models can accelerate
the progression of the disease. This was seen in the Tg2576 and human APP transgenic
models of Alzheimer’s disease discussed earlier.

If reduced SOD?2 activity was deleterious to the cell and to the development of age-related
disease, then it seems reasonable to posit that constitutive over expression of this gene must
be protective against such disorders. The results from such studies concluded that increased
SOD2 could not consistently extend the lifespan of these mice (117,118). Similarly, there
was no improvement or protection against age-related neuronal decline as compared to
normal mice. Despite these findings, It was found that in the context of the Tg2576
Alzheimer’s mouse model, the over expression of Superoxide dismutase 2 is protective, and
can prevent some of the pathological features characteristic of that mouse (119). There are
several possibilities that may help explain these apparently disparate results. First, it is
possible that there may be a distinction in the role of SOD2 in neuronal disease verses other
morbidities. Another possibility is the effect of genetic background, as it has been known for
some time that genetic background can have profound effects on phenotypic outcomes
(120). Therefore, caution must be observed in over interpretation of studies on single genetic
backgrounds, as radically different results from inactivation of a gene may arise giving
apparent clear-cut results, which may in fact be due to compensatory processes and novel
gene/environment interactions.

The level of ROS within the cell must be maintained and balanced within any metabolically
active tissue. Over expression of SOD2 in a normal aging mouse will compensate for that
increased antioxidant capacity, just as a heterozygous Soa’2 mouse will compensate for the
loss of that missing gene copy. The key to the function of SOD?2 is to help maintain balance
and produce the ideal metabolic environment for the cell. It is overly simplistic to assume
that all ROS is “bad”, and reducing the levels of ROS within the cell to zero would result in

Free Radlic Biol Med. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Flynn and Melov

Page 9

a better cellular environment, and a corresponding increase in cellular efficiency. Adding to
this overall complexity is our lack of knowledge of ROS metabolism between differing
tissues and cell types. There is a general paucity of high quality information as to the levels
of ROS resulting from differing physiological states such as aging. It is conceivable that
imbalances in bioenergetic status, or oxidative stress could lead to a cellular crisis which
may explain the slow stochastic loss of neurons in age related neurodegenerative disease
(121). 1t is only when the system is perturbed, such as in the context of a mutant amyloid
protein, loss of function in a biochemical enzyme, or exposure to neurotoxins that the
activity of SOD2 appears to modulate the severity of the disease model.

Clinical relevance of oxidative stress in neurodegeneration

To date, attempts to stem the progression of neurodegenerative disease symptoms with
antioxidants have not been successful. For Alzheimer’s disease a series of clinical trials for
Idebenone (a synthetic analog of coenzyme Q1) indicated promising results but was
ultimately unsuccessful in slowing the cognitive decline in patients (122-124). These results
have been echoed in studies using Vitamin E and C in the prevention of mild cognitive
impairment (MCI) and Alzheimer’s disease (125). Double-blinded studies have shown some
significant benefits to delay the onset of advanced Alzheimer’s, but could not prevent the
progression or rate of decline from MCI to fully developed Alzheimer’s disease (126).
Similarly, clinical antioxidant treatments in Parkinson’s disease have not yet yielded
beneficial treatment.

Two different antioxidant compounds have been tried in double-blinded clinical trials.
Coenzyme Q10 was well tolerated in the patient group, but there was no benefit observed
after 3 months of treatment (127). The efficacy of antioxidant therapy in the progression was
again tested three years later in another clinical trail of “MitoQ”, a mitochondrially targeted
form of CoQ10 in PD patients. This therapy too was not effective at slowing the progression
of Parkinson’s (128). These data indicate that oxidative stress may not be a causative factor
in PD, but may be symptomatic of the ongoing dysfunction in the cellular machinery
regulating mitochondria. Further examination of antioxidants in combination with other
treatments may yet provide additional benefits in neuroprotection.

While the regulation of oxidative stress alone does not appear to prevent specific
neurodegenerative disorders, it may provide some benefit in slowing the progression of
these diseases and help to maintain the bioenergetic function of neurons. This oxidative
stress paradigm may be useful in maintaining function in the context of aging. A number of
prospective clinical studies have seen modest benefits in delaying mild cognitive impairment
with prophylactic treatment of antioxidants (129,130). However these results remain
controversial within the literature (131,132). In general, these studies raise more questions
than answers, and further stimulate enquiries into what else contributes to neurodegenerative
disease, and how can age-related changes within the brain be dealt with on multiple fronts
beyond oxidative damage and mitochondrial dysfunction. One step towards the development
of multifaceted treatments is a deeper understanding of how to maintain the balance between
bioenergetic demand, and the capacity to recycle the metabolic byproducts of the neuron. By
understanding SOD2’s role in this equilibrium, or disequilibrium in the case of disease, we
will come closer to developing treatments for age-related disease, and potentially a better
understanding of mechanisms which drive the pathophysiology of aging itself.
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Figure 1. Function of Superoxide dismutatses

Schematic of a cell showing the localization and function of the 3 superoxide dismutase
isoforms. SOD1 is primarily localized to the cytosol of the cell (yellow) as well in the
intramembrane space of the mitochondria, while SOD3 is secreted to the extracellular space
(blue). The SOD?2 isoform is specifically localized to the inner mitochondrial matrix at the
site of superoxide production from the mitochondrial election transport chain (purple).
Shown in this diagram is a representation of molecular oxygen diffusing into the
mitochondria where it is converted into superoxide as a byproduct of oxidative
phosphorylation. SOD2 converts this damaging agent into hydrogen peroxide where it can
diffuse from the mitochondria and be further detoxified to water by antioxidant enzymes
such as Catalase (CAT) or Glutathione Peroxidase (GPx) (both in the mitochondria in some
cases, as well as in the cell).
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Figure 2. Aging and neurodegener ative disorders

A simplistic model of how aging impacts the development of neurodegenerative disorders.
As we age, there is a decline in a multitude of interrelated cellular processes, including
antioxidant defenses of mitochondria, causing a cascade of functional losses ultimately
reaching a threshold for bioenergetic collapse and cell death. On a long enough time scale
free from morbidity in other tissues; everyone would eventually see the effects of this
functional loss prior to death. Therefore examining the progression and timing of the causes
and developing therapies to counteract or maintain functional loss are critical in maintaining
healthy brain aging.
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In vivo models of Sod2’s role in Neuronal disease
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Genetic modification

Details

Phenotype

References

Constitutive Soad?2 -/

Strain dependent embryonic or
neonatal lethality.

Neurodegeneration and spongiform
encephalopathy prevalent, and modulated by
antioxidant intervention. Selective regional
loss of neurons.

(107-111,115)

models of plaque.

Constitutive Sod2 +/- Mouse is developmentally normal and No overt phenotype phenotype, but there is a (116)
lives into adulthood. susceptibility to oxidative stress and increased
risk of cancer.
Constitutive Soa2 over Over expression of SOD2 enzyme in Mixed results in the extension of lifespan. Did (117,118)
expression whole animal. not improve neuronal function
Constitutive Sod2 over SOD?2 increased in a model common Over expression prevented some pathological (133)
expression in Tg2576 mice model of Alzheimer’s Disease changes and improved brain function.
Constitutive Soa2 +/- with MPTP, 3-NP, and Malonate treatment Neurotoxic stress is enhanced by reduction in (113)
Neurotoxins. of Sod2 null heterozygous mice. Sod?.
Targeted Sod2 knockout in all CRE-Lox system driven by Nestin Severe CNS degeneration with no major PNS (134)
Nestin positive cells. promoter effects.
Targeted Sod2knockout in CRE-Lox system driven by vesicular No altered function in motor neurons. (135)
motor neurons acetylcholine transporter for adult
cholinergic neurons
Mutant APP with Sod2 +/- Sod2 +/- mice with Alzheimer’s Reduction in SOD2 activity accelerates the (46-48)

severity of the AD phenotype.
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