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Abstract

Aging is the most important risk factor for common neurodegenerative disorders such as Parkinson’s
and Alzheimer’s diseases. Aging in the central nervous system has been associated with elevated
mutation load in mitochondrial DNA, defects in mitochondrial respiration and increased oxidative
damage. These observations support a “vicious cycle’ theory which states that there is a feedback
mechanism connecting these events in aging and age-associated neurodegeneration. Despite being
an extremely attractive hypothesis, the bulk of the evidence supporting the mitochondrial vicious
cycle model comes from pharmacological experiments in which the modes of mitochondrial enzyme
inhibition are far from those observed in real life. Furthermore, recent in vivo evidence does not
support this model. In this review, we focus on the relationship among the components of the putative
vicious cycle, with particular emphasis on the role of mitochondrial defects on oxidative stress.

Mitochondrial respiratory chain and reactive oxygen species production

Mitochondria, being the key players in ATP production and diverse cell signaling events, are
essential organelles for the survival of eukaryotic cells. Unlike all other organelles in animals,
the mitochondria have their own genome (mitochondrial DNA; mtDNA) that encodes
components of the oxidative phosphorylation (OXPHOS) system. The mitochondrial
OXPHOS machinery is composed of five multisubunit complexes (complex 1-V). From Krebs
cycle intermediates (NADH and FADH,), electrons feed into complex | or 1, and are
transferred to complex 111, then to complex 1V, and finally to O,. The redox energy released
during the electron transfer process in complexes I, 111 and 1V is utilized to actively pump out
H* from the mitochondrial matrix to the intermembrane space, generating the electrochemical
gradient of H* across the inner membrane which is ultimately utilized by complex V to produce
ATP [1].

This elegant system for energy production, however, is not perfect. A small portion (up to 2%)
of electrons passing through the electron transport chain, mostly at complex I and complex Iil,
react with molecular oxygen and yield superoxide anion, which can be converted into other
reactive oxygen species (ROS) such as hydrogen peroxide and the highly reactive hydroxyl
radical through enzymatic and nonenzymatic reactions [2]. Cells are endowed with robust
endogenous antioxidant systems to counteract excessive ROS. It is believed that ROS, in
particular hydrogen peroxide, have physiological roles as signaling molecules [3,4]. However,
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when ROS production overwhelms the endogenous antioxidant systems, they can potentially
damage various types of macromolecules, including proteins, lipids and nucleic acids. These
damages are collectively referred to as ‘oxidative stress,” and have been implicated in aging
and various pathological processes. The mitochondrial ‘vicious cycle’ theory of aging states
that ROS, generated from OXPHQOS, induces mutations in the mtDNA, which in turn leads to
OXPHOS dysfunction (Figure 1) [2,5]. The impaired OXPHOS function would lead to further
production of ROS, which further exacerbates mtDNA mutations.

In this review, we discuss recent progress and some surprising new data that raise important
questions regarding the mitochondrial vicious cycle and its contribution to aging and major
neurodegenerative conditions, with emphasis on Alzheimer’s disease (AD) and Parkinson’s
disease (PD). The main question we address here is whether OXPHOS defects are responsible
for an increased oxidative stress in vivo.

Mitochondrial DNA mutations and oxidative stress in the aging brain and in
neurodegenerative diseases

ROS-mediated formation of mutated mtDNA (large-scale deletions and point mutations) has
been implicated in physiological senescence and age-related disorders such as sporadic
neurodegenerative disorders, type 1l diabetes, cancer and cardiac diseases (reviewed in Refs
[2,6]). Indeed, mtDNA with large deletions has been reported to accumulate with aging in
various tissues of various mammalian species (reviewed by Kujoth et al. [7]). Although these
observations do not address whether the accumulation of mutated mtDNA has a causal role in
aging, they suggest that mutated mtDNA serves as a useful biomarker of aging regardless of
the lifespan of specific organisms. The mammalian central nervous system (CNS) is not an
exception. Several reports have presented clear age-dependent increases in the amount of
deleted mtDNA in the brains of rodents and human [7]. Although in these reports the fraction
of deleted mtDNA was estimated to be very low (less than 1%), recent studies that employed
single-cell dissection in combination with quantitative real-time PCR showed that, in the
human substantia nigra neurons of elderly subjects, deleted mutant mtDNA species accumulate
to up to ~45% of total MtDNA [8,9]. This mutated:wild-type mtDNA ratio tended to be higher
in PD patients [9], raising the intriguing possibility that stochastic age-associated elevation of
mtDNA mutations could be responsible for sporadic neurodegeneration in nigral neurons. It
appears that the extensive accumulation of deleted mtDNA is unique to the nigral neurons and
not as pronounced in other regions or even in other cell types in the aging CNS. Kraytsberg et
al. observed a heterogeneous staining pattern in aged substantia nigra neurons after in situ
cytochrome oxidase (COX) activity staining, and noticed that COX-negative neurons contain
a higher proportion of deleted mtDNA than COX-positive neurons [8]. The nature of mutations
was apparently somatic (not inherited), because individual neurons contained unique types of
deleted mtDNA. Although earlier studies were unable to demonstrate the correlation between
the accumulation of deleted mtDNA and AD by analyzing human cortical tissues [10,11], there
could be other ‘regional hotspots’ where deleted mtDNA preferentially accumulates and
contributes to neuronal death in AD. It remains to be determined whether the COX deficiency
correlates to oxidative stress in individual brain cells in any of these conditions.

Contribution of mutated mitochondrial DNA to aging and oxidative stress in mice

The “‘mutator mice,” expressing a proofreading-deficient mitochondrial DNA polymerase
(POLG), accumulate mtDNA mutations in an age-dependent manner and develop many
features of premature aging [12—14]. Murine embryonic fibroblasts prepared from the mutator
mice exhibited defects in OXPHOS function but, surprisingly, those cells as well as tissues
from adult mice did not exhibit increased ROS production or oxidative damage. Although the
generation of ROS depends on the specific defect in OXPHOS components and residual
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activities, the random nature of mutations in these mice would be expected to create such
defects. The lack of oxidative stress raises questions of whether naturally accumulating mtDNA
mutations are responsible for increased oxidative damage [15]. These results imply that
mtDNA mutations could accelerate aging, even without the involvement of oxidative stress.

Contribution of ROS to mutations in mitochondrial DNA

Mounting evidence suggests that oxidative damage increases in the mammalian brain during
aging [16]. It is generally assumed that mitochondria-driven ROS induces mutations in
mtDNA. Recent evidence suggests that double-strand breaks might be the main mediators of
mtDNA deletions. Work from our laboratory showed that double-strand breaks in mtDNA
induce the formation of large deletions in mouse muscle [17] and brain (H.F. and C.T.M.,
unpublished), suggesting that this could be the main mechanism accounting for the generation
of age-associated deletions in mtDNA. This mechanism has also been proposed to explain the
occurrence of multiple mtDNA deletions in patients with mitochondrial disorders [18]. Double-
strand breaks can be caused by ROS [19], but it can also be caused by stalling of the DNA
replication fork [18]. Elucidating the mechanisms of formation of mtDNA deletions could give
us new insights into whether ROS play a major role in the generation of age-associated mtDNA
rearrangements and in the vicious cycle theory of aging.

Complex | defects, oxidative stress and Parkinson’s disease

Mitochondrial complex | (NADH:ubiguinone oxidoreductase), a 45-subunit enzyme complex,
catalyzes the first step of the electron transport chain utilizing noncovalently bound prosthetic
groups (flavin mononucleotide or FMN, and ion—sulfur clusters) [20,21]. Seven subunits (ND1,
2,3,4L, 4, 5, 6) are encoded by mtDNA, whereas the others are encoded by nuclear DNA.
The mtDNA-encoded proteins comprise half of the ‘catalytic core,” whereas seven subunits
encoded by nuclear DNA (NDUF-S1, S2, S3, S7, S8, V1, VV2) comprise the other half.

Contribution of complex | defects to oxidative stress and neurodegeneration in PD

Several genes associated with familial PD have been identified in the last few years [22].
Although some of these gene products localize to mitochondria, a direct link with OXPHOS
or oxidative stress has not been established yet.

A complex | defect and increased oxidative damage are consistent features of PD brains, in
which the dopaminergic neurons in the substantia nigra pars compacta are preferentially
affected, even though the defect is also observed in other cell types (reviewed by Dawson and
Dawson [23]). The notion that complex | defects are central to the development of sporadic
PD originates from the observation that complex | inhibition induced by rotenone or 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine promotes PD-like symptoms and the formation of
cytoplasmic inclusions. The formation of these protein aggregates, containing a-synuclein
(Lewy bodies), has been accompanied by selective degeneration of nigral neurons in rodents
and primates [23,24]. Oxidative stress has been suggested to play an important role in neuronal
death in these pharmacological models of PD [25,26]. However, a low concentration of
rotenone (5 nM), which is sufficient to induce production of ROS, still exerted neurotoxic
effects in cultured cells even in the presence of an antioxidant [27]. Therefore, both oxidative
stress-dependent and -independent mechanisms are likely to play a pathogenic role in models
of PD induced by complex I inhibitors.

Bioenergetic defects rather than oxidative stress might be a more critical player in the

development of PD, as antioxidant treatments, including coenzyme Q10, have not shown clear
benefits in clinical trials [28,29]. The notion that a complex | defect leads to a major increase
in ROS production derives in part from the fact that rotenone, the most commonly used complex
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I inhibitor, increases ROS production in isolated mitochondria in the presence of excess
NADH-linked substrates [30-32]. However, not all mutations in complex | subunits lead to an
increase in ROS production [33]. Future detailed studies unraveling the molecular mechanisms
whereby complex I is inhibited in sporadic PD patients will help us understand the contribution
of complex | defects to oxidative stress and neurodegeneration in PD.

Origins of complex | defects in PD

Although it is plausible that chronic exposure to complex I inhibitors such as pesticides could
contribute to the development of idiopathic PD, it is unlikely that toxin exposure fully accounts
for a selective complex | defect in the general population. Furthermore, PD patients without
any history of toxin exposure also exhibited a complex | defect in platelets [34].

The hypothesis that mutations in mtDNA account for complex I defects in PD has been a matter
of debate for a decade. To examine the direct contribution of mtDNA to complex | defects,
several groups have generated and characterized cybrid cell lines, in which platelet
mitochondria from PD patients or age-matched controls were transferred to mtDNA-less
human cell lines (rhoO cell lines). Gu et al. [34] and Swerdlow et al. [35] independently studied
PD cybrid lines generated on nuclear backgrounds of lung carcinoma and neuroblastoma,
respectively, and consistently observed an ~20% decrease in complex | activity in PD-derived
cybrids. Later studies further demonstrated that PD cybrids produce more ROS, suggesting an
important role of mtDNA mutations in oxidative stress and PD. However, no unequivocal
mtDNA mutation accounting for the complex I defect has been reported to date in PD cybrids,
and a similar cybrid study failed to demonstrate the transfer of complex I defects from PD
platelets to HeLa rhoO cells [36]. A comparison of the entire mtDNA sequence from PD and
control substantia nigra did not identify clear pathogenic mutations in PD mtDNA, and
questioned the involvement of mtDNA in PD pathogenesis [37]. One drawback of this study,
however, is that sequencing analysis might miss heteroplasmic mtDNA species that could be
concentrated in disease-relevant cells. A more recent study employed a cloning-based sequence
analysis to study the mutation load in the gene encoding ND4 in the cerebral cortex and
substantia nigra of PD patients [38]. Although this study revealed a clear age-dependent
increase in point mutations in control subjects, there was no significant difference in mutation
load between PD and control groups. By contrast, more comprehensive studies identified
dozens of amino acid-changing mutations that predominantly occur in the gene encoding ND5
of PD frontal lobe samples [39,40]. The mutations identified in these studies occurred at low
frequencies of 0.9-1.2%, and their functional significance is unclear. One study identified a
particular single-nucleotide polymorphism (10398G) within the gene encoding ND3 (part of
haplogroups J and K) as a factor that significantly reduces the risk of PD [41]. Yet another
study implicated a polymorphism in a nuclear-encoded complex I subunit, NDUFV2, as a
determinant of susceptibility to PD [42]. The functional impact of such mutations and
polymorphisms on complex | activity and ROS production is still undetermined.

If mtDNA mutations cause systemic complex | defects in PD patients, are those mutations
inherited or acquired? In idiopathic PD, the evidence of maternal inheritance is at best scarce
[43]. In the context of age dependency of PD onset, stochastic age-dependent somatic
(acquired) mutations would fit better. Although it is difficult to envisage that somatic mutations
would preferentially affect genes that encode complex | subunits, such subunits are responsible
for a relatively high percentage of mtDNA coding capacity.

Complex IV defects, oxidative stress and Alzheimer’s disease

Complex IV or COX is the terminal enzyme of the mitochondrial electron transport chain. The
detailed structural aspects of this enzyme complex and highly coordinated assembly processes
have been reviewed recently [44,45]. In brief, the catalytic core of complex IV is composed
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of three subunits (COX I, 1l and 111) encoded by the mtDNA. The remaining ten accessory
subunits are encoded by nuclear DNA and provide structural support and regulatory functions
for the catalytic core. Redox centers situated in COX | (heme a, heme az and Cug) and COX
I1 (Cup) coordinately mediate the electron transfer from cytochrome ¢ to molecular oxygen.
In addition to the structural components of complex 1V, several assembly factors are required
to complete the maturation of this complex. For example, COX10 catalyzes the farnesylation
of protoheme (heme b) during the biosynthesis of heme a, which subsequently becomes
incorporated into COX | and mediates electron transfer. Our targeted disruption of COX10
gene confirmed that this enzyme is essential for the synthesis of functional COX | and assembly
of complex IV in mammals [46]. Unlike other respiratory complexes, complex 1V has the
capacity to retain partially reduced, unstable intermediates during electron transport, and
therefore it is not considered a site of ROS production [47]. However, COX inhibition could
lead to a backup of reduced complexes upstream in the respiratory chain, which has been
proposed to increase ROS production [48-50].

Contribution of complex IV defects to oxidative stress and neurodegeneration in AD

Reduced complex IV activity and increased oxidative damage are consistent features in AD
brain. The major histopathological features of AD brain include the accumulation of diffuse/
neuritic plaques composed of B-amyloid (Ap) and the appearance of neurofibrillary tangles
composed of phosphorylated tau [51]. Although the detailed interactions between Af and tau
remain unknown, recent findings in triple transgenic mice harboring mutant APP, mutant
presenilin 1 and mutant tau provided support for A positively regulating tau pathology [52].

To address the contribution of oxidative stress to the development of pathological features of
AD, different groups employed various pharmacological and genetic approaches to modulate
oxidative stress in mouse models of AD expressing mutant forms of human APP [53] (and
references therein). These studies consistently demonstrated a strong correlation between
oxidative stress and accumulation of Ap with the possible involvement of an APP-processing
enzyme, 3-secretase [53-57]. A recent report using heterozygous Mn-SOD knockout mice also
showed that oxidative stress modulates hyperphosphorylation of tau, which leads to the
formation of neurofibrillary tangles[58]. Although it is not clear whether oxidative stress
affects phosphorylation of tau independently or through the increased accumulation of Ap,
mounting evidence is suggestive of the causal role of oxidative stress in the development of
AD.

To assess Whether a genetically induced complex 1V deficiency affects oxidative stress and
production/accumulation of Ap, we have first generated neuron-specific conditional COX10
knockout mice and then crossed them with a mouse model of AD to generate complex V-
deficient AD mice (COXd/AD mice) [53]. Contrary to our expectation, brains of COXd/AD
mice exhibited less amyloid plaque and reduced AB deposition, as compared to AD mice. In
addition, we were unable to demonstrate increased ROS production from mitochondria or cells
lacking complex IV activity. In fact, the reduction in AP deposition was accompanied by
reduced oxidative damage. We concluded that an isolated complex IV defect does not
contribute to oxidative stress and AD pathology, and that the increased oxidative damage found
in patients and animal models of AD is a consequence of Ap accumulation. Furthermore, we
showed that partial inhibition of complex 1V in fibroblasts does not affect ROS production
[53]. Nevertheless, the effect of partial complex IV inhibition on ROS production in post-
mitotic neurons or adult CNS in vivo and its potential contribution to AD remain to be
investigated. Of note, a partial impairment of complex 1V activity induced by the targeted
disruption of the complex IV assembly factor SURF1 prolongs the lifespan of mice and protects
neurons from kainic acid-induced excitotoxicity [59]. In general, prolonged lifespan and
resistance against excitotoxicity are associated with reduced oxidative stress or increased
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resistance against oxidative stress [60-63]. Therefore, it would be of particular interest to study
whether the partial impairment of complex IV mediated by SURF1 knockout reduces oxidative
damages in the CNS as we found in COX10 conditional knockout.

Origins of complex IV defects in AD

According to the vicious cycle theory of aging, age-related increases in mutations of mtDNA
could affect mitochondrial OXPHOS, which in turn could induce further production of ROS.
Although this model is extremely attractive, the relatively specific impairment of complex IV
activity found in AD brains and platelets is not easily explainable from the stochastic
accumulation of somatic mtDNA mutations. Furthermore, the evidence supporting the
correlation between mtDNA mutations and AD is lacking [11,64,65].

Recent evidence suggests that Ap and APP are imported or targeted to the mitochondria and
impair complex IV activity. The proposed mechanisms of complex IV inhibition by Af include
(i) blockage of mitochondrial import channels by APP to prevent the import of nuclear-encoded
complex IV subunits [66], (ii) sequestration of heme by Ap [67,68] and (iii) interaction between
Ap and AB-binding alcohol dehydrogenase (ABAD) [50,69]. The latter two mechanisms have
been suggested to promote ROS production. Thus, an mtDNA-independent vicious cycle
connecting A, heme/ABAD, complex IV and ROS might participate in age-dependent
exacerbation of AD pathology and complex IV defects. However, AB binds not only to heme
abutalso to protoheme (heme b). The interaction of Ap with heme alone is sufficient to generate
a peroxidase activity in vitro without the involvement of complex IV. The mechanism whereby
ABAD-AZp interaction leads to the reduction of complex IV activity is largely unknown. In
addition, the effect of this interaction on other components of OXPHOS has never been studied.
Although further studies are required to understand the mechanism by which complex IV is
inhibited in AD patients and to clarify the origin of oxidative stress, it appears that the defect
is a consequence, rather than the cause, of A accumulation.

Conclusions

Pharmacological and genetic evaluations of OXPHOS inhibition on ROS production have
improved our understanding of mechanisms and sources of ROS production. At the same time,
however, it is becoming clear that genetic defects in OXPHOS do not necessarily lead to similar
increased production of ROS or elevation of oxidative stress. This is probably related to the
fact that most genetic defects result in a decrease in the levels of a functional OXPHOS
complex, rather than in OXPHOS with altered chemistry. Although numerous studies support
the importance of oxidative stress in aging and age-associated diseases including
neurodegenerative ones, the validity of the “vicious cycle’ theory of aging bridging mtDNA,
OXPHOS and ROS has not been substantiated by in vivo experiments. In fact, most of the
emerging evidence in vivo does not support this theory. The jury is still out, and the burden of
proof lies in future, more detailed studies in true aging models. To convincingly assert that the
vicious cycle hypothesis plays an important role in aging and neurodegeneration, its proponents
will have to clarify (i) how mtDNA mutations are induced in aging, (ii) the extent to which
age-associated somatic mtDNA mutations affect cellular OXPHOS function and (iii) whether
age-associated OXPHOS impairment affects ROS production and oxidative stress.
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Figure 1.

OXPHOS-oxidative stress—neurodegeneration connections. OXPHOS activity produces ROS,
which could induce mutations in the mtDNA. In turn, mtDNA mutations can lead to the
inhibition of OXPHOS, which can increase the production of ROS. The ‘vicious cycle’ theory
of aging suggests that an exponential increase in ROS production and oxidative damage
mediated by these interactions could be a strong contributor to age-associated
neurodegenerative diseases. However, in vivo evidence for a causative relationship between
these players has not been provided. Defects in OXPHOS can contribute to aging in an
oxidative stress-independent manner, and the latter could be a marker of senescence. In
addition, misfolded proteins, such as Ap, were also shown to impair OXPHOS and possibly
other metabolic systems.
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