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Abstract: Mitochondria are extremely active organelles that perform a variety of roles in the cell
including energy production, regulation of calcium homeostasis, apoptosis, and population maintenance
through fission and fusion. Mitochondrial dysfunction in the form of oxidative stress and mutations
can contribute to the pathogenesis of various neurodegenerative diseases such as Parkinson’s (PD),
Alzheimer’s (AD), and Huntington’s diseases (HD). Abnormalities of Complex I function in the
electron transport chain have been implicated in some neurodegenerative diseases, inhibiting ATP
production and generating reactive oxygen species that can cause major damage to mitochondria.

Mutations in both nuclear and mitochondrial DNA can contribute to neurodegenerative disease, although the pathogenesis
of these conditions tends to focus on nuclear mutations. In PD, nuclear genome mutations in the PINK1 and parkin genes
have been implicated in neurodegeneration [1], while mutations in APP, PSEN1 and PSEN2 have been implicated in a
variety of clinical symptoms of AD [5]. Mutant htt protein is known to cause HD [2]. Much progress has been made to
determine some causes of these neurodegenerative diseases, though permanent treatments have yet to be developed. In
this review, we discuss the roles of mitochondrial dysfunction in the pathogenesis of these diseases.
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1. INTRODUCTION

Mitochondria are dynamic organelles that perform many
important roles in the cell. First observed in the 1840s, the
mitochondrion, whose name was coined in 1898 by Carl
Benda, supplies energy to the cell through a process known
as oxidative respiration. The origin of the mitochondria,
known as the Endosymbiotic Theory, states that mitochondria
were once aerobic bacteria capable of performing oxidative
respiration that were subsequently engulfed by anaerobic
eukaryotic cells. These eukaryotic cells and aerobic bacteria
formed a symbiotic relationship in which the aerobic bacteria
generated energy for the cell efficiently through oxidative
respiration. Through evolution, these bacteria evolved into
the modern mitochondria [3].

The Electron Transport Chain (ETC) is one of the
hallmarks of mitochondria, and one of the most vital
components of energy production. Since the majority of ATP
is produced in the ETC, it is crucial for cells that the chain
works properly. The ETC is separated into two processes:
electron transfer and formation of the proton gradient across
the membrane. Dysfunction at different complexes in the
ETC, either by genetic or exogenous factors, can contribute to
the neurodegenerative diseases mentioned earlier. For example,
the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) inhibits the protein NADH:ubiquinone oxidoreductase
(Complex I) from pumping protons across the mitochondrial
membrane and thereby prevents the formation of the
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electrochemical gradient. This blockade hinders ATP
production and subsequently induces energetic failure [4].
The pathological effects of the defects in mitochondrial
respiration will be discussed later.

Neurodegenerative diseases that have correlations with
mitochondrial dysfunction and mtDNA defects are PD,
AD, and HD. PD is characterized by loss of pigmented
dopaminergic neurons in substantia nigra pars compacta,
leading to resting tremor, rigidity, bradykinesia, and postural
instability. Cellular pathological characteristics include
electron transport chain dysfunction, particularly complex I
defects, and increased levels of reactive oxygen species.
Nuclear mutations in PARK2, PARKS, and PINK1 have
been implicated in Parkinsonian symptoms [1]. AD is another
common condition that affects memory, cognition, and
behavior. Pathologically, AD is characterized by accumulation
of beta-amyloid proteins and neurofibrillary tangles composed
of aggregates of hyper-phosphorylated tau protein. Mutations
in APP, PSENI1, and PSEN2 were shown in Alzheimer’s
disease [5]. HD is a neurodegenerative disease that affects
muscle coordination and leads to cognitive decline and
psychiatric disability. It was shown that changes in the ETC
resulting in the overproduction of ROS and alterations in
mitochondrial dynamics, specifically disruption of fission-
fusion balance, can contribute to neuronal death in HD [2].
These neurodegenerative diseases and their relation to
mitochondrial dysfunction will be discussed in detail.

2. THE GENETICS OF NEURODEGENERATIVE
DISEASES

In PD, mutations in genes encoding a-synuclein (SNCA),
parkin (encoded by PARK?2), PINK1, and LRRK2 (encoded
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by PARKS) (see Table 1) have resulted in protein
aggregation and induced mitochondrial dysfunction and
oxidative stress that characterize PD [6-8]. Mutations in
POLG were also shown to contribute to the pathogenesis of
PD. Knockdown of POLG in Drosophila led to decreased
expression in mitochondrial respiratory chain subunits such
as cytochrome c oxidase subunits I and III, and cytochrome
b. It was also seen that the lifespan of affected Drosophila
was significantly decreased in adult flies, showing that
knockdown of POLG in adult Drosophila flies induced
shorter lifespan [9].

In AD, mutations in APP, PSEN1, and PSEN2 have been
implicated in disease pathogenesis (Table 1). APP (human
amyloid precursor protein) becomes characteristically
unfolded and tangled, forming plaques that become toxic to
neurons, directly contributing to neurodegeneration [10]. The
presenilin (PSEN1/PSEN2) genes contribute components to
the gamma-secretase complex, which cleaves APP. Thus,
mutations in the secretase can directly result in the
accumulation of aberrantly folded APP tangles [11].

In HD, the aberrant repetition of the CAG trinucleotide
sequence in exon 1 of the huntingtin gene has been known to
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induce symptoms of this disease [12] (Table 1). The
expanded CAG repeat typically characterizes HD, but the
length of the repeat was shown to vary between generations.
For example, some males have been observed to pass larger
repeat lengths to their progeny, and these transmissions
could potentially cause early-onset HD at a younger age.
Another genetic condition by the name of “Huntington’s
disease-like 2” was caused by a mutation, which is similar to
Huntington’s disease. It is a CTG/CAG in the spliced exon
following exon 1 of the junctophilin-3 gene, resulting in
neurodegeneration. Although this mutation does not directly
cause Huntington’s disease, it indicates that this type of
mutations may lead to characteristics that parallel
Huntington symptoms [13].

Mitochondria contain their own genome and, similar to
bacteria, replicate through binary fission. They are extremely
important organelles, supplying energy to the entire cell and
regulating apoptosis. Their DNA is different from that of the
nuclear genome in that it is circular. Mitochondrial DNA
(mtDNA) is ~16.6kb long, double-stranded, and is
comprised of 37 genes, of which 13 encode for the proteins
involved in ATP production, while the other 24 encode for
proteins involved in mtDNA translation within the

Table 1. Genes associated with neurodegenerative disease pathogenesis.

Neurodegenerative Disease Gene Function
Parkinson Disease SNCA (PARKI) Encodes a-synuclein, the primary component in Lewy bodies [14]
*adapted from Verstraeten et al. PARK?2 E3 ubiquitin ligase, protein degradation [15]

2015 [1]

PINK 1 (PARK6)

Serine/threonine kinase, stress-induced mitochondrial response [15]

DJ-1 (PARK7)

Antioxidant and oxidative stress sensor [15]

LRRK?2 (PARKS) Leucine-rich repeat kinase 2, scaffold protein function. Overall function unknown
[15]
ATPI13A2 (PARKY9) Lysosomal transmembrane ATPase protein, necessary for lysosomal function [16]
PLA2G6 (PARK14) Encodes iPLA2-VI, cell membrane homeostasis [18]
FBXO7 (PARK15) F-box-containing protein, protection of neurons and apoptosis inhibitor [17]

VPS35 (PARK17)

Subunit of retromer complex, involved in Golgi endosomal transport [19]

EIF4G1 (PARKI8)

Eukaryotic translation initiation factor 4-gamma 1, translation initiation [20]

DNAIJC6 Encodes auxilin, synaptic vesicle recycling [21]
ATP6AP2 (Pro)renin receptor, glucose metabolism [22]
COQ2 Ubiquinone, mitochondrial electron transport chain [23]
SYNJ1 Encodes synaptojanin 1, synaptic vesicle recycling [21]
DNAIJCI13 Regulation of endosomal clathrin coats [24]
Alzheimer’s Disease APP Transmembrane protein, amyloid plaques in AD [26]
*adapted from Vilatela et al.
PSEN1 Component of gamma-secretase, cleaves APP [26]
2012 [25]
PSEN2 Component of gamma-secretase, cleaves APP [26]
APOE Glycoprotein, cholesterol distribution [26]
Huntington’s disease Huntingtin Aggregation leads to neurodegeneration [27]




Mitochondrial Biology and Neurological Diseases

mitochondria. Mutations have been implicated in
neurodegenerative  diseases such as  Parkinson’s,
Alzheimer’s, and Huntington’s diseases. However, the
existence of multiple versions of mtDNA complicates the
potential for somatic mtDNA mutations contributing to
disease, since the effects of any deleterious mutations are
diminished in a pool of alleles.

Interestingly, mtDNA mutations were seen to accumulate
over the course of Parkinson’s disease, with the amount of
mutations seen to correlate with severity and burden of the
disease in a rat model [28]. Selective damage to mtDNA
may also serve as a marker of disease in nigral neurons [29].
These somatic mutations in mtDNA may contribute to
disease progression due to ETC dysfunction [30]. mtDNA
haplotypes have had controversial associations with disease.
For example, one study examining a set of families with
history of PD sought to determine maternal inheritance
within the pedigrees, but did not identify any strong
haplotype associations [31]. Large numbers of studies have
explored mitochondrial haplotypes within  specific
populations, identifying specific loci of mtDNA mutations
statistically associated with PD. None have been consistently
implicated across all studied ethnic populations [32, 33].
However, a recent meta analysis revealed specific ‘super-
haplogroups’ that statistically show higher risk of developing
PD [34].

While mtDNA damage can be associated with burden of
disease in PD, there is a possibility that mtDNA methylation
may serve as a biomarker for diseases such as AD [35].
Additionally, it does not seem likely that the degree of
mtDNA damage correlates with severity of AD symptoms
[36]. However, studies have looked into specific
mitochondrial defects associated with AD. Specific mtDNA
mutations have been associated with the disease, resulting in
elevated oxidative damage. Specific haplogroups have also
been proposed as associated with AD, albeit in specific study
groups [37]. One particular excision, mtDNAdelta4977, has
been correlated with late-onset AD, although further work
needs to be performed to understand the vast heterogeneity
of this particular mutation across cell types and brain
structures [38]. Other studies have been less optimistic,
failing to reproduce statistically significant correlations from
previous work [39, 40].

There is conflicting evidence for the association of
specific mitochondrial haplogroups with HD [41, 42].
However, over the course of disease in HD, buildup of
mitochondrial damage can potentiate some of the symptoms
of neurodegeneration [43, 44]. Targeted antioxidant delivery
to mtDNA prevents the buildup of damage in HD and can
mitigate the severity of disease [45].

Mitochondrial mutations potently affect tissues that
require large amounts of ATP to function, such as brain and
heart tissue, and thus, cause an array of disease. The aging
process has been closely associated with many
neurodegenerative diseases and other disorders. Mutations
and age exhibit a direct variation, meaning that as age
increases, the number of mutations in mtDNA increases, and
as these mutations accumulate, the efficiency of ETC
decreases, lowering the levels of ATP in cells and causing
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increased levels of ROS [37]. This creates a vicious cycle
because more mutations accumulate as ROS damages the
efficiency of the ETC, in turn leading to an increased
production of ROS [37]. This can be explained by gradual
accumulation of mutations, especially large-scale deletions
and point mutations, which can cause a decline in
mitochondrial function [46]. It was observed that loss of
function mutations in PINK1 are able to potentiate the
apoptosis pathway. It was found that PINK1-deficient cells
were sensitive to toxin STS, which opens the mitochondrial
transition pore and releases cytochrome c, inducing
apoptosis [47]. In addition, Bax translocation from cytosol to
mitochondria and the cytochrome ¢ release occur
significantly earlier in PINK1 deficient cells than in normal
cells, leading to increased activation of caspases [47].

2.1. Mitochondrial Dynamics- Fusion, Fission, and
Motility

Balance between mitochondrial fusion (the combination
of two smaller mitochondria into a single organelle) and
fission (division of one large mitochondrion into two smaller
fragments) is crucial. Fusion is essential for active cells
because it allows enzymes and metabolites to spread
efficiently throughout the mitochondrial compartments,
slowing down the aging process. Fusion has also been shown
to improve the stability of mtDNA. Fission, on the other
hand, plays vital roles in the scavenging of damaged
organelles by autophagy, as it is easier to select damaged
mitochondria if they are smaller in size [48]. Disrupting the
fusion-fission balance can result in mitochondrial
dysfunction, which leads to subsequent reduction in ATP
production.

First observed in Drosophila melanogaster, the fuzzy
onion (FZO) proteins were shown to regulate mitochondrial
fusion during spermatogenesis. FZO is the first member of a
group of proteins called mitofusins, which regulate
mitochondrial fusion in yeast and humans and are large
GTPases [48]. In mammals, fusion is regulated by mitofusins
(Mfn), which aredynamin-related GTPases, and optic
dominant atrophy 1 (Opal). Mitofusins (Mfnl and Mfn2) are
located in the outer mitochondrial membrane (OMM) and
fuse the OMMs of neighboring tubules through various
interactions. In mammals, Opal, located in the inner
mitochondrial membrane (IMM), fuses the inner membranes
together, and possibly works with mitofusins to help with the
fusion of the OMM and IMM [49]. The MIEF1 protein
(mitochondrial elongation factor 1) is a mitochondrial outer
membrane protein that plays a role in mitochondrial fission
and fusion. MIEF1 interacts with the fission protein Drpl
and induces the translocation of Drp Ifrom cytoplasm to the
mitochondria [50]. In mitochondria, the MIEF1 gene, when
overexpressed, results in excessive fusion. However, when it
is under-expressed, it leads to excessively fragmented
mitochondria [50].

Mitochondrial fission is regulated by a GTPase called
dynamin-related protein (Drpl). It is known as Fislin
humans. The fission proteins shape into helices through
many interactions, but GTP hydrolysis is induced when one
of the helices completes a rotation, igniting the enzymatic
activity needed to split the mitochondria into two [49].
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In neurons and other cells, high levels of ATP are needed
for synaptic transmission. Therefore, mitochondria are
required to supply the cells with the necessary amount of
energy. Mitochondria move along cytoskeletal tracks made
up of either microtubules or actin filaments [51]. For short
distances, mitochondria usually travel along actin filaments
and require myosin motors. However, for longer distances,
mitochondria travel along microtubules that require dynein
or dynactin for backward movement and kinesin for forward
movement [51]. Defects in fusion and fission were shown
to hinder mitochondrial movement. Mfn2 most likely
plays a role in maintaining microtubule structures, so defects
in Mifn2 readily affect mitochondrial motility, since
mitochondria move along tracks comprised of microtubules
[52]. For example, if the fission-fusion ratio were higher,
then the plethora of mitochondria in the cell would hinder
efficient movement. In the cell, proteins Miroland Miro2
play vital roles in mitochondrial motility. If these proteins
are damaged or unavailable, the number of mitochondria
in neurons could be depleted, resulting in defects in
neurotransmission. It was shown that defects in
mitochondrial transmission at Miro may contribute to the
pathogenesis of Alzheimer’s disease. In a study by lijima-
Ando et al. 2012, it was shown that cells of Drosophila
lacking Miroand another mitochondrial protein Milton
possess axons lacking mitochondria, which increases tau
phosphorylation and induces neuronal death. In the same
study, it was also observed that knockdown of Miltonor
Miroincreases tau phosphorylation at Ser262 through Par-1,
which stimulates separation of tau from microtubules [53].
Therefore, dysfunction in mitochondria motility at Miro or
Milton could manifest tau phosphorylation at Ser262, and
cause neurodegeneration.

It has also been shown that PINK1 and parkin play major
roles in the mitochondrial degradation pathway. When
mitochondrial membrane potential is reduced, PINKI
accumulates on the OMM, and then recruits parkin from the
cytosol. This recruitment in turn allows for the activation of
mitophagy, or the engulfing of damaged mitochondria. In a
study by Ashrafi et al. 2014, it was shown that mitophagy of
damaged mitochondria takes place away from the center of
neurons, and also depends on PINK1 and parkin [54].
Mitophagy of depolarized axonal mitochondria occurred due
to the recruitment of parkin by PINK1. As shown in the
study, mitophagy occurred in depolarized axonal
mitochondria, and since mitochondria in axon are few in
number and fragmented, mutations in PINK1 and parkin
could significantly affect the mitochondrial degradation
pathway with subsequent impairment in the clearing of
damaged mitochondria [54].

Mutations in PINKI1 have been known to alter the
fission-fusion machinery and ultimately contribute to
pathogenesis of Parkinson’s disease. In a study by Y.Yang et
al. 2008, it was further shown that PINK1 acts through Fisl
and Drpl to regulate mitochondrial fission [55]. In an
experiment conducted by Dadga et al. 2009, overexpression
of wild-type PINK1 induced mitochondrial fusion as the
mitochondria were less fragmented and more elongated.
Knockdown of PINKI1, however, resulted in increased
fragmentation of mitochondria, showing that PINK1 and
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mutations in PINKI1 do play a role in the fission-fusion
machinery of mitochondria [56].

In Huntington’s disease, the fission-fusion machinery
of mitochondria is disrupted. It was shown by Shirendeb
et al. 2011 that mitochondrial fission was promoted and
mitochondrial fusion proteins such as Mifn2 were
downregulated at Grades III and IV of HD. Mitofusins are
even further downregulated as the severity of HD increased.
The increase in fission found in later stages of HD possibly
contributed to mitochondrial swelling in cortex and striatum.
The increase in fission and downregulation of fusion proteins
may also result in increased polyQ (polyglutamine tracts,
or a series of glutamine residues) repeats that characterize
HD, leading to progressive neurodegeneration [57].
Abnormalities in PINKI1, parkin, and alpha-synuclein can
also contribute to disruptions of the fission-fusion dynamics
in PD [58-60]. Disruptions to mitochondrial homeostasis and
dynamics have also been observed in AD, in part due to
interaction between key proteins and hyperphosphorylated
tau [61-63].

2.2. Apoptosis

Apoptosis, a form of programmed cell death (PCD), is a
process in which molecular programs in the cell are activated
to cause its own destruction, which is useful in defending
against infected or hyper-proliferative cells. The balance
between cell death and cell proliferation is vital in order for
physiological processes to function properly. Disruption in
apoptosis disturbs the proliferation-death balance, and can
attribute to some neurodegenerative disorders, such as
Parkinson’s disease [64], and other diseases regulated and
induced by ROS [65]. Apoptosis is regulated by
mitochondria and is characterized by condensation and
schism of DNA, decrease in size of the cell, and lastly,
removal by the phagocyte [65].

Mitochondria contain several molecules, which, when
released into the cytosol, activate caspase-dependent or
caspase-independent pathways that initiate apoptosis.
Several proteins of the Bcl-2 family regulate this process;
Bcl-2 and Bcel-xL inhibit apoptosis, whereas Bax and Bak
promote cell death. The pro-apoptotic proteins Bax and Bak
operate by inserting themselves into mitochondrial
membranes, where apoptogenic factors such as cytochrome ¢
can be released through the mitochondrial permeability
transition pore (PTP) or other channels throughout the
membrane. A study conducted by Perier et al. 2005 used
MPTP-intoxicated mice to initiate uncontrolled apoptosis
[66]. Complex I inhibition does not release cytochrome ¢
from the mitochondria but merely increases the amount of
soluble cytochrome c¢ in the intermembrane space, which
Bax uses to initiate apoptosis. Elevated levels of soluble
cytochrome ¢ can lead to the increased incidence of cell
death seen in neurodegeneration [66].

Caspases are a family of proteases that play a role in
apoptosis. Caspase-6 is known to cleave mutant htt, which in
turn, causes neurodegeneration in Huntington’s disease [67].
Active caspase-6 exists in brains of early onset HD patients,
where the caspase levels correlate with CAG repeat number.
It was observed that when mice expressed resistance to
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caspase-6 cleaving the mutant htt, the mice retained normal
neuronal function and neurodegeneration did not occur [67].
In Alzheimer’s disease, apoptosis plays a major role as well.
Protein phosphatases play major roles in the cell including
metabolism, cell division, and growth. Knockdown of
phosphotyrosyl phosphatase activator (PTPA) was observed
in Alzheimer’s disease to induce apoptosis [68].
Hyperphosphorylated tau  protein  aggregates  also
characterize AD. In the aforementioned study, it was also
shown that knockdown of PTPA resulted in the increase of
phosphorylation of tyrosine 307 and the decrease of
methylation of leucine 309, thereby inducing the
phosphorylation of tau protein [68].

Mitochondrial dysfunction also leads to elevated levels of
ROS that affects the cell-death signaling pathway. In a study
conducted by Maharjan ef al. 2014, it was shown that
inhibition of the ubiquitin-proteasome pathway reduced the
mitochondrial membrane potential and produced excess
amount of ROS, leading to oxidative damage and cell death
[69]. The ubiquitin-proteasome pathway mediates protein
death by eliminating damaged or disfigured proteins. Genetic
mutations in the ubiquitin-proteasome system lead to an
accumulation of misfolded proteins, allowing ROS to be
generated through interactions with redox-active ions [69].
The study examined changes in ROS production and redox
state following proteasome inhibition. It was found that
levels of polyubiquitinated proteins were significantly
increased, resulting in cytosolic oxidative state and loss of
membrane potential [69]. ROS can be attenuated by the
administration of resveratrol [70], and sesamin [71], which
increase expression of antioxidant enzymes and minimize
the harmful effects of ROS. Although resveratrol did not
decrease the accumulation of polyubiquitinated proteins, it
did stabilize the oxidative state and improve the cell’s
overall health [69].

It was observed in a study by Wood-Kaczmar ef al. 2008
that loss of function mutations in PINK1 can lead to early
signals for apoptosis. It was found that PINK1-deficient cells
were sensitive to the toxin STS, which opens the
mitochondrial transition pore and releases cytochromec,
inducing Bax translocation and subsequent apoptosis.
Additionally, Bax translocation from cytosol to mitochondria
and cytochrome c release occurs significantly earlier than in
cells with PINK1, leading to increased activation of caspase,
resulting in neurodegeneration [47].

3. MITOCHONDRIAL RESPIRATION DEFECTS

3.1. Electron Transport Chain Dysfunction

Various disorders have been associated with mutations in
nuclear genes encoding proteins responsible for the
maintenance of mtDNA and ensuring its proper function.
These errors possibly contribute to the pathogenesis of
various neurodegenerative diseases such as PD, AD, and
HD. Mitochondria play major roles in the production of the
ATP, most of which is produced through the Electron
Transport Chain (ETC). Electrons produced from energy
substrates such as NADH and FADH, are transported
through the different protein complexes to molecular
oxygen, which is then reduced to water. Simultaneously,
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protons are pumped by Complexes I, III, and IV, across the
inner mitochondrial ~membrane to  generate an
electrochemical gradient, which is used by ATP Synthase to
produce ATP. However, dysfunction at Complex I can result
in a reduction of ATP production and lead to bioenergetic
failure. ROS are normal byproducts of cellular metabolism
that can have damaging effects on the mitochondria and cell
if they are not suppressed properly by cellular antioxidants.
With Complex I blockade, the amount of ROS produced
increases due to a higher proportion of oxygen being
converted into free radicals. Inhibition of Complex I function
has been demonstrated to result in parkinsonian-like
symptoms. Increased ROS levels in the mitochondria due to
Complex I blockade can damage cellular proteins, lipids, and
DNA [51].

Interestingly, deficiencies in different complexes of the
ETC are associated with various neurodegenerative diseases;
Complex I with PD, Complex II with HD, and Complex IV
with AD. It is important to note, however, that this complex
dysfunction is not absolutely specific for a particular disease.
For example, in a study by Cottrell et al. 2002, it was shown
that regions of central nervous system most affected by
neurodegeneration also possessed Complex IV deficiency. It
was suggested that in regions with higher chance of
oxidative phosphorylation dysfunction, there would be a
higher loss of neurons with Complex IV deficiency. It was
also shown that Complex IV deficient neurons have a strong
presence in AD when compared to normal brains, and this
Complex IV deficiency could be caused by increased levels
of mutant mtDNA, resulting in oxidative damage [72]. In a
study by Tabrizi et al. 1999, it was shown that severe
deficiencies of Complex II and III have been seen in HD
brains. Aconitase inhibition was increased most significantly
in presence of nitric oxides, suggesting that with aconitase
inhibition comes complex II and complex III inhibition,
creating a further cycle of ROS generation [73].

PINK1 deficiency has been observed to cause
mitochondrial dysfunction and ROS generation. In an
experiment conducted by Wood-Kaczmar et al. 2008,
PINK1 decreased the mitochondrial membrane potential,
reducing the proton gradient needed to produce ATP, thus
explaining the decreased ATP levels observed in PINKI1
knockout models [47]. Levels of antioxidant glutathione
were significantly decreased, supporting the evidence that
mitochondria and antioxidants were severely damaged due to
oxidative stress. Decreased levels of antioxidants were
unable to protect against increased concentrations of ROS,
leading to widespread cellular damage and dysfunction [47].

SIRT3, one of the members of the sirtuin family that
localizes to the mitochondria, has been associated with
extended lifespan in humans and possesses roles in
metabolism, antioxidant defenses, and neuroprotection [74].
Sirtuins are NAD+ dependent deacetylases localized to
nucleus or mitochondria. An indirect relationship exists
between antioxidant defenses and aging; as age increases, the
amount of antioxidants in mitochondria decreases
significantly. SIRT3 protects against oxidative stress and
reduces ROS levels by targeting antioxidant enzymes. In
mitochondria, SIRT3 deacetylates manganese superoxide
dismutase (MnSod), increasing its antioxidant activity [74].



148 Current Neuropharmacology, 2016, Vol. 14, No. 2

Thus, neuroprotection mediated by sirtuins may be due to
direct protective effects on mitochondria.

4. NEUROLOGICAL DISEASE CORRELATED WITH
MITOCHONDRIA

4.1. Parkinson’s Disease

Parkinson’s disease (PD) is one of the most common
neurodegenerative disorders and is correlated with aging and
mitochondrial dysfunction. PD is characterized by loss of
pigmented dopaminergic neurons in substantia nigra pars
compacta, leading to resting tremor, rigidity, bradykinesia,
and postural instability. One potential pathogenesis for PD
was implicated in defective mitochondrial respiration
specifically at Complex I, though in the past few years, it has
been found that mutations and other mitochondrial
dysfunctions have been able to induce this disease. In
Langston et al. 1983 [75], dysfunction at Complex I first
emerged when it was observed that drug abusers were
exposed to a neurotoxin MPTP(1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine). MPTP, which is an inhibitor of complex
I, results in irreversible parkinsonian syndrome with features
similar to PD [75]. Currently, therapeutics attenuate
symptoms of PD, but there are no treatments that
permanently and completely halt neurodegeneration.

Though environmental toxins and aging had been long
thought to induce PD, it has been recently observed that
genetic mutations also play major roles in exacerbating
parkinsonian symptoms. In PD, the genes PARK2 and
PINK1 are associated with autosomal recessive forms, while
SNCA is affiliated with autosomal dominant forms of PD
[76]. Mutations in SNCA gene induce aberrant versions of a-
synucleinprone to aggregation, which were observed to be a
component of Lewy bodies [76]. Mutations in a-synuclein
and PINK1 were shown to induce sporadic PD. PINK1 is
localized to the mitochondria and was shown to protect
against neuronal death during cases of acute oxidative stress.
In a study conducted by Oliveras-Salvas et al. 2014 [77], it
was shown that downregulation of PINKI resulted in
accumulation of a-synuclein and a greater number of
apoptotic cells. It has also been shown that a-synuclein
promotes oxidative damage [77]. In the absence of
PINK1, the toxicity of a-synuclein is sufficient to cause
neurodegeneration in susbtantia nigra pars compacta and
mitochondrial dysfunction. Also, mitochondrial import and
accumulation of a-synuclein hamper Complex I processes
and induce neurodegeneration in dopaminergic neurons. In a
study by Devi et al. 2008 [78], it was shown that
accumulation of oa-synuclein resulted in Complex I
dysfunction and an imbalance between ROS production and
antioxidant levels. In this study, it was observed that
AS53T/syn FLAG cells (cells with a-synuclein accumulation)
possessed a decrease in complex I activity and elevated ROS
levels. These results were substantiated by the observation
that a-synuclein accumulated appreciably in mitochondria
merely 20 hours after starting the experiment [78].

In PD, the downregulation of PINK1 has effects on the
balance between mitochondrial fission and fusion. In an
experiment conducted by Rojas-Charry et al. 2014, it was
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shown that fission was favored when PINK1 was absent as
indicated by the increased appearance of fragmented
mitochondria when compared to cells with PINK1 [60]. In
PINK1-absent cells, Drpl and Mfn2 levels were significantly
lower when compared to control cells with PINKI. In
contrast, Fisl expression increased greatly in PINK1-absent
cells compared to cells with PINKI. In addition, when
PINK1 is downregulated, the number of cells possessing
fragmented mitochondria increased in PINK1-absent cells
[60]. Fisl expression is increased due to calcium
accumulation and changes in membrane potential, preventing
formation of electrochemical gradient and promoting
overproduction of ROS. PINKI1 also regulates cell death and
interacts with Parkin to do so. However, the absence of
PINK1 compromises the apoptotic cycle, ultimately leading
to neuronal death [56]. Thus, PINKI is crucial for neurons
because its absence induces significant decrease in Mfn2 and
an increase in Fisl, promoting fission rather than fusion.
Dysfunction in the mitochondrial apoptotic pathway can be
caused by aging and mutations in PINK1 [79]. Small
amounts of stress contributed to inhibition of PINK1 and
downregulation of autophagy proteins such as Beclin and
LC3. Astrocytes deficient in PINK1 demonstrated impaired
cell growth, potentially due to aberrant apoptosis [79].

The PARK2 gene is affiliated with autosomal recessive
PD, and mutations in PARK?2 account for almost 10% of the
PD patients with onset before 50 years [80]. Parkin, encoded
by the PARK?2 gene, is an E3 ligase, which regulates the
substrate RTP801 and mediates neuronal death in PD. In a
study by Romani-Audeles et al. 2014 [81], it was proposed
that one way to avert neurodegeneration is by preventing the
accumulation of RTP801 protein levels. In parkin-knockout
mice, a small increase in RTP801 was found, but the data
suggests that even this minor accumulation contributed to
motor and behavioral impairments and oxidative stress.
Loss-of-function mutations in the PARKIN gene have been
shown to lead to the accumulation of RTP801, which induces
neurodegeneration and PD [81]. Mutations in PARKS
encoding LRRK2 have been observed to contribute to the
pathogenesis of PD [82]. For example, the LRRK2 G2019S
mutation causes visual degeneration and mitochondrial
impairments in retinal dopaminergic neurons, due to increased
kinase activity of the enzyme [82]. LRRK2 also plays a
major role in protein homeostasis. Loss of LRRK2 leads to
accumulation of a-synuclein and increased production of
ROS [83].

Damage to mtDNA can also cause oxidative stress,
genetic and protein instability, compromised energy
production, and cell death. An environmental toxin,
rotenone, was shown to cause mitochondrial dysfunction
combined with mtDNA damage. Sanders et al. 2014 [29]
found that mtDNA contained apurinic and apyrimidinic
regions, where portions of DNA lost either purine or
pyrimidine bases [29]. These base losses (potentially
mediated by ROS) render the DNA ‘genotoxic’ such that
mitochondrial DNA polymerase is inhibited from sliding
along the DNA during replication and transcription.
Polymerase y, the mtDNA polymerase, pauses at these
damaged sites, resulting in cessation of the replication
process. This blockage inevitably leads to impaired
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respiration and mitochondrial dysfunction. Rotenone is a
pesticide that has been observed to cause mitochondrial
dysfunction, resulting in oxidative damage. When rats were
injected with rotenone, the majority of base loss was found
in tyrosine hydroxylase neurons. mtDNA lesions induced by
rotenone treatment through oxidative stress appeared to
inhibit polymerases from interacting with and replicating
DNA [29].

4.2. Alzheimer’s Disease

Alzheimer’s disease (AD) is another common
neurodegenerative disease that affects memory, cognition,
and behavior [S]. AD accounts for around 60-80% of
dementia cases, and gradually worsens over time. In the
early stages of AD, symptoms are mild, with minimal
memory loss, but in the late stages, memory loss becomes
severe and serious neurodegeneration is evident [5].
Pathologically, AD is characterized by accumulation of beta-
amyloid proteins and neurofibrillary tangles composed of
aggregates of hyper-phosphorylated tau protein [5].

Mild cognitive impairment (MCI) occurs in the primary
predementia stage of Alzheimer’s disease. Since patients
with MCI typically progress to AD, it can be important
therapeutically to determine early on the causes underlying
MCI to predict further neurodegeneration. In a study
conducted by Gan et al. 2014, it was noticed that the fission-
fusion balance was disrupted in cybrid (cytoplasmic hybrid)
cells, with fusion being favored [84]. Mitochondria from the
neurons of MCI patients were combined with neuronal cells
originally lacking endogenous mtDNA, using the cybrid
model. Cybrid cells are produced by the fusion of a whole
cell with a cytoplast, mixing the nuclear genes from one cell
with mitochondrial genes of another cell, thereby allowing
distinction of mitochondria’s role in inducing disease. In this
study, mitochondria from MCI or age-matched non-MCI
subjects were incorporated into a human neuronal cell line,
which is depleted of endogenous mitochondrial DNA. In
non-MCI cells, mitochondria were highly distributed and
more rod like, suggesting a balance between fusion and
fission. In MCI cybrid cells, however, the mitochondria were
1.4-fold longer than those of non-MCI cybrid cells. This data
is supported by the fact that Mfn2, which regulates
mitochondrial fusion, was increased 1.8-fold in MCI cybrids,
with no other regulatory fission/fusion proteins possessing
changes. Excessive fusion results in a lower number of
mitochondria in the cell, which leads to impaired respiration,
a lower production of ATP, and increased oxidative damage
[84].

As mentioned earlier, AD can be characterized by the
presence of amyloid plaques. These amyloid plaques are
comprised of PB-amyloid peptides (AP proteins), which are
formed after the proteolytic cleavage of the transmembrane
amyloid precursor protein [85]. AP proteins have strong
effects on mitochondria, specifically in mitochondrial
enzymatic activity and respiratory dysfunction [86]. AP
proteins also activate signaling pathways, such as the NF-xB
pathway, which plays roles in inflammation and regulation
of cell death and division [87]. Toxic AP proteins inhibit
mitochondrial respiration by decreasing the enzymatic
activity of complexes III and IV. This leads to increased
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ROS production, inducing mitochondrial damage and
neurodegeneration [86].

Amyloid deposits have been long thought to contribute to
the pathogenesis of AD [88]. It has also been observed that
neurons in the brains of AD patients possess high
concentrations of damaged mitochondria. Additionally, AD
is characterized by neurofibrillary tangles (NFTs) created by
helical filament structures containing aggregated hyper-
phosphorylated tau, another mitochondrial protein involved
in microtubule assembly [85]. The oxidative stress
significantly increases the AP levels, encouraging
phosphorylation and polymerization of tau protein and
disrupting the redox balance in the ETC. Studies of post-
mortem brains of AD patients demonstrated decreased
numbers of mitochondria in neurons along with increased
presence of mtDNA and mitochondrial proteins in the
cytosol [85].

Early onset Alzheimer’s disease has also been associated
with mutations in the protein called presenilin (PSEN1 and
PSEN2). Diagnosis of early onset AD is somewhat difficult
because there are many mutations that could cause early
neurodegeneration. For example, 185 different mutations of
PSEN1 have been recognized due to a variety of clinical
symptoms [89]. PSEN1 and PSEN2 comprise the catalytic
center of y-secretase complex, which helps to produce the
toxic AP species known to cause AD. In a study by Nygaard
et al. 2014, a novel mutation in PSEN1 was shown to cause
increasing cortical atrophy and aggregation of AP in the
dorsolateral frontal lobes [90]. A PSEN1 deletion of codon
40 in exon 4 was shown to possibly contribute to the frontal
lobe dysfunction. In a case examined by Klimkowicz-
Mrowiec et al. 2014 [89], there were clinical symptoms of
early onset Alzheimer’s disease as a result of a mutation in
exon 12 of the PSENI gene. The patient in this case
exhibited worsening cognitive impairment, and involuntary
movements. Mutations also have been shown to contribute to
AD pathogenesis by speeding up the aging process as well as
inducing accumulation of AP protein deposits. A study by
Kukreja et al. 2014 sought to see whether inactivating
the proofreading function of mtDNA polymerase
PolgAD257A caused A protein accumulation and eventual
neurodegeneration. PolgA typically prevents mtDNA
mutations from occurring, so loss of the proofreading
function would lead to accumulation of mtDNA mutations.
Interestingly, a specific knockout mutation of PolgA
proofreading mechanism led to the accumulation and
deposition of AP fragments, leading to brain atrophy and
early neuronal apoptosis. The cortex and hippocampus
exhibited features that indicated apoptosis when the stainings
of coronal brain sections were examined. The hematoxylin-
stained sections showed clear cytoplasm and swollen nuclei,
when compared to cells and genotypes without the mutation.
In mice with D257A mutation, caspase-3 was activated,
leading to apoptotic death [91].

4.3. Huntington’s Disease

Huntington’s disease (HD) is another neurodegenerative
disease that affects muscle coordination and leads to
cognitive decline and psychiatric disability. Characteristics
of this disease include chorea, involuntary movements, and
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loss of cognitive function. As the disease progresses, motor
rigidity and dementia emerge. The projected lifespan of
patients with HD is 15-20 years following initial onset of
symptoms. Currently, there is no treatment that can cure or
even inhibit the progression of this severe neurodegenerative
disease [92]. HD is classified into five grades, 0 through IV,
where grade IV is the most severe. Grade 0 occurs when
there are no visible neuropathological symptoms and
abnormalities. In grade I, neuropathological changes could
be observed only microscopically. Grades II through IV of
Huntington’s disease are often characterized by significant
loss of neurons, and a tremendous increase in astrocyte
composition [93]. Recently, it has been observed that
mitochondria play a role in the pathogenesis of HD.

HD is an autosomal dominant disease that is caused by
an expanded trinucleotide CAG repeat in exon 1 of the gene
encoding the protein huntingtin (Htt) [12]. One hypothesis
regarding HD is that mutations in the genes encoding Htt
instigate cascades of damaged metabolic and molecular
processes. Since neurons require large amounts of ATP to
function properly, they are extremely vulnerable to
mitochondrial damage and mutations. CAG repeats in exon 1
are translated into a polyglutamine (polyQ) sequence near
the N-terminal of Htt. Normal polyQ length is 6-34 repeats,
while patients with HD have at least 40 repeats [94].
Individuals when they have at least 36 CAG repeats usually
exhibit characteristics of HD, such as motor deficit and
cognitive abnormalities [95]. Therefore, the mutations
causing a CAG repeat contribute to neuronal death, though
the sources of said apoptosis are speculated to stem from
mitochondrial dysfunction [96]. Interestingly, some pre-
symptomatic patients that carry the mutation show
significant atrophy of the caudate and putamen, indicating
that neurodegeneration can occur years before symptoms are
apparent [92]. In a study conducted by Shirendeb et al. 2011,
it was shown that mutant htt oligomers possibly could be
involved in abnormal mitochondrial dynamics, which
possibly contributes to the onset of HD [57]. Using All
antibody that recognizes oligomeric mutant proteins in
neurodegenerative diseases limited to Alzheimer’s and
Parkinson’s diseases, it was found that mutant htt oligomers
were present in grades III and IV HD patients, and the htt
oligomers increased as the severity of the disease increased.
Mutant htt also directly correlated with decreased glucose
utilization in the brain, possibly showing how mutant htt
interferes with mitochondrial processes [57].

Transcription factor PGC-la plays a major role in
mitochondrial function. PGC-1a expresses the gene required
for mitochondrial energy production, and also induces genes
used to counter reactive oxygen species generated as
byproducts of oxidative respiration. In a study by Tsunemi et
al. 2012, it was shown that PGC-1a removes htt protein
compositions in the brains of HD mice, and mitigates levels
of oxidative stress. In this study, it was found that PGC-
loeliminated all the htt aggregates, and could be a potential
therapeutic target for HD [97].

Changes in the ETC resulting in the overproduction of
ROS and alterations in mitochondrial dynamics, specifically
disruption of fission-fusion balance, can contribute to
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neuronal death in HD. Recently, studies have shown that
huntingtin interacts with the regulatory fission protein Drpl,
resulting in excessive fission. A study conducted by
Shirendeb et al. 2011, found high levels of fission regulatory
genes and low levels of fusion genes in striatum and cortex
sections of HD patients, revealed shorter (and greater
numbers of) mitochondria in these neurons. Thus, there
appears to be an indirect relationship between the expression
of fission and fusion regulatory proteins. Levels of Mfn2
were found to be lower in grade IV HD patients as compared
to grade III HD patients, suggesting that mitochondrial
fusion decreases as HD becomes more and more severe [57].
The opposite is found with regulatory fission proteins such
as Fisl. As HD becomes more severe, the expression of Fisl
increases along with mRNA levels in the fission genes [57].
Fisl levels in grade IV HD patients were significantly higher
when compared to levels in Grade III patients, showing
clearly that as HD progresses, fission becomes favored and
short fragmented mitochondria are ubiquitous. In striatum
and cortex, accumulation of mutant htt and oligomers has
been found, implying that oligomers are also involved in
damaging mitochondria in HD patients.

Glucose is the chief source of energy for the brain, so
dysfunction involving glucose metabolism readily leads to
metabolic failure and neurodegeneration. In an experiment
conducted by Li et al. 2012, glucose utilization was reduced
in HD neurons when compared to the WT neurons [98].
Rab11 is known to mediate utilization of nutrients in the cell.
It was tested whether neurons with virus expressing
Rab11S25N (dominant negative) or virus expressing
Rab11Q70L (dominant active) would promote either
increased or decreased glucose uptake. It was shown that
glucose uptake was reduced in cell with virus expressing
Rabll dominant negative and promoted HD symptoms,
whereas virus expressing Rab1l1 dominant active promoted
normal glucose uptake in neurons. On the other hand,
increased expression of Rabll activity can normalize
glucose uptake in neurons, though Rabl1 absence reduces
the glucose uptake, disrupting ATP production [98].

It has also been shown that insulin and IGF-1 improve
mitochondrial function and reduce the production of ROS in
neurons, specifically striatal cells. As mentioned earlier,
fission is favored in HD, leading to a higher concentration of
fragmented mitochondria in neurons. Insulin and IGF-1 both
reduce Drpl activity, which can help maintain the fusion-
fission balance [99]. HD striatal cells demonstrate apoptosis
induced by increased caspase-3 activation. However, insulin
and IGF-1 decrease the amount of apoptotic nuclei in mutant
cells, further preventing ROS generation. Insulin was also
able to prevent activation of caspase-3 in cells expressing
mutant htt. Insulin and IGF-1 were also shown to increase
the membrane potential in HD striatal cells and mutant htt
cells respectively. Since decreased membrane potential
induces ROS production, it ultimately decreases net
production of ROS [99].

5. CONCLUSION

Mitochondria are dynamic organelles that perform
various roles such as ATP production, regulation of calcium
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homeostasis, apoptosis, and maintain their own population
through fission and fusion. Dysfunction of any of these
processes can manifest in the form of neurodegenerative
disease. In Parkinson’s, Alzheimer’s, and Huntington’s
diseases, oxidative stress resulting in an imbalance between
antioxidants and ROS can damage organelles and injure the
brain, resulting in irreparable neurodegeneration. Genetic
mutations for example in PINK1, PARK2, and LRRK2, and
in polymerases PolgA and protein Htt have been shown to
cause Parkinson’s disease, Alzheimer’s disease, and
Huntington’s diseases respectively. Mitochondria play
extremely important roles in the cell, though dysfunction is
implicated in Parkinson’s, Alzheimer’s, and Huntington’s
diseases. Although therapeutics was shown to alleviate
symptoms, no permanent treatments have been developed for
these diseases. Involvement of mitochondria in the
development of neurodegeneration hints at the possibility for
new therapeutic interventions aimed at these organelles.

CONFLICT OF INTEREST

The authors confirm that this article content has no
conflict of interest.

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

[1] Verstraeten, A., Theuns, J. and Van Broeckhoven, C. Progress in
unraveling the genetic etiology of Parkinson disease in a genomic
era. Trends Genet, 2015, 31(3), 140-149. http://dx.doi.org/
10.1016/j.tig.2015.01.004

[2] Mahalingam, S. and Levy, L.M. Genetics of Huntington disease.
Am. J. Neuroradiol., 2014, 35(6), 1070-2. http://dx.doi.org/
10.3174/ajnr.A3772

[3] Gray, M.W. Mitochondrial evolution. Cold Spring Harb. Perspect
Biol., 2012, 4(9), a011403. http://dx.doi.org/10.1101/cshperspect.
a011403

[4] Richardson, J.R., Caudle, W.M., Guillot, T.S., Watson, J.L.,
Nakamaru-Ogiso, E., Seo, B.B., Sherer, T.B., Greenamyre, J.T.,
Yagi, T., Matsuno-Yagi, A., Miller, G.W. Obligatory role for
complex I inhibition in the dopaminergic neurotoxicity of 1-
methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP). Toxicol.
Sci., 2007, 95(1), 196-204. http://dx.doi.org/10.1093/toxsci/kfl133

[5] Swomley, A.M., Forster, S., Keeney, J.T., Triplett, J., Zhang, Z.,
Sultana R., Butterfield, D.A. Abeta, oxidative stress in Alzheimer
disease: evidence based on proteomics studies. Biochim. Biophys.
Acta, 2014, 1842(8), 1248-57. http://dx.doi.org/10.1016/j.bbadis.
2013.09.015

[6] Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura,
Y., Minoshima, S., Yokochi, M., Mizuno, Y., Shimizu, N.
Mutations in the parkin gene cause autosomal recessive juvenile
parkinsonism. Nature, 1998, 392(6676), 605-8. http://dx.doi.org/
10.1038/33416

[7] Valente, EMM., Abou-Sleiman, P.M., Caputo, V., Muqit, M.M.,
Harvey, K., Gispert S., Ali, Z., Del Turco, D., Bentivoglio, A.R.,
Healy, D.G., Albanese, A., Nussbaum, R., Gonzalez-Maldonado,
R., Deller, T., Salvi, S., Cortelli, P, Gilks W.P., Latchman, D.S.,
Harvey, R.J., Dallapiccola, B., Auburger, G., Wood, N.W.
Hereditary early-onset Parkinson's disease caused by mutations in
PINK1. Science, 2004, 304(5674) 1158-60. http://dx.doi.org/10.
1126/science.1096284

[8] Funayama, M., Hasegawa, K., Kowa, H., Saito, M., Tsuji, S.,
Obata, F. A new locus for Parkinson's disease (PARKS8) maps to
chromosome 12p11.2-q13.1. Ann. Neurol., 2002, 51(3), 296-301.
http://dx.doi.org/10.1002/ana.10113

[9] Humphrey, D.M., Parsons, R.B., Ludlow, Z.N., Riemensperger, T,
Esposito, G., Verstreken, P., Jacobs, H.T., Birman, S., Hirth, F.

[12]

[13]

[14]

[15]

[19]

[20]

(23]

Current Neuropharmacology, 2016, Vol. 14, No. 2 151

Alternative oxidase rescues mitochondria-mediated dopaminergic
cell loss in Drosophila. Hum. Mol. Genet., 2012, 21(12), 2698-712.
http://dx.doi.org/10.1093/hmg/dds096

Bloom, G.S. Amyloid-beta and tau: the trigger and bullet in
Alzheimer disease pathogenesis. JAMA Neurol., 2014, 71(4), 505-
8. http://dx.doi.org/10.1001/jamaneurol.2013.5847

Delabio, R., Rasmussen, L., Mizumoto, 1., Viani, G.A., Chen, E.,
Villares, J., Costa, I.B., Turecki, G., Linde, S.A., Smith, M.C.,
Paydo, S.L. PSEN1 and PSEN2 gene expression in Alzheimer's
disease brain: a new approach. J. Alzheimers Dis., 2014, 42(3),
757-60.

No authors listed. A novel gene containing a trinucleotide repeat
that is expanded and unstable on Huntington's disease chromosomes.
The Huntington's Disease Collaborative Research Group. Cell,
1993, 72(6), 971-83. http://dx.doi.org/10.1016/0092-8674(93)90585-E
Burgunder, J.M. Genetics of Huntington's disease and related
disorders. Drug Discov. Today, 2014, 19(7), 985-9. http://dx.doi.
org/10.1016/j.drudis.2014.03.005

Xu, W., Tan, L. and Yu, J.T. The link between the SNCA gene and
parkinsonism. Neurobiol. Aging, 2015, 36(3), 1505-1518. http://dx.
doi.org/10.1016/j.neurobiolaging.2014.10.042

Nuytemans, K., Theuns, J., Cruts, M., Van Broeckhoven, C.
Genetic etiology of Parkinson disease associated with mutations in
the SNCA, PARK2, PINKI, PARK7, and LRRK2 genes: a mutation
update. Hum. Mutat., 2010, 31(7), 763-80. http://dx.doi.org/10.
1002/humu.21277

Yang, X., and Xu, Y. Mutations in the ATPI3A2 gene and
Parkinsonism: a preliminary review. Biomed. Res. Int., 2014, 2014,
37,1256. http://dx.doi.org/10.1371/journal.pone.0101392

Chen, C.M., Chen, I.C., Huang, Y.C., Juan, H.F., Chen, Y.L,
Chen, YC, Lin, C.H., Lee, L.C., Lee, C.M., Lee-Chen, G.J., Lai,
Y.J.,, Wu, Y.R. FBXO7 Y52C polymorphism as a potential
protective factor in Parkinson's disease. PLoS One, 2014, 9(7),
e101392. http://dx.doi.org/10.1371/journal.pone.0101392
Illingworth, M.A., Meyer, E., Chong, W.K., Manzur, A.Y., Carr,
L.J., Younis, R., Hardy, C., McDonald, F., Childs, A.M., Stewart,
B., Warren, D., Kneen, R., King, M.D., Hayflick, S.J., Kurian,
M.A. PLA2G6-associated neurodegeneration (PLAN): further
expansion of the clinical, radiological and mutation spectrum
associated with infantile and atypical childhood-onset disease.
Mol. Genet. Metab., 2014, 112(2), 183-9. http://dx.doi.org/10.1016/;.
ymgme.2014.03.008

Tsika, E., Glauser, L., Moser, R., Fiser, A., Daniel, G., Sheerin
UM, Lees, A., Troncoso, J.C., Lewis, P.A., Bandopadhyay, R.,
Schneider, B.L., Moore, D.J. Parkinson's disease-linked mutations
in VPS35 induce dopaminergic neurodegeneration. Hum. Mol.
Genet, 2014, 23(17), 4621-38. http://dx.doi.org/10.1093/hmg/
ddul78

Chartier-Harlin, M.C., Dachsel, J.C., Vilarifio-Gtiell, C., Lincoln,
S.J., Leprétre, F., Hulihan, M.M., Kachergus, J., Milnerwood, A.J.,
Tapia, L., Song, M.S., Le Rhun, E., Mutez, E., Larvor, L., Duflot,
A., Vanbesien-Mailliot, C., Kreisler, A., Ross, O.A., Nishioka, K.,
Soto-Ortolaza, A.I., Cobb, S.A., Melrose, H.L., Behrouz, B.,
Keeling, B.H., Bacon, J.A., Hentati, E., Williams, L., Yanagiya, A.,
Sonenberg, N., Lockhart, P.J., Zubair, A.C., Uitti, R.J., Aasly, J.O.,
Krygowska-Wajs, A., Opala, G., Wszolek, Z.K., Frigerio, R.,
Maraganore, D.M., Gosal, D., Lynch, T., Hutchinson, M.,
Bentivoglio A.R., Valente, EM., Nichols, W.C., Pankratz, N.,
Foroud, T., Gibson R.A., Hentati, F., Dickson, D.W., Destée, A.,
Farrer, M.J. Translation initiator EIF4G1 mutations in familial
Parkinson disease. Am. J. Hum. Genet., 2011, 89(3), 398-406.
http://dx.doi.org/10.1016/j.ajhg.2011.08.009

Bonifati, V. Genetics of Parkinson's disease--state of the art.
Parkinson. Relat. Disord., 2014, 20 Suppl 1, S23-8. http://dx.doi.
org/10.1016/S1353-8020(13)70009-9

Kanda, A., Noda K., and Ishida, S. ATP6AP2/(pro)renin receptor
contributes to glucose metabolism via stabilizing the pyruvate
dehydrogenase El beta subunit. J. Biol. Chem., 2015, 290, 9690-
700. http://dx.doi.org/10.1074/jbc.M114.626713

Jakobs, B.S., van den Heuvel, L.P., Smeets, R.J., de Vries, M.C.,
Hien, S., Schaible, T., Smeitink, J.A., Wevers, R.A., Wortmann,
S.B., Rodenburg, R.J. A novel mutation in COQ2 leading to fatal
infantile multisystem disease. J. Neurol. Sci., 2013, 326(1-2), 24-8.
http://dx.doi.org/10.1016/j.jns.2013.01.004



152 Current Neuropharmacology, 2016, Vol. 14, No. 2

[24]

[26]

[27]

(28]

[29]

[31]

[34]

[35]

[36]

[37]

Vilarifio-Giiell, C., Rajput, A., Milnerwood, A.J., Shah, B., Szu-Tu,
C, Trinh, J., Yu, I, Encarnacion, M., Munsie, L.N., Tapia, L.,
Gustavsson, E.K., Chou, P., Tatarnikov, 1., Evans, D.M., Pishotta,
F.T., Volta, M., Beccano-Kelly, D., Thompson, C., Lin, MK,
Sherman H.E., Han, H.J., Guenther. B.L., Wasserman, W.W.,
Bernard V, Ross C.J., Appel-Cresswell, S., Stoessl, A.J., Robinson,
C.A., Dickson, D.W., Ross, O.A., Wszolek, Z.K., Aasly, J.O., Wu,
R.M., Hentati, F, Gibson, R.A., McPherson, P.S., Girard, M.,
Rajput, M., Rajput, A.H., Farrer, M.J. DNAJC13 mutations in
Parkinson disease. Hum. Mol. Genet., 2014, 23(7), 1794-801.
Alonso, V.M.E., Lopez-Lopez, M., and Yescas-Gomez, P. Genetics
of Alzheimer's disease. Arch. Med. Res., 2012, 43(8), 622-31.
http://dx.doi.org/10.1016/j.arcmed.2012.10.017

Karch, C.M., Cruchaga, C. and Goate, A.M. Alzheimer's disease
genetics: from the bench to the clinic. Neuron, 2014, 83(1), 11-26.
http://dx.doi.org/10.1016/j.neuron.2014.05.041

Zheng, Z. and Diamond, M.I. Huntington disease and the
huntingtin protein. Prog. Mol. Biol. Transl. Sci., 2012, 107, 189-
214. http://dx.doi.org/10.1016/B978-0-12-385883-2.00010-2
Parkinson, G.M., Dayas, C.V. and Smith D.W. Increased
mitochondrial DNA deletions in substantia nigra dopamine neurons
of the aged rat. Curr. Aging Sci., 2014, 7(3), 155-60. http://dx.doi.
org/10.2174/1874609808666150122150850

Sanders, L.H., McCoy, J., Hu, X., Mastroberardino, P.G.,
Dickinson, B.C., Chang, C.J., Chu, C.T., Van Houten, B.,
Greenamyre, J.T. Mitochondrial DNA damage: molecular marker
of vulnerable nigral neurons in Parkinson's disease. Neurobiol.
Dis., 2014, 70, 214-23. http://dx.doi.org/10.1016/j.nbd.2014.06.014
Lin, M.T., Cantuti-Castelvetri, 1., Zheng, K., Jackson, K.E., Tan,
Y .B., Arzberger, T., Lees, A.J., Betensky, R.A., Beal, M.F., Simon,
D.K. Somatic mitochondrial DNA mutations in early Parkinson and
incidental Lewy body disease. Ann. Neurol., 2012, 71(6), 850-4.
http://dx.doi.org/10.1002/ana.23568

Simon, D.K., Pankratz, N., Kissell, D.K., Pauciulo M.W., Halter,
C.A., Rudolph, A., Pfeiffer, R.F., Nichols, W.C., Foroud, T.
Maternal inheritance and mitochondrial DNA variants in familial
Parkinson's disease. BMC Med. Genet., 2010, 11, 53. http://dx.doi.
org/10.1186/1471-2350-11-53

Andalib, S., Vafaee, M.S. and Gjedde, A. Parkinson's disease and
mitochondrial gene variations: a review. J. Neurol. Sci., 2014,
346(1-2), 11-9. http://dx.doi.org/10.1016/j.jns.2014.07.067

Coskun, P., Wyrembak, J., Schriner, S.E., Chen, H.-W., Marciniack,
C, Laferla, F., Wallace, D.C. A mitochondrial etiology of
Alzheimer and Parkinson disease. Biochim. Biophys. Acta, 2012,
1820(5), 553-64. http://dx.doi.org/10.1016/j.bbagen.2011.08.008
Hudson, G, Nalls, M., Evans, J.R., Breen, D.P., Winder-Rhodes, S.,
Morrison, K.E., Morris, H.R., Williams-Gray, C.H., Barker, R.A.,
Singleton, A.B., Hardy, J., Wood, N.E., Burn, D.J., Chinnery, P.F.
Two-stage association study and meta-analysis of mitochondrial
DNA variants in Parkinson disease. Neurology, 2013, 80(22),
2042-8. http://dx.doi.org/10.1212/WNL.0b013¢318294b434
lTacobazzi, V., Castegna, A., Infantino, V., Andria, G. Mitochondrial
DNA methylation as a next-generation biomarker and diagnostic
tool. Mol. Genet. Metab., 2013, 110(1-2), 25-34. http://dx.doi.org/
10.1016/j.ymgme.2013.07.012

Gerschiitz, A., Heinsen, H., Griinblatt, E., Wagner, A.K., Bartl, J.,
Meissner, C., Fallgatter, A.J., Al-Sarraj, S., Troakes, C., Ferrer, L.,
Arzberger, T., Deckert, J., Riederer, P., Fischer, M., Tatschner, T.,
Monoranu, C.M. Neuron-specific mitochondrial DNA deletion
levels in sporadic Alzheimer's disease. Curr. Alzheimer Res., 2013,
10(10), 1041-6. http://dx.doi.org/10.2174/15672050113106660166
Yan, M.H., Wang, X. and Zhu, X. Mitochondrial defects and
oxidative stress in Alzheimer disease and Parkinson disease. Free
Radic. Biol. Med., 2013, 62, 90-101. http://dx.doi.org/10.1016/
j.freeradbiomed.2012.11.014

Phillips, N.R., Simpkins, J.W. and Roby, R.K. Mitochondrial DNA
deletions in Alzheimer's brains: a review. Alzheimers Dement.,
2014, /0(3), 393-400. http://dx.doi.org/10.1016/j.jalz.2013.04.508
Fachal, L., Mosquera-Miguel, A., Pastor, P., Ortega-Cubero, S.,
Lorenzo, E., Oterino-Duran, A., Toriello, M., Quintans, B.,
Camifia-Tato, M., Sesar, A., Vega, A., Sobrido, M.J., Salas, A. No
evidence of association between common European mitochondrial
DNA variants in Alzheimer, Parkinson, and migraine in the
Spanish population. Am. J. Med. Genet. B. Neuropsychiatr. Genet.,
2015, 168B(1), 54-65. http://dx.doi.org/10.1002/ajmg.b.32276

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[53]

Arun et al.

Hudson, G., Sims. R., Harold, D., Chapman, J., Hollingworth, P.,
Gerrish, A., Russo G, Hamshere, M., Moskvina, V., Jones N,
Thomas, C., Stretton, A., Holmans, P.A., O'Donovan, M.C., Owen,
M.J., Williams J., Chinnery, P.F. No consistent evidence for
association between mtDNA variants and Alzheimer disease.
Neurology, 2012, 78(14), 1038-42. http://dx.doi.org/10.1212/
WNL.0b013e31824¢8f1d

Arning, L., Haghikia, A., Taherzadeh-Fard, E., Saft, C., Andrich,
J., Pula, B., Hoxtermann, S., Wieczorek, S., Akkad, D.A., Perrech,
M., Gold, R., Epplen, J.T., Chan, A. Mitochondrial haplogroup H
correlates with ATP levels and age at onset in Huntington disease.
J. Mol. Med. (Berl)., 2010, 88(4), 431-6. http://dx.doi.org/10.1007/
s00109-010-0589-2

Mancuso, M., Kiferle, L., Petrozzi, L., Nesti, C, Rocchi, A.,
Ceravolo R., Orsucci, D., Maluccio, M.R., Bonuccelli, U., Filosto,
M., Siciliano, G., Murri, L. Mitochondrial DNA haplogroups do
not influence the Huntington's disease phenotype. Neurosci. Lett.,
2008, 444(1), 83-6. http://dx.doi.org/10.1016/j.neulet.2008.08.013
Wang, J.Q., Chen, Q., Wang, X., Wang, Q.C., Wang, Y., Cheng,
H.P., Guo, C., Sun, Q., Chen, Q., Tang, T.S. Dysregulation of
mitochondrial calcium signaling and superoxide flashes cause
mitochondrial genomic DNA damage in Huntington disease. J.
Biol. Chem., 2013, 288(5), 3070-84. http://dx.doi.org/10.1074/
jbc.M112.407726

Siddiqui, A., Rivera-Sanchez, S., Castro, M.R., Acevedo-Torres,
K., Rane, A., Torres-Ramos, C.A., Nicholls, D.G., Andersen, J.K.,
Ayala-Torres, S. Mitochondrial DNA damage is associated with
reduced mitochondrial bioenergetics in Huntington's disease. Free
Radic. Biol. Med., 2012, 53(7), 1478-88. http://dx.doi.org/10.1016/
j.freeradbiomed.2012.06.008

Xun, Z., Rivera-Sanchez, S., Ayala-Pefia, S., Lim, J., Budworth,
H., Skoda, E.M., Robbins, P.D., Niedernhofer, L.J., Wipf, P.,
McMurray, C.T. Targeting of XJB-5-131 to mitochondria
suppresses oxidative DNA damage and motor decline in a mouse
model of Huntington's disease. Cell Rep., 2012, 2(5), 1137-42.
http://dx.doi.org/10.1016/j.celrep.2012.10.001

Lin, M.T., Beal, M.F. Mitochondrial dysfunction and oxidative
stress in neurodegenerative diseases. Nature, 2006, 443(7113),
787-95. http://dx.doi.org/10.1038/nature05292

Wood-Kaczmar, A., Gandhi, S., Yao, Z., Abramov, A.Y., Miljan,
EA, Keen, G., Stanyer, L., Hargreaves, 1., Klupsch, K., Deas, E.,
Downward, J., Mansfield, L., Jat, P., Taylor, J., Heales, S., Duchen,
M.R., Latchman, D., Tabrizi, S.J., Wood, N.W. PINK1 is necessary
for long term survival and mitochondrial function in human
dopaminergic neurons. PLoS One, 2008, 3(6), e2455. http://dx.doi.
org/10.1371/journal.pone.0002455

Westermann, B. Bioenergetic role of mitochondrial fusion and
fission. Biochim. Biophys. Acta, 2012, 1817(10), 1833-8. http://dx.
doi.org/10.1016/j.bbabio.2012.02.033

Itoh, K., Nakamura, K., Iijjima, M., Sesaki, H. Mitochondrial
dynamics in neurodegeneration. Trends Cell Biol., 2013, 23(2), 64-
71. http://dx.doi.org/10.1016/j.tcb.2012.10.006

Zhao, J., Liu, T., Jin S, Wang X, Qu, M., Uhlén, P., Tomilin, N.,
Shupliakov, O., Lendahl, U., Nistér, M. Human MIEFI recruits
Drpl to mitochondrial outer membranes and promotes mitochondrial
fusion rather than fission. EMBO J, 2011, 30(14), 2762-78. http://
dx.doi.org/10.1038/emboj.2011.198

Perier, C. and Vila, M. Mitochondrial biology and Parkinson's
disease. Cold Spring Harb. Perspect. Med., 2012, 2(2), a009332.
http://dx.doi.org/10.1101/cshperspect.a009332

Chen, H., Detmer, S.A., Ewald, A.J., Griffin EE, Fraser, S.E.,
Chan, D.C. Mitofusins Mfnl and Mifn2 coordinately regulate
mitochondrial fusion and are essential for embryonic development.
J. Cell Biol., 2003, 160(2), 189-200. http://dx.doi.org/10.1083/
jcb.200211046

Iijima-Ando, K., Sekiya, M., Maruko-Otake, A., Ohtake, Y.,
Suzuki, E., Lu, B., Iijima, K.M. Loss of axonal mitochondria
promotes tau-mediated neurodegeneration and Alzheimer's disease-
related tau phosphorylation via PAR-1. PLoS Genet., 2012, §(8),
€1002918. http://dx.doi.org/10.1371/journal.pgen.1002918

Ashrafi, G., Schlehe, J.S., LaVoie, M.J., Schwarz, T.L. Mitophagy
of damaged mitochondria occurs locally in distal neuronal axons
and requires PINK1 and Parkin. J. Cell Biol., 2014, 206(5), 655-70.
http://dx.doi.org/10.1083/jcb.201401070



Mitochondrial Biology and Neurological Diseases

[55]

[56]

[57]

[60]

[61]

[62]

[63]

[64]

[67]

[69]

[70]

[71]

Yang, Y., Ouyang, Y., Yang, L., Beal, M.F., McQuibban, A.,
Vogel, H., Lu, B. Pinkl regulates mitochondrial dynamics through
interaction with the fission/fusion machinery. Proc. Natl. Acad. Sci.
U. S. 4., 2008, 105(19), 7070-5. http://dx.doi.org/10.1073/pnas.
0711845105

Dagda, R.K., Cherra, S.J. 3rd, Kulich, S.M., Tandon, A., Park, D.,
Chu, C.T. Loss of PINKI function promotes mitophagy through
effects on oxidative stress and mitochondrial fission. J. Biol.
Chem., 2009, 284(20), 13843-55. http://dx.doi.org/10.1074/jbc.
M808515200

Shirendeb, U., Reddy A.P., Manczak, M., Calkins, M.J., Mao, P.,
Tagle D.A., Reddy, P.H. Abnormal mitochondrial dynamics,
mitochondrial loss and mutant huntingtin oligomers in Huntington's
disease: implications for selective neuronal damage. Hum. Mol.
Genet., 2011, 20(7), 1438-55. http://dx.doi.org/10.1093/hmg/
ddr024

Deng, H., Dodson, M.W., Huang, H., Guo, M. The Parkinson's
disease genes pinkl and parkin promote mitochondrial fission
and/or inhibit fusion in Drosophila. Proc. Natl. Acad. Sci. U. S. 4.,
2008, 705(38), 14503-8. http://dx.doi.org/10.1073/pnas.0803998105
Xie, W., and Chung, K.K. Alpha-synuclein impairs normal
dynamics of mitochondria in cell and animal models of Parkinson's
disease. J. Neurochem., 2012, 122(2), 404-14. http://dx.doi.org/
10.1111/.1471-4159.2012.07769.x

Rojas-Charry, L., Cookson, M.R., Nifio, A., Arboleda, H.,
Arboleda, G. Downregulation of Pinkl influences mitochondrial
fusion-fission machinery and sensitizes to neurotoxins in
dopaminergic cells. Neurotoxicology, 2014, 44, 140-8. http://dx.
doi.org/10.1016/j.neuro.2014.04.007

Wang, X., Su, B., Lee, H.G., Li, X., Perry, G., Smith, M.A.,
Zhu, X. Impaired balance of mitochondrial fission and fusion
in Alzheimer's disease. J. Neurosci, 2009, 29(28), 9090-103.
http://dx.doi.org/10.1523/JNEUROSCI.1357-09.2009

Selfridge, J.E., E. L., Lu, J., Swerdlow, R.H. Role of mitochondrial
homeostasis and dynamics in Alzheimer's disease. Neurobiol. Dis.,
2013, 51, 3-12. http://dx.doi.org/10.1016/j.0bd.2011.12.057
Manczak, M. and Reddy, P.H. Abnormal interaction between the
mitochondrial fission protein Drpl and hyperphosphorylated tau in
Alzheimer's disease neurons: implications for mitochondrial
dysfunction and neuronal damage. Hum. Mol. Genet., 2012, 21(11),
2538-47. http://dx.doi.org/10.1093/hmg/dds072

Ziv, 1., Melamed, E., Nardi, N., Luria, D., Achiron, A., Offen, D.,
Barzilai, A. Dopamine induces apoptosis-like cell death in cultured
chick sympathetic neurons--a possible novel pathogenetic
mechanism in Parkinson's disease. Neurosci. Lett., 1994, 170(1),
136-40. http://dx.doi.org/10.1016/0304-3940(94)90258-5

Indran, L.R., Tufo, G., Pervaiz, S., Brenner, C. Recent advances in
apoptosis, mitochondria and drug resistance in cancer cells.
Biochim. Biophys. Acta, 2011, 1807(6), 735-45. http://dx.doi.org/
10.1016/j.bbabio.2011.03.010

Perier, C., Tieu, K., Guégan, C., Caspersen, C., Jackson-Lewis, V.,
Carelli, V., Martinuzzi, A., Hirano, M., Przedborski, S., Vila, M.
Complex I deficiency primes Bax-dependent neuronal apoptosis
through mitochondrial oxidative damage. Proc. Natl. Acad. Sci.
U. S. 4., 2005, 102(52), 19126-31. http://dx.doi.org/10.1073/pnas.
0508215102

Wang, X.J., Cao, Q., Zhang, Y., Su, X.D. Activation and regulation
of caspase-6 and its role in neurodegenerative diseases. Annu. Rev.
Pharmacol. Toxicol., 2015, 55, 553-72. http://dx.doi.org/10.1146/
annurev-pharmtox-010814-124414

Luo, D.J.,, Feng, Q., Wang, Z.H., Sun, D.S., Wang, Q., Wang, J.Z.,
Liu GP Knockdown of phosphotyrosyl phosphatase activator
induces apoptosis via mitochondrial pathway and the attenuation by
simultaneous tau hyperphosphorylation. J. Neurochem., 2014,
130(6), 816-25. http://dx.doi.org/10.1111/jnc.12761

Sunita, M., Masahide, O., Masashi, T., Jun, H., and Yasuyoshi, S.
Mitochondrial impairment triggers cytosolic oxidative stress and
cell death following proteasome inhibition. Sci. Rep., 2014, 4, 5896.
Chanvitayapongs, S., Draczynska-Lusiak, B., and Sun, A.Y.
Amelioration of oxidative stress by antioxidants and resveratrol in
PC12 cells. Neuroreport, 1997, 8(6), 1499-502. http://dx.doi.org/
10.1097/00001756-199704140-00035

Kang, M.H., Kawai, Y., Naito, M., Osawa, T. Dietary defatted
sesame flour decreases susceptibility to oxidative stress in
hypercholesterolemic rabbits. J. Nutr., 1999, 129(10), 1885-90.

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(82]

(83]

(84]

(87]

(88]

(89]

Current Neuropharmacology, 2016, Vol. 14, No. 2 153

Cottrell, D.A., Borthwick, G.M., Johnson, M.A., Ince, P.G.,
Turnbull, D.M. The role of cytochrome c oxidase deficient
hippocampal neurones in Alzheimer's disease. Neuropathol. Appl.
Neurobiol., 2002, 28(5), 390-6. http://dx.doi.org/10.1046/j.1365-
2990.2002.00414.x

Tabrizi, S.J., Cleeter, M.W., Xuereb, J., Taanman, J.W., Cooper,
J.M., Schapira, A.H. Biochemical abnormalities and excitotoxicity
in Huntington's disease brain. Ann. Neurol., 1999, 45(1), 25-32.
http://dx.doi.org/10.1002/1531-8249(199901)45:1<25::AID-
ART6>3.0.CO;2-E

Kincaid, B., and Bossy-Wetzel, E. Forever young: SIRT3 a shield
against mitochondrial meltdown, aging, and neurodegeneration.
Front. Aging Neurosci., 2013, 5, 48. http://dx.doi.org/10.3389/
fnagi.2013.00048

Langston, J.W., Ballar, d P., Tetrud, JJW., Irwin, 1. Chronic
Parkinsonism in humans due to a product of meperidine-analog
synthesis. Science, 1983, 219(4587), 979-80. http://dx.doi.org/10.
1126/science.6823561

Brice, A. Genetics of Parkinson's disease: LRRK2 on the rise. Brain,
2005, 128(Pt 12), 2760-2. http://dx.doi.org/10.1093/brain/awh676
Oliveras-Salva, M., Macchi, F., Coessens, V., Deleersnijder, A.,
Gérard M., Van der Perren, A., Van den Haute, C., Baekelandt, V.
Alpha-synuclein-induced neurodegeneration is exacerbated in
PINK1 knockout mice. Neurobiol. Aging, 2014, 35(11), 2625-36.
http://dx.doi.org/10.1016/j.neurobiolaging.2014.04.032

Devi, L., Raghavendran, V., Prabhu, B.M., Avadhani, N.G.,
Anandatheerthaverada, H.K. Mitochondrial import and accumulation
of alpha-synuclein impair complex I in human dopaminergic
neuronal cultures and Parkinson disease brain. J. Biol. Chem.,
2008, 283(14), 9089-100. http://dx.doi.org/10.1074/jbc.M710012200
Parganlija, D., Klinkenberg, M., Dominguez-Bautista, J., Hetzel,
M., Gispert, S., Chimi, M.A., Drose, S., Mai, S., Brandt, U.,
Auburger, G., Jendrach, M. Loss of PINKI impairs stress-induced
autophagy and cell survival. PLoS One, 2014, 9(4), €95288.
http://dx.doi.org/10.1371/journal.pone.0095288

Clarimon, J., Kulisevsky, J. Parkinson's disease: from genetics to
clinical practice. Curr. Genom., 2013, 14(8), 560-7. http://dx.doi.
org/10.2174/1389202914666131210212305

Romani-Aumedes, J., Canal, M., Martin-Flores, N., Sun, X., Pérez-
Fernandez, V., Wewering, S., Fernandez-Santiago, R, Ezquerra,
M., Pont-Sunyer, C., Lafuente, A., Alberch, J., Luebbert, H.,
Tolosa, E, Levy, O.A., Greene, L.A., Malagelada, C. Parkin loss of
function contributes to RTP801 elevation and neuro degeneration
in Parkinson's disease. Cell Death Dis., 2014, 5, e1364. http://dx.
doi.org/10.1038/cddis.2014.333

Hindle, S.J. and Elliott, C.J. Spread of neuronal degeneration in a
dopaminergic, Lrrk-G2019S model of Parkinson disease.
Autophagy, 2013, 9(6), 936-8. http://dx.doi.org/10.4161/auto.24397
Tong, Y., Yamaguchi, H., Giaime, E., Boyle, S., Kopan, R,
Kellehe, R.J. 3rd, Shen, J. Loss of leucine-rich repeat kinase 2
causes impairment of protein degradation pathways, accumulation
of alpha-synuclein, and apoptotic cell death in aged mice. Proc.
Natl. Acad. Sci. U. S. 4., 2010, 107(21), 9879-84. http://dx.doi.org/
10.1073/pnas.1004676107

Gan, X., Wu, L., Huang, S., Zhong, C., Shi, H.,, Li, G., Yu, H.,
Howard, S., R., Xi, C. J., Yan, S.S. Oxidative stress-mediated
activation of extracellular signal-regulated kinase contributes to
mild cognitive impairment-related mitochondrial dysfunction. Free
Radic. Biol. Med., 2014, 75, 230-40. http://dx.doi.org/10.1016/
j-freeradbiomed.2014.07.021

Zhao, Y. and Zhao, B. Oxidative stress and the pathogenesis of
Alzheimer's disease. Oxid. Med. Cell Longev., 2013, 2013, 316523.
Shi, C., Zhu, X., Wang, J., Long, D. Intromitochondrial IkappaB/
NF-kappaB signaling pathway is involved in amyloid beta peptide-
induced mitochondrial dysfunction. J. Bioenerg. Biomembr., 2014,
46(5), 371-6. http://dx.doi.org/10.1007/s10863-014-9567-7
Mattson, M.P. and Camandola, S. NF-kappa B in neuronal
plasticity and neurodegenerative disorders. J. Clin. Invest., 2001,
107(3), 247-54. http://dx.doi.org/10.1172/JCI11916

Pimentel, C., Batista-Nascimento, L., Rodrigues-Pousada, C.,
Menezes, R.A. Oxidative stress in Alzheimer's and Parkinson's
diseases: insights from the yeast Saccharomyces cerevisiae. Oxid.
Med. Cell. Longev., 2012, 2012, 132146.

Klimkowicz-Mrowiec, A., Bodzioch M, Szczudlik A, Slowik A.
Clinical presentation of early-onset Alzheimer's disease as a result



154

[90]

[91]

[94]

[95]

Current Neuropharmacology, 2016, Vol. 14, No. 2

of mutation in exon 12 of the PSEN-1 gene. Am. J. Alzheimers
Dis. Other Demen., 2014, 29(8), 732-4. http://dx.doi.org/10.1177/
1533317514536599

Nygaard, H.B., Lippa, C.F., Mehdi, D., Baehring, J.M. A Novel
Presenilin 1 Mutation in Early-Onset Alzheimer's Disease With
Prominent Frontal Features. Am. J. Alzheimers Dis. Other Demen.,
2014, 29(5), 433-435. http://dx.doi.org/10.1177/1533317513518653
Kukreja, L., Kujoth, G.C., Prolla, T.A., Van Leuven, F., Vassar, R.
Increased mtDNA mutations with aging promotes amyloid
accumulation and brain atrophy in the APP/Ld transgenic mouse
model of Alzheimer's disease. Mol. Neurodegener., 2014, 9, 16.
http://dx.doi.org/10.1186/1750-1326-9-16

Damiano, M., Galvan, L., Déglon, N., Brouillet, E. Mitochondria in
Huntington's disease. Biochim. Biophys. Acta, 2010, 1802(1), 52-
61. http://dx.doi.org/10.1016/j.bbadis.2009.07.012

Vonsattel, J.P., Myers, R.H., Stevens, T.J., Ferrante, R.J., Bird,
E.D., Richardson, E.P. Jr. Neuropathological classification of
Huntington's disease. J. Neuropathol. Exp. Neurol., 1985, 44(6),
559-77. http://dx.doi.org/10.1097/00005072-198511000-00003
Yamamoto, A., Lucas, J.J. and Hen, R. Reversal of neuropathology
and motor dysfunction in a conditional model of Huntington's
disease. Cell, 2000, /01(1), 57-66. http://dx.doi.org/10.1016/S0092-
8674(00)80623-6

Mochel, F. and Haller, R.G. Energy deficit in Huntington disease:
why it matters. J. Clin. Invest., 2011, 121(2) 493-9. http://dx.doi.
org/10.1172/JCI45691

[97]

(98]

[99]

Arun et al.

Damiano, M., Diguet, E., Malgorn, C., D'Aurelio, M, Galvan, L.,
Petit, F., Benhaim, L., Guillermier, M, Houitte, D, Dufour, N.,
Hantraye, P., Canals J.M., Alberch, J., Delzescaux, T., Déglon, N.,
Beal, M.F., Brouillet, E. A role of mitochondrial complex II defects
in genetic models of Huntington's disease expressing N-terminal
fragments of mutant huntingtin. Hum. Mol. Genet., 2013, 22(19),
3869-82. http://dx.doi.org/10.1093/hmg/ddt242

Tsunemi, T., Ashe, T.D., Morrison, B.E., Soriano, K.R., Au, J.,
Roque R.A., Lazarowski, ER, Damian, V.A., Masliah, E., La
Spada, AR PGC-1alpha rescues Huntington's disease proteotoxicity
by preventing oxidative stress and promoting TFEB function. Sci.
Transl. Med., 2012, 4(142), 142ra97. http://dx.doi.org/10.1126/
scitranslmed.3003799

Li. X., Valencia, A., McClory, H., Sapp, E., Kegel, K.B., Difiglia,
M. Deficient Rab11 activity underlies glucose hypometabolism in
primary neurons of Huntington's disease mice. Biochem. Biophys.
Res. Commun., 2012, 421(4), 727-30. http://dx.doi.org/10.1016/
j.bbrc.2012.04.070

Ribeiro, M., Rosenstock, T.R., Oliveira, A., Oliveira, C.R.,
Carvalho, R. A.C. Insulin and IGF-1 improve mitochondrial
function in a PI-3K/Akt-dependent manner and reduce mitochondrial
generation of reactive oxygen species in Huntington's disease
knock-in striatal cells. Free Radic. Biol. Med., 2014, 74, 129-44.
http://dx.doi.org/10.1016/j.freeradbiomed.2014.06.023

Received: September 10, 2014

Revised: January 20, 2015

Accepted: July 02, 2015



