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Abstract

Mitochondria are important for providing cellular energy ATP through the oxidative
phosphorylation pathway. They are also critical in regulating many cellular functions including the
fatty acid oxidation, the metabolism of glutamate and urea, the anti-oxidant defense, and the
apoptosis pathway. Mitochondria are an important source of reactive oxygen species leaked from
the electron transport chain while they are susceptible to oxidative damage, leading to
mitochondrial dysfunction and tissue injury. In fact, impaired mitochondrial function is commonly
observed in many types of neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, alcoholic dementia, brain ischemia-reperfusion related injury, and
others, although many of these neurological disorders have unique etiological factors.
Mitochondrial dysfunction under many pathological conditions is likely to be promoted by
increased nitroxidative stress, which can stimulate post-translational modifications (PTMs) of
mitochondrial proteins and/or oxidative damage to mitochondrial DNA and lipids. Furthermore,
recent studies have demonstrated that various antioxidants, including naturally occurring
flavonoids and polyphenols as well as synthetic compounds, can block the formation of reactive
oxygen and/or nitrogen species, and thus ultimately prevent the PTMs of many proteins with
improved disease conditions. Therefore, the present review is aimed to describe the recent research
developments in the molecular mechanisms for mitochondrial dysfunction and tissue injury in
neurodegenerative diseases and discuss translational research opportunities.
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1. Introduction

The mitochondria are present in most eukaryotic cells. Their sizes range from 0.5to0 1.0
micrometers in diameter, but recent data suggest that their shape and size can vary by a
process of mitochondrial fusion and fission following exposure to toxic agents or under
pathophysiological conditions (Chaturvedi and Beal, 2013; Duboff et el., 2013).
Alternatively, the damaged mitochondria can be removed by mitochondrial autophagy
(mitophagy) (Ashrafi and Schwarz, 2013; Chaturvedi and Beal, 2013). Mitochondria are
considered as “power plants’ of the cell since they generate most of the cellular energy ATP
needed for numerous reactions. They are also involved in the intermediary metabolism, such
as conversion of pyruvate and other metabolites through the citric acid cycle, urea
metabolism, steroid synthesis pathway, etc. In addition, they are involved in heat production,
storage of calcium ion, regulation of the membrane potential and transports, and
programmed cell death signaling (i.e. apoptosis) (Chaturvedi and Beal, 2013; Dashdorj et
al., 2013; Mailloux and Harper, 2011).

Under normal conditions, less than 2% of oxygen is leaked from the mitochondrial electron
transport chain (ETC) (Boveris et al., 1972). However, it is well-established that greater
amounts of reactive oxygen species (ROS) can be produced out of the damaged
mitochondria under various pathological conditions (Chaturvedi and Beal, 2013). In
addition, mitochondria are known to produce reactive nitrogen species (RNS) including
nitric oxide (NO) through nitric oxide synthase (NOS) expressed in mitochondria (Navarro
and Boveris, 2008). Combination of ROS and RNS produces a much more potent oxidant
peroxynitrite (ONOO-). For instance, peroxynitrite can nitrate Tyr or Trp and S-nitrosylate
Cys residues of many mitochondrial proteins, contributing to their inactivation and
mitochondrial dysfunction, followed by cell death and organ damage (Abdelmegeed and
Song, 2014; Franco et al., 2013; Song et al., 2013, 2014). In fact, both nitroxidative stress
and mitochondrial dysfunction are considered as the major contributing factors for the
development and progression of many pathological conditions, including neurodegenerative
diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease
(HD), alcoholic dementia, brain ischemia-reperfusion injury and traumatic brain injury
(TBI) (Johri and Beal, 2012; Navarro and Boveris, 2008) (Figure 1). Many of these
neurological diseases may have different etiological factors, but may share common factors
of increased nitroxidative stress and mitochondrial dysfunction, likely resulting from the
protein post-translational modifications (PTMs) including oxidation, nitration,
hyperphosphorylation, acetylation, glycosylation and formation of various protein adducts
(Abdelmegeed and Song, 2014; Byun et al., 2012, 2014; Franco et al., 2013; Liu et al., 2015;
Jin et al., 2014; Narayan et al., 2015; Song et al., 2014; Sultana et al., 2013; Tepper et al.,
2014; Zhang et al., 2013).
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Over-production of ROS/RNS usually lead to an increased nitroxidative stress inside the
cells. However, cells have evolved to contain many defensive enzymes and cellular anti-
oxidants in order to protect themselves against ROS/RNS-mediated cell or organ damage
(Weinberg and Chandel, 2009). In addition, various small molecule antioxidants can delay or
prevent the oxidative modification of the ‘oxidizable” substrates. Furthermore, recent studies
have demonstrated that several antioxidants prevent the formation of the ROS/RNS to the
manageable levels (Correia et al., 2010). A variety of edible plants contain many different
kinds of antioxidants such as polyphenols, flavonoids and other types. Some polyphenols are
effective as metal chelators and in scavenging ROS/RNS due to the presence of multiple
hydroxyl groups (Amit and Priyadarsini, 2011). It is reasonable to consider that the most
rational approach for preventing or treating neurodegenerative disorders is to understand the
molecular mechanisms of the adverse consequences of these ROS/RNS and other free
radicals (Chaturvedi and Beal, 2013; Tajuddin et al., 2013). Therefore the present article is
aimed to briefly review the consequences of increased nitroxidative stress and mechanisms
of mitochondrial dysfunctions in some selected neurodegenerative diseases. Based on the
mechanistic understanding of neurodegenerative disorders, we also describe potential
translational opportunities and challenges.

2. Consequences of Increased Nitroxidative Stress

2.1. Changes in Mitochondrial Shapes and Functions

Mitochondria are dynamic organelles, often transported by cytoskeletal proteins. In normal
conditions, they merge (e.g., fusion mediated by OPA1, Mfn-1 and Mfn-2 proteins) and
divide [e.g., fission by dynamin-related protein (Drpl) and other proteins] while this fusion-
fission cycle is regulated by GTPases in the dynamin family. Mitochondrial fusion protects
cells from excessive degradation of mitochondria, prevents mitophagy and rescues damaged
mitochondria. Mitochondrial fission is mediated by cytosolic Drpl, which is translocated to
mitochondria to initiate fission and thus plays an important role in mitochondrial quality
control and bioenergetics (Dickey and Strack, 2011). After the fission, the two daughter
mitochondria are either subjected to mito-fusion or elimination by mitophagy. The
mitochondria with higher membrane potential would undergo fusion while the other
depolarized daughter mitochondria with dysfunctional aggregated proteins are eliminated by
mitophagy (Twig et al., 2008; Zhang and Ney, 2010). However, in certain disease conditions,
the imbalance between fusion and fission leads to elongation and excessive mitochondrial
fragmentation, which suppresses normal mitochondrial function (Johri and Beal, 2012). For
instance, mitochondrial fusion by Mfn-2 is required for proper development and
maintenance of cerebellar granular cells. In contrast, a mutation in Mfn-2 gene results in the
development of axonal disorder, Charcot-Marie-Tooth type 2A disease (CMT), a hereditary
peripheral neuropathy that affects both motor neurons and sensory neurons (Chen et al.,
2007; Kijima et al., 2005). In addition, under increased oxidative stress after exposure to
neurotoxic glutamate, mitochondrial fusion protein OPA1, normally present in the
mitochondrial inner membrane, is discharged to cytosol with concomitant release of
cytochrome c. These events are accompanied by mitochondrial fragmentation and apoptosis
of HT22 cells while an antioxidant tocopherol significantly prevented these events
(Sanderson et al., 2015a). Similar incidences of release of mitochondrial OPA1 and
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cytochrome ¢ followed by apoptosis were observed in primary rat neuronal cells in a
simulated model of ischemia-reperfusion hypoxic injury (Sanderson et al., 2015b). These
results from at least two different models of neuronal injury suggest that increased oxidative
stress is involved in regulating the mitochondrial fusion and fission process and cell death,
although the detailed mechanism by which increased oxidative stress stimulates OPA1
release from mitochondria needs to be further studied.

Mitochondria can actively pass through the cytosol on the dynein and kinesin tracks and this
mitochondrial transport also regulates fission. Many reports demonstrated that the altered
mitochondrial trafficking and fusion/fission dynamics are observed in various
neurodegenerative diseases including CMT (Chen et al., 2007). Similarly, mitochondrial
dysfunction is implicated in the aging process due to the accumulation of damaged or
mutated mitochondrial DNA (mtDNA) by increased ROS production, resulting in a change
in mitochondrial mass (Chaturvedi and Beal, 2013). Axonal degeneration, as observed in
CMT, is another example where axonal mitochondria cannot carry out bioenergy
metabolism with abnormal Ca2* homeostasis and protease activation. The removal of
damaged mitochondria can be processed through mitophagy. Thus, mitochondrial numbers
are regulated by mitophagy, which selectively surrounds the damaged and depolarized
mitochondria in autophagic vacuoles for subsequent elimination in lysosomes (Tolkovsky,
2009). Recent reports suggest that the PINK1/Parkin and autophagy receptors play an
important role in mitophagy. The accumulation of PINK1 results in recruitment of E3
ubiquitin ligase, Parkin. Upon recruitment of Parkin, ubiquitination of various proteins such
as hexokinase 1, voltage dependent anion channel 1 (VDACZ1), mitochondrial rho family
GTPase (Miro) and Mfn1/2 takes place (Geisler et al., 2010; Okatsu et al., 2012; Tanaka et
al., 2010; Wang et al., 2011). The anchoring of the damaged mitochondria to the
cytoskeleton is mediated by Miro (possibly with VDAC1 and hexokinase 1) and subsequent
degradation is carried out by the PINK1/Parkin pathway. Another pathway for the
elimination of damaged, aggregated and dysfunctional organelles is accomplished through
mitochondrial autophagy receptors.

The proteins and lipids, located on the outer mitochondrial membrane, sometimes work as
mitophagy receptors. Cardiolipin, FUNDC1, Nix/BNIP3L, and BNIP3 (which are only
present on the outer mitochondrial membrane) can bind to LC3 on the autophagosome and
thus contribute to apoptosis (Hanna et al., 2012; Novak et al., 2010). Thus the Nix/BNIP3L
is important for the maintenance of the healthy mitochondrial pool to keep the equilibrium
between mitophagy and cellular homeostasis. Most of the mitochondrial proteins, involved
in mitochondrial fission and fusion, are present to maintain normal cellular functions under
healthy conditions. In contrast, impaired mitochondrial function is frequently observed in
many disease states, including several neurodegenerative disorders. Therefore, normalization
of mitochondrial function can become a potential target for pharmacological interventions to
prevent or treat many metabolic and neurodegenerative diseases.

2.2. Post-Translational Modifications of Mitochondrial Proteins

Under elevated nitroxidative stress, many mitochondrial proteins can undergo different types
of PTM, such as oxidation, nitration, S-nitrosylation, phosphorylation, acetylation,
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glycosylation, carbonylation, palmitoylation, myristoylation and other modifications
including protein adduct formation (Song et al., 2014). Consequently, modified
mitochondrial proteins likely become inactivated and thus contribute to impaired
mitochondrial function, ATP depletion and necroapoptosis (Dexter and Jenner, 2013; Song
et al., 2014; Sultana and Butterfield, 2013). In this review, we will briefly discuss a few
examples of PTM of mitochondrial proteins, such as nitration, S-nitrosylation,
phosphorylation, and acetylation, as they are often identified in the experimental models and
human specimens of neurodegenerative disorders. However, many other types of PTM are
also known to be associated with various neurodegenerative conditions. These PTMs, not
discussed in this review, include: adduct formation with DNA, lipids and proteins (de la
Monte and Tong, 2014; Sultana et al., 2013), carbonylation (Ergin et al., 2013; Oikawa et al.,
2014; Sultana et al., 2013), glycation (e.g., advanced glycation end products) (Byun et al.,
2012; Choi et al., 2014), methylation (Pattaroni and Jacob, 2013; Pefia-Altamira et al., 2013;
Tradewell et al., 2012), N-linked glycosylation with Asn (Gongalves et al., 2015; Mkhikian
et al., 2011; Schedin-Weiss et al., 2014), O-linked glycosylation with Ser or Thr (Karababa
etal., 2014; Lozano et al., 2014; Tan et al., 2014; Zhu et al., 2014), sumoylation (Gebriel et
al., 2014; ; Nistico et al., 2014; Shahpasandzadeh et al., 2014), ubiquitination (Bishop et al.,
2014; Gebriel et al., 2014; Karababa et al., 2014; Nistico et al., 2014; Schmid et al., 2013),
etc.

The brain utilizes about 20% three fourths of the total oxygen supply of the body despite its
relative low weight (approximately 2% of the total body weight) (Bunevicius et al., 2013).
Under pathological conditions and after exposure to neurotoxic agents, increased amounts of
superoxide anion (O2-.) and NO can be produced, resulting in nitroxidative stress in the
brain. Co-existence of NO and superoxide anion can generate more cytotoxic agents,
peroxynitrite (ONOO-) and peroxynitrous acid (ONOOH), both of which have been
implicated in neuronal cell death (Brown, 2010; Chung and David, 2010; Franco et al.,
2013; Gould et al., 2013; Maggio et al., 2012; Malinski, 2007; Schildknecht et al., 2013).
Since the brain contains relatively low amounts of glutathione (GSH) and other energy
substrates compared to other peripheral tissues, including the liver (Aoyama and Nakaki,
2013; Wali et al., 2011), it is relatively sensitive to severe nitroxidative damage.

NO produced in the brain plays both physiological and pathological roles (Brown, 2010;
Navarro and Boveris, 2008). Cellular NO can be synthesized from L-arginine by NOS
isozymes, which require oxygen and NADPH for their activities. The three isoforms of NOS
exist: neuronal (cNOS or nNOS), endothelial (eNOS), and the inducible NO synthase
(iNOS). The nNOS and eNOS are known to be constitutively expressed and Ca-calmodulin-
dependent isozymes (Knowles and Moncada, 1994). In contrast, the inducible isozyme
iNOS, Ca-independent and virtually not expressed in normal tissues, can be rapidly activated
by inflammation and oxidative stress in many cell types, including astrocytes, microglia,
macrophages, neurons, myocytes, platelets, leukocytes, endothelial cells and others. Small
amounts of NO in the brain and various neurons can act as a neurotransmitter (Brown, 2010;
Dai et al., 2013). However, NO, produced at greater amounts (0.1 — 1 uM) usually by iNOS
and nNOS or in inflammatory disease states, can act as a neurotoxic agent and is believed to
nitrate many proteins in the neuron, causing cell death and severe tissue injury (Brown,
2010; Dai et al., 2013; Franco et al., 2013). For instance, large amounts of NO seems to be
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important in causing ischemic brain injury (Garcia-Bonilla et al., 2014) and many other
neuronal diseases (Butterfield et al., 2007, 2014). Direct evidence for the involvement of
iNOS in neuronal diseases was provided by the experimental results of using /INOS-
knockout mice, a specific inhibitor of iINOS 1400W (Kumar et al., 2014), or an anti-sense
oligonucleotide specific to iINOS (Maggio et al., 2012). For instance, /NOS-knockout mice
were resistant to behavioral and synaptic deficits or cerebral plaque formation and premature
mortality in animal models of AD (Medeiros et al., 2007; Nathan et al., 2005). These /NOS-
knockout mice were also protected from dopaminergic neurodegeneration in mouse models
of PD (Kumar et al., 2015; Liberatore et al., 1999) and ischemic brain injury (Garcia-Bonilla
etal., 2014), as similar to their resistance to inflammatory diseases and peripheral tissue
injury caused by alcohol and non-alcoholic substances (Nobunaga et al., 2014; Spruss et al.,
2011). In addition, NNOS seems to be responsible for DNA damage in a mouse model of PD
(Hoang et al., 2009). Markedly increased NO levels can stimulate nitration of many proteins,
which tend to aggregate, as reported in the neuronal tissues of patients with
neurodegenerative diseases including AD, PD, HD and amyotrophic lateral sclerosis (ALS)
(Brown, 2010; Butterfield et al., 2007, 2014; Chung and David, 2010; Dexter and Jenner,
2013; Maggio et al., 2012; Malinski, 2007; Schildknecht et al., 2013).

In addition to lipid peroxidation and DNA damage, increased nitroxidative stress can
promote oxidative modifications of cysteine (Cys), methionine (Met), and other amino acids,
in most proteins, as recently reviewed (Butterfield et al., 2014; Song et al., 2014; Sultana
and Butterfield, 2013). For instance, Cys residue(s) can be oxidatively-modified in many
forms [sulfenic acid, disulfide, sulfinic/sulfonic acids, NO- or peroxynitrite-dependent S
nitrosylation, NO-independent ADP-ribosylation, mixed disulfide formation between Cys
residues and glutathione (glutathionylation), cysteine (cystathionylation), succinic acid,
myristic acid (Bastidas et al., 2013), palmitic acid (Cys-palmitoylation)] (Song et al., 2014)
for membrane attachment or cellular trafficking, and adduct formation with reactive
metabolites of drugs or lipid peroxides. S-nitrosylation is a reversible modification of Cys
residues in proteins to produce the corresponding nitrosothiols that affect cell survival
through changes in gene transcription, vesicular trafficking, receptor mediated signal
transduction and apoptosis, depending on the sources of ROS/RNS, their cellular levels,
spatiotemporal production, and nitrosylated proteins (Gould et al., 2013; Malinski, 2007;
Sha and Marshall, 2012; Shahani and Sawa, 2012; Song et al., 2010). More importantly,
some of the neuroprotective proteins such as parkin and XIAP have been found to be
modulated by S-nitrosylation, contributing to their suppression and neural cell death. These
results suggests that nitroxidative stress is an important contributing factor of
neurodegeneration (Chung et al., 2004).

If one of these Cys residues serves as the active site or is located near the active site of
certain enzymes, it is highly likely that oxidative modifications of these Cys residues can
result in their inactivation, although a few exceptions exist for the activation of S-
nitrosylated proteins, as recently reviewed (Song et al., 2014). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), an enzyme involved in the glycolysis, is S-nitrosylated on
Cys-150, before its translocation from cytosol to nucleus and then interacts with Siahl, an
E3-ubiquitin ligase, to promote the degradation of nuclear target proteins (Hara et al., 2006).
This NO-dependent nuclear translocation of GAPDH followed by its interaction with Siahl
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has been shown in neuronal damage in an animal model of PD induced by MPTP exposure.
In contrast, Deprenyl, a known MAO-B inhibitor, disrupts the GAPDH-Siah1 complex-
induced neuronal cell death, resulting in cell survival. Recent reports also showed that many
cellular proteins are S-nitrosylated in several neurodegenerative diseases such as AD, PD,
ALS, and stroke. These S-nitrosylated proteins include: Parkin, protein disulfide isomerase
(PDI), peroxiredoxin 2 (Prx2), XIAP, Drpl, heat shock protein 90 (HSP90), matrix
metalloproteinase-9 (MMP-9), phosphatase and tensin homolog (PTEN), as described
(Butterfield et al., 2010; Cho et al., 2009; Fang et al., 2007; Kwak et al., 2010; Walker et al.,
2010).

Phosphorylation is another form of PTM by which many cellular proteins are regulated by
reversible cycles of phosphorylation and dephosphorylation by protein kinases and
phosphatases, respectively. In general, the activities of these protein kinases and
phosphatases can be changed following exposure to exogenous agents including neurotoxic
agents. The kinase proteins include cAMP-dependent protein kinases (PKA),
phosphatidylinositol triphosphate-dependent kinase (P1-3K), protein kinase B (AKT or
PKB), protein kinase C isoforms (PKC), calcium-calmodulin-dependent protein kinases
(CAMK), glycogen synthase kinase-33 (GSK3p), stress activated mitogen-activated protein
kinases (MAPKSs), including c-Jun N-terminal protein kinase (JNK) and p38 kinase (p38K),
and receptor-mediated tyrosine kinases. In addition, the activities of these kinases are
generally altered in pathological conditions, including neurodegenerative diseases (Ferraris
etal., 2013; Ron and Messing, 2013; Yang et al., 2013; Yin et al., 2013). These kinases can
work independently or together synergistically or antagonize each other’s activities. In fact,
crosstalk between different classes of protein kinases becomes complicated, contributing to
different outcomes, depending on their induction, tissue distribution, subcellular localization
or translocation to another compartment, cellular environment, treatment agent, and activity
status of phosphoprotein phosphatases, as recently reported (Kamata et al., 2005; Son et al.,
2013).

Under increased nitroxidative stress, MAPKSs can be activated through oxidative
modifications and inactivation of the redox-sensitive critical Cys residues of the
corresponding MAPK phosphatases, which dephosphorylate the phosphorylated (activated)
upstream kinase(s) of each MAPK (Son et al., 2011). For instance, oxidative stress induced
by neurotoxic glutamate can also activate the MAPK pathways that are involved in many
cellular processes, such as cell growth, differentiation, inflammation, and cell death.
However, a recent review indicated that the extracellular signal-regulated kinase (ERK)
pathway can be also involved in oxidative neuronal injury (Subramaniam and Unsicker,
2010), instead of its usual roles in cell growth and proliferation. In contrast, JNK and/or the
p38K pathways, activated by stress stimuli such as pro-inflammatory cytokines, ultraviolet
irradiation, heat shock, osmotic shock, hydrogen peroxide, alcohol, drugs, anti-cancer
agents, hypoxia and neurotoxic agents, are involved in cell differentiation and apoptosis
(Byun et al., 2012, 2014; Nijboer et al., 2013; Pan et al., 2009; Park et al., 2013; Shah et al.,
2015). The activated p-JNK and p-p38K in neuronal tissues can phosphorylate many target
proteins, including Tau protein. In fact, it was shown that activated p-JNK, p-p38K and other
kinases can phosphorylate many of 80 serine and threonine residues and 5 tyrosine residues
of the microtubule-associated Tau proteins, contributing to tauopathies in humans and
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experimental animal models (Chen et al., 2004; Wang et al., 2013). In the normal brain,
there are 2-3 mols of phosphate per mole of Tau, whereas Tau is hyper-phosphorylated at
least three-fold greater in AD brain than normal brains, supporting the notion that Tau hyper-
phosphorylation is a critical step in Ap aggregation (Wang et al., 2013). Consequently,
inhibiting the oxidative stress with activated p-JNK and/or p-p38K caused by glutamate,
dopamine, or other neurotoxic agents or in neuropathological conditions, including cerebral
ischemia (Nijboer et al., 2013), may be a promising strategy for the development of new
drugs to prevent and/or treat neurodegenerative diseases.

Another protein kinase, which plays an important role in causing mitochondrial dysfunction
via phosphorylation of VDACL in AD patients, is GSK3p. Hyper-activation of GSK3p has
been linked to Ap production, AP deposits, hyper-phosphorylated Tau, and neurofibrillary
tangle formation in AD (Wang et al., 2013) as well as insulin resistance in diabetes (Jope et
al., 2007). GSK3p can phosphorylate VDACL1 on threonine 51, resulting in the detachment
of hexokinase from VDACLI. Increasing evidence also suggests that in AD pathogenesis,
elevated GSK3p activity is a key event in abnormal amyloid precursor protein (APP)
processing, increased AP production, and hyper-phosphorylation of Tau (Forlenza et al.,
2011; Jimenez et al., 2011; Jo et al., 2011).

Another important PTM in various neurodegenerative diseases is reversible acetylation and
deacetylation of neuronal proteins, as recently reviewed (Bahari-Javan et al., 2014; Fischer,
2014; Lazo-Gomez et al., 2013). For instance, the acetylated status of certain proteins, such
as nuclear histone and several mitochondrial proteins (Wagner et al., 2012), is very
important in epigenetic changes and impaired energy supply in many different
neurodegenerative diseases. The acetylation-deacetylation cycle depends on the activities of
acetylases and deacetylases, growth factors, proper nutrient signaling and mitochondria-
dependent bioenergetics, most of which are regulated through FOXO and Sirtuin (SIRT)
proteins (Guedes-Dias and Oliverira, 2013). Mammalian Sirtuins include the mitochondrial
deacetylase SIRT3 and recently mitochondrial lysine acetylation (AcLys) was found to
initiate mitochondrial degradation by autophagy. This mitophagy process is closely
regulated by PINKZ1 and Parkin (Ashrafi et al., 2014; Auberger et al., 2014), two interacting
proteins that relocalize to mitochondria to stimulate deficient proton gradients.
Deacetylation of mitochondrial proteins and altered SIRT3 levels occur in rodent models of
PD before the onset of the toxic aggregate formation. The development of site-specific
AcLys-antibodies, characterizations of acetylated proteins in patients, and chemical
modulators of SIRT proteins may have clinical applications (Han, 2009).

Several PTMs of many key mitochondrial proteins can simultaneously take place under
increased nitroxidative stress in neuropathological conditions. Therefore, it is very difficult
to determine the functional implication of each PTM or demonstrate which PTM plays a
critical role in causing mitochondrial dysfunction and injury to neuronal cells. In addition, it
is challenging to identify the modified amino acid(s) and their roles in activity changes,
especially those expressed in low amounts in a particular cell in the brain, following
exposure to a neurotoxic agent or in neurological disease specimens. Therefore, we may
need to use an /n vitro model system to clearly demonstrate the pattern of PTMs for a
specific protein(s) of interest to evaluate their functional role. Once we obtain the useful
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information from the /n vitro model systems, the identities of the proteins modified by
different PTMs and their roles in mitochondrial dysfunction and apoptosis need to be
verified in a specific model of neurodegenerative diseases and/or human pathological
specimens. Molecular elucidation of different PTMs of target proteins is a critical step in
helping future development of preventive and/or therapeutic agents against
neurodegenerative diseases. For this reason, we have briefly described the mechanisms of
mitochondrial dysfunction in four major neurodegenerative diseases.

Mechanisms of Neuronal Cell Death by Increased Nitroxidative Stress

In the previous section, we have described the role of increased nitroxidative stress in
promoting oxidative modifications of cellular macromolecules DNA, lipid and proteins. We
also mentioned a few examples of various PTMs of many cellular proteins, contributing to
mitochondrial dysfunction and neuronal cell death, which ultimately leads to
neurodegeneration (Fig. 1). For instance, we described modifications (e.g., phosphorylation)
of some critical proteins involved in the cell signaling pathways, resulting in different
outcomes. Several reports on the redox-related activation of the JINK and/or p38K or their
upstream kinases such as mitogen activated protein kinase kinase (M2K) and mitogen
activated protein kinase kinase kinase (M3K), as reviewed (Son et al., 2011). Previous
results with hepatoma cells showed that pro-apoptotic Bax in the cytosol can be
phosphorylated (activated) by p-JNK and/or p-p38K, resulting in its conformational change
with exposure of the C-terminal membrane domain. These events were followed by
translocation of the activated Bax to mitochondria, leading to changes in mitochondrial
permeability transition (MPT) and apoptosis of cultured hepatoma cells (Kim et al., 2006).
The importance of phosphorylation was further confirmed by using site-directed
mutagenesis of potential amino acids for phosphorylation followed by functional analysis of
cell death rates. Site-directed mutagenesis results revealed that Thr167 of Bax was
phosphorylated before it was translocated to mitochondria to stimulate mitochondria-
dependent apoptosis (Kim et al., 2006). In addition, activated p-JNK is known to translocate
to mitochondria to initiate MPT change and damage following exposure to other hepatotoxic
agents including acetaminophen (Hanawa et al., 2008; Win et al., 2011; Xie et al., 2014).
Since JNK does not contain the canonical mitochondrial leader sequence (Ferramosa &
Zara, 2013), it would be interesting to identify the mechanism(s) by which activated p-JNK
is translocated to mitochondria and then phosphorylates mitochondrial matrix proteins such
as mitochondrial aldehyde dehydrogenase 2 isoform (ALDHZ2) in carbon tetrachloride-
exposed rats (Moon et al., 2010). One of the potential mechanisms of JNK translocation to
mitochondria could be through its interaction with a scaffold protein Sab (Win et al., 2011;
Win et al., 2014) or Bcl-XL (Kharbanda et al., 2000) on the mitochondrial outer membrane
before p-JINK was transported to mitochondria. In fact, an /n vitro study using
bioenergetically competent mitochondria revealed that the recombinant JNK can
phosphorylate many mitochondrial proteins such as ATP synthase  subunit, a-ketoglutarate
dehydrogenase (a-KGDH), pyruvate dehydrogenase (PDH) Ela and B subunits (Schroeter et
al., 2003). A recent report with mass-spectral analysis of the purified phosphoproteins
showed that more than 106 mitochondrial proteins can be phosphorylated at 2 h by activated
p-JNK in carbon tetrachloride-exposed mouse livers (Jang et al., 2015). The INK-target
proteins include ALDH2, ATP synthase a subunit, a-KGDH, PDH Ela and 3 subunits, and
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many other mitochondrial proteins or enzymes. By carefully studying the time-dependent
changes in enzyme activities, mitochondrial permeability and histological features in the
absence or presence of specific JINK inhibitors, it was concluded that translocation of
activated p-JNK to mitochondria and subsequent phosphorylation of many mitochondrial
proteins are critically important in promoting mitochondrial dysfunction, mitochondrial
permeability change and necrotic tissue injury usually observed at later time points (Jang et
al., 2015). Similarly, phosphorylation of many proteins such as Tau (Wang et al., 2013) and
Bax in neuronal tissues can produce neurofibrillary tangles (NFTs) and apoptosis of
neuronal cells, respectively, contributing to neurodegeneration (Byun et al., 2012; Byun et
al., 2014; Yarza et al., 2016). However, the number and identity of the neuronal proteins, that
can be phosphorylated by activated p-JNK, p-p38K, and/or GSK3p in brains (Forlenza et al.,
2011; Jimenez et al., 2011; Jo et al., 2011), need to be investigated to further delineate the
causal role of protein phosphorylation in promoting neurodegenerative diseases.

Many laboratories reported that PTMs of some mitochondrial proteins such as SOD2, Gpx
and ATP synthase (complex V) can lead to their inactivation (Abdelmegeed et. al, 2013;
Ribas et al., 2014). In addition, mitochondrial complexes | (NADH-dependent ubiquinone
oxidoreductase) and 1V (cytochrome ¢ oxidase) can be oxidatively-modified and inactivated
under increased oxidative stress (Opii et al., 2007; Song et al., 2013). Suppression of these
mitochondrial complex proteins leads to impairment of the mitochondrial ETC, resulting in
insufficient electron transfer and greater ROS leakage from the respiratory chain. Cytosolic
caspases can be also activated by S-nitrosylated proliferating nuclear cell antigen
(PCNA)and thus activated (Yin et al., 2015), thus resulting in elevated apoptosis of neuronal
cells. Consequently, we expect to see markedly increased oxidative stress, lipid peroxidation
and decreased energy production following oxidative modifications of many proteins, as
reported in neurodegenerative diseases. In addition, nitration of chaperon protein HSP90 can
cause apoptosis of neuronal cells (Franco et al., 2013), contributing to neurodegeneration. In
fact, increased oxidative modifications including protein nitration of cellular proteins and
DNA in neuronal tissues have been reported by many different laboratories (Dias et al.,
2013; Grimm et al., 2011; Malkus et al., 2009). Furthermore, increased nitroxidative stress
can activate cell-death associated MAPKSs such as JNK and p38K (Song et al., 2014),
contributing to neuronal cell death (Zhu et al, 2015) and neurodegeneration, as reported
(Antonio et al., 2011; Byun et al., 2012; Byun et al., 2014; Klein et al., 2003; Upreti et al.,
2010). Moreover, increased levels of peroxynitrite, produced from increased nitroxidative
stress, can activate poly-ADP-ribose polymerase and mitochondrial permeability change,
contributing to neuronal damage. Extensive activation of poly(ADP-ribose) polymerase-1
(PARP-1) by DNA damage induces caspase-independent cell death via ischemia and
inflammation. Thus subsequent NAD* depletion and mitochondrial permeability transition
(MPT) are sequential and necessary steps in PARP-1-mediated cell death (Alano et al.,
2004; Alano et al., 2010; Lu et al., 2014). Furthermore, many other laboratories reported the
importance of S-nitrosylation and/or nitrated proteins such as parkin, GAPDH, XIAP, Prx2,
PDI and caspase 3 in neurological diseases (Butterfield et al., 2010, 2014; Cho et al., 2009;
Fang et al., 2007; Kwak et al., 2010; Walker et al., 2010; Yin et al., 2015). However, it is
likely that additional proteins in the brain could have been nitrated and/or S-nitrosylated
under increased nitroxidative stress after exposure to neurotoxic agents or in neurological
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conditions. Therefore, additional proteins, that can be S-nitrosylated and/or nitrated, need to
be identified and characterized to further evaluate the role of protein nitrative protein
modifications in causing mitochondrial dysfunction, apoptosis and neurodegeneration.

The small amounts of ROS/RNS, which can be used as cell signaling molecules (Rhee et al.,
2000), can be properly handled by various cellular antioxidant defense systems including the
compensatory activation of certain antioxidant genes under normal physiological conditions.
However, chronic and/or over-production of ROS/RNS under pathological conditions or
after exposure to neurotoxic agents, can elevate nitroxidative stress, which subsequently
promotes oxidative damage to mitochondrial DNA, proteins (with multiple PTMs), and
lipids accompanied with altered cellular signaling and redox balance (Fig. 1). All these
changes can cause ER stress with elevated levels of unfolded aggregated proteins, as seen in
neurofibrillary tangles in Alzheimer’s disease (Barbero-Camps et al., 2014; Mota et al.,
2015; Placido et al., 2014). In addition, these changes can cause mitochondrial dysfunction
(Chaturvedi and Beal, 2013; Dashdor;j et al., 2013; Johri and Beal, 2012; Mailloux and
Harper, 2011) with increased mitochondrial permeability changes, altered mitochondrial
fission/fusion process (with smaller mitochondrial mass), energy depletion and apoptosis/
necrosis of neuronal cells. Repeated apoptosis/necrosis with chronic inflammation in the
brain can contribute to neurodegeneration, as summarized (Fig. 1).

3. Mitochondrial Dysfunctions in Selected Neurodegenerative Diseases

3.1. Mitochondrial Dysfunction in Alzheimer’s Disease

AD is a progressive neurodegenerative disease that directly affects memory loss and disturbs
other important brain functions with decreased quality of life. It represents the most
common form of age-related dementia that results in loss of social and intellectual skills.
Mostly, these changes are severe enough to interfere with daily activities of affected
individuals. The AD is an epidemic that is incurable, irreversible, and progressive
particularly in old ages. At the onset of AD, neuronal cells start degenerating, and whole
brain size shrinks eventually. Consequently, the brain tissue would have progressively fewer
nerve cells with reduced mitochondrial function and lost synaptic connections between each
other (Garcia-Escudero et al., 2013; Mondragon-Rodriguez et al., 2013).

Recent studies have shown that a common cause of death in the developed world is AD
through the plaque formation outside the nerve cells and neurofibrillary tangles accumulated
inside the nerve cells. Aging is the biggest risk factor for acquiring AD in addition to the
genetic and environmental factors. Ten percent of the population is expected to acquire AD
at the age of 65 years while approximately one third of the people over 85 years old have
this disease (Alzheimer’s Association, 2014; Ortman et al., 2014). Other risk factors can be
coronary artery disease, high blood pressure (hypertension), stroke, serum cholesterol
contents (Proitsi et al, 2014), etc. Recent studies suggest that metabolic syndromes, such as
diabetes and obesity with insulin resistance, also play an important role in causing sporadic
AD (de la Monte and Tong, 2009, 2014; Nuzzo et al., 2015). Diets containing high fat with
or without high fructose/sucrose and sedentary life style may represent another risk factor
that contributes to the cognitive decline in animal models (Agrawal et al., 2015; Chang et al.,
2014; Liu et al., 2014b; McNeilly et al., 2012; Morrison et al., 2010). The environmental
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lead (Pb) has been also reported to play an important role in amyloidogenesis, resulting from
the combined interactions between mutated or damaged genes, such as APPgene, and a
variety of environmental factors (Rajan et al., 2014; Wirth et al., 2014). Exposure to Pb has
been shown to produce methylation of the APPgene in early development (Adwan et al.,
2014; Bihaqi and Zawia, 2013). The gene, most frequently associated with the late-onset AD
(i.e., after age 65), is APO-ljpoprotein E4 (APOE4), a variant of an APOE gene (Rajan et
al., 2014; Wirth et al., 2014). The generation of 8-hydroxyguanine by Pb results in the
formation of one or more CpG (Cytosine Guanine) groups in the APOE gene and is
responsible to produce amyloid from APP. The toxic effects of Pb on the brain are due to the
oxidative stress that increases the production of amyloid from the APP gene, which is
eventually accumulated as amyloid plaques in AD brains.

Another important metal, also implicated in neurodegenerative diseases, is copper. A
peptide binds to copper with a very high affinity (1010 M~1 range) (Faller et al., 2013),
reducing Cu(ll) to Cu(l) with a catalytic generation of H,O, and Ap aggregate. This high
affinity of peptide AB(1-42) for copper is due to its content of 3-sheet conformation which
favors high-affinity copper binding. In fact, high levels of copper were found in senile
plagues and in the cerebrospinal fluids of AD patients. Sub-stoichiometric Cu2* binding to
AB results in rapid A fibril formation, where Cu?* bound AB can produce fibrils twice as
fast as apo-ApP. Once generated, these fibrils seed monomeric Af to stimulate further fibril
formation. After Ap aggregates are initially formed, metallothionein is unable to facilitate
disaggregation, resulting in further AB aggregation followed by neuronal cell death.
Consequently synaptic loss begins to occur in the brain, eventually resulting in widespread
memory loss and decline of brain function frequently associated with severe AD pathology.
Some studies have shown that gender difference may also play an important role in AD
pathogenesis (Vina and Lloret, 2010). According to this report, females are more likely to
develop AD possibly through loss of the protective effect of estrogen against mitochondrial
damage observed in older women. Moreover, individuals with a genetic variation in certain
genes [e.g., APOE4] are almost four times more susceptible to the development of AD in
comparison to people with a normal gene (Sadigh-Eteghad et al., 2012).

Regardless of different risk factors of AD, mitochondrial dysfunction is considered one of
the most prominent features observed in vulnerable neurons of the AD patients’ brain
(Garcia-Escudero et al., 2013; Mondragon-Rodriguez et al., 2013). Generally, there are two
different types of AD, including sporadic (SAD) and familial (FAD). In FAD, the disease is
caused by the presence of specific mutations in at least one out of three genes of APP
(Garcia-Escudero et al., 2013). Although there is little information regarding the onset of
SAD, the main risk for AD is known to be age-related oxidative damage. This oxidative
damage may accelerate the expression of beta-secretase-1 (BACE1), an enzyme involved in
Ap generation. Furthermore, increased Af may increase the ROS/RNS levels and
nitroxidative stress, resulting in mitochondrial dysfunction, possibly through various PTMs
of proteins and mitochondrial DNA damage. In addition, mitochondrial ROS may cause
modified AP formation, while the increased AP can lead to oxidative mitochondrial
dysfunctions, which may in turn increase the ROS levels (LaFerla et al., 2007). This vicious
feed-forward cycle can be repeated and the ROS/RNS generation would be greatly elevated.
Consequently, the increased nitroxidative stress can activate stress-activated MAPKs
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including the JNK and p38K, which can phosphorylate Tau protein at various amino acid
residues as observed in the Alzheimer’s patients (Wang et al., 2013). Furthermore, Tau
accumulation can cause significant deficits in the mitochondrial distribution in AD patients
(Kopeikina et al., 2011). The combination of increased mitochondrial fission and decreased
fusion promotes AP interaction with the mitochondrial fission protein Drp1, resulting in
mitochondrial fragmentation with impaired the axonal transport of mitochondria and
synaptic degeneration in neurons. Drpl interactions with Ap and phosphorylated Tau are
likely to cause excessive mitochondrial fragmentation accompanied with mitochondrial and
synaptic deficiencies, leading to neuronal damage and cognitive decline. The GTPase
activity, which is important for the mitochondrial fragmentation, was significantly increased
in postmortem brain tissues from AD patients and brain tissues from APP, APP/PS1 and 3X
Tg.AD mice (Manczak and Reddy, 2012). AD can actively progress, when the accumulated
amounts of A increase and disturb the normal functions, leading to neuronal cell death and
memory loss. Mostly, main characteristic pathological features of AD include: extensive
neurodegeneration in different regions of the brain, including the parietal lobe, regions of
frontal cortex, the median temporal lobe and the cingulate gyrus (Rohrer, 2012). Despite all
these findings, the molecular mechanisms by which elevated Tau and AB promote
mitochondrial dysfunction and neuronal cell death are still elusive and thus need to be
further studied. However, it is reasonable to assume that various PTMs of many
mitochondrial proteins (Butterfields et al., 2014; Sultana et al., 2013) are important in
promoting mitochondrial dysfunction and apoptosis, as shown in the liver disease caused by
different toxic agents or ischemia reperfusion (Abdelmegeed et al., 2013; Moon et al., 2006,
2008, 2010).

Oxidative stress is also known to play an important role in the onset and progression of AD
by promoting multiple PTMs of proteins, oxidative DNA damage and lipid peroxidation in
patients with mild cognitive impairment. In a double-transgenic mouse model of AD (APP/
DAL), over-expression of a mutant form of human amyloid precursor protein (APP) and a
dominant-negative mutant of mitochondrial aldehyde dehydrogenase 2 (ALDH2) was shown
to increase oxidative stress. Furthermore, these transgenic APP/DAL mice showed impaired
performance on Y-maze and object recognition tests at 3 months of age, suggesting that
oxidative stress accelerates cognitive dysfunction and pathological insults in the brain
(Ohsawa et al., 2008; Kanamaru et al., 2015). Although the underlying causes for cognitive
deficits are uncharacterized, it is likely that mitochondrial function of these animals would
be significantly suppressed due to increased oxidative stress, compared to those of the
corresponding wild-type mice. Recently obesity was shown as another risk factor for AD in
mice fed a high fat diet (HFD). In the brains of HFD-fed mice, the levels of APP and AB40/
AP42 were significantly elevated in both hippocampal and cortical regions (Nuzzo et al.,
2015). In addition, the decreased number of insulin receptors and the inhibition of Akt-
Foxo3 signaling were observed. These results suggest that HFD induces oxidative stress and
mitochondrial dysfunction, leading to cell death and eventually neurodegeneration (Nuzzo et
al., 2015).
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3.2. Mitochondrial dysfunction in Parkinson’s disease

PD, which is also known as paralysis agitans or hypokinetic rigid syndrome (HRS), usually
affect people over the age of 50 years old. PD mainly results from the death of dopamine-
generating neurons in the substantia nigra (SN) (Schildknecht et al., 2013). The most
difficult part of this disease is that the tremor and shaking interferes with regular daily
activities of affected people, as the disease progresses (Ciccone et al., 2013). Typically, this
disease with abnormally aggregated proteins results from Parkinson’s gene mutations with
altered levels of a protein Parkin, E3 ubiquitin ligase (Sekigawa et al., 2013). The
progression of PD is tightly linked to the histopathological features, which are characterized
by the formation of both Lewy Neurites (LNs) and Lewy Bodies (LBs). The intracellular
inclusions, principally constituted of a small protein a-Synuclein (a-Syn), expressed in SN,
neocortex, hippocampus and cerebellum. Accumulation of a-Syn is known to cause neural
degeneration via a specific mechanism in the mitochondria (Ciccone et al., 2013;
Schildknecht et al., 2013; Sekigawa et al., 2013). Recent reports suggest that the aggregation
of a-Syn occurs due to the interaction between a-Syn and cytochrome C oxidase (COX,
mitochondrial complex V), resulting in mitochondrial dysfunction and neuronal
degeneration (Al-Mansoori et al., 2013; Ciccone et al., 2013). Furthermore, a-Syn can be
nitrated and/or oxidatively-modified, resulting in its accumulation with decreased function
and ultimately synucleinopathies (Ciccone et al., 2013; Puschmann, 2013; Sekigawa et al.,
2013). Several studies, performed on autopsied individual specimens with PD, showed that
there is an enrichment of the autophagosome-like structure. In addition, the decreased
concentration of GSH and increased levels of oxidized proteins, lipids and DNA were likely
to promote the PD progression (Puschmann, 2013). However, it is still poorly understood
what proteins are oxidatively-modified and how these oxidized proteins promote
mitochondrial dysfunction and neuronal death. These areas need further investigation.

The anti-oxidative defense enzymes such as aldehyde dehydrogenases (ALDH) generally
remove reactive aldehydes including lipid peroxides in the brain and other tissues. Reduced
ALDH1 expression in surviving midbrain dopamine neurons has been reported in brains of
patients who died with PD (Galter et al., 2003; Liu et al., 2014a). In addition, impaired
mitochondrial complex | activity, which is well-documented in PD, reduces the availability
of the NAD™ co-factor required for the activities of various ALDH isoforms in removing
reactive aldehydes. The decreased functions of ALDH isozymes following exposure to
environmental toxins and/or reduced ALDH expression (Song et al., 2011) are likely to play
an important role in the pathophysiology of PD (Liu et al., 2015). The knockout mice
deficient of Aldhlaland Aldh2(Aldhlal(-/-) xAldh2(-/-) genes, exhibited age-dependent
deficits in motor performance on rotarod and gait analysis. On the other hand,
intraperitoneal administration of L-DOPA plus benserazide alleviated the deficits in motor
performance (Wey et al., 2012). A mitochondrial complex | inhibitor rotenone, which is
frequently used to produce an animal model of PD, increases intracellular levels of the toxic
dopamine metabolite 3, 4-dihydroxyphenyl-acetaldehyde (DOPAL) through decreased
DOPAL metabolism by suppressed ALDH and reduced vesicular sequestration of
cytoplasmic dopamine by the vesicular monoamine transporter (VMAT). The results provide
a novel mechanism for rotenone-induced toxicity in dopaminergic neurons. According to the
‘catechol aldehyde hypothesis’, buildup of the autotoxic dopamine metabolite DOPAL
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contributes to PD pathogenesis (Goldstein et al., 2015). Moreover, pesticide exposure has
also been shown to associate with PD occurrence, since pesticides can interfere with several
cellular processes potentially relevant to PD pathogenesis. For instance, Benomyl, via its
thiocarbamate sulfoxide metabolite, inhibits ALDH, leading to accumulation DOPAL and
preferential degeneration of dopaminergic neurons for the development of PD (Fitzmaurice
etal., 2013).

It has been suggested that the Parkin and PINKZ1 kinase (PTEN induced putative kinase 1)
mutations are implicated in the quality control of the mitochondria while mutations of these
genes can lead to the development of autosomal recessive PD (Cookson, 2012; Haskin et al.,
2013). PINK1 is expressed in various regions of the brain, including the hippocampus, SN,
and Purkinje cells of the cerebellum. This protein normally contains a mitochondrial signal
motif both in the C-terminal auto-regulatory region and the N-terminal domain (de Vries and
Przedborski, 2013). PINK1 has been involved in the mitochondria dynamics, metabolism,
oxidative stress, and ubiquitin-mediated protein degradation (Pickrell and Youle, 2015). The
PINK1 and Parkin signaling is a key pathway through which mitophagy can occur, since
knocking down P/NK1 or Parkin gene decreased mitophagy, resulting in accumulation of
damaged mitochondrial fragments intracellularly (Wu et al., 2015). The main role of PINK1
in regulating PD can be related to the inhibition of LBs formation, whereas the lack of
PINK1 is likely to result in the accumulation of LBs and mitochondrial impairment of
dopaminergic neurons. Consequently, PINK1 mutation has been considered as one of the
major causes for the onset of autosomal recessive early-onset PD, as reported (de Vries and
Przedborski, 2013; McCoy and Cookson, 2012).

Parkin, E3 ubiquitin-dependent protein ligase, is important in controlling protein degradation
and aggregation. Mutation and over-expression of Parkin have been linked to the increased
ROS generation accompanied with mitochondrial and lysosomal dysfunction (Narendra and
Youle, 2011; Navarro & Boveris, 2009; Winklhofer, 2014). Since Parkin is associated with
mitochondrial DNA, this may explain for its ability to protect against the oxidative stress
(Mailloux and Harper, 2011; Narendra and Youle, 2011). Another study demonstrated that
increased oxidative stress is mostly related to the dopamine metabolism which generates
ROS (i.e., H,0,) that can react with Fe2* and form the highly reactive hydroxyl ion (OH").
This in turn alters the oxidative defense system and increases the levels of oxidized
glutathione disulfide (GSSG) with decreased GSH concentration. A decreased GSH
concentration is an early sign of oxidative stress that can lead to the degradation of
dopamine neurons in PD (Ciccone et al., 2013). Furthermore, the important role of mtDNA-
related cell death in PD has been shown with transgenic mice carrying a mitochondria-
targeted restriction enzyme (mito-Pstl). Since mito-Pstl promotes double-strand DNA break
in the mtDNA, it is likely that mito-Pstl reduces the rate of oxidative phosphorylation, thus
contributing to cell death (Pickrell et al., 2011). In fact, PD patients were reported to have a
mild deficiency in the NADH-dependent ubiquinone reductase (mitochondrial complex I)
activity and impaired mitochondria function with decreased membrane potential. A number
of proteins such as PINK1, DJ-1, a-Syn, leucine-rich repeat kinase 2, and Parkin, all of
which are genetically linked to familial PD, are either mitochondrial proteins or associated
with mitochondria. Failure of mitophagy has been shown to promote the onset of PD
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pathogenesis (McCoy and Cookson, 2012; Narendra and Youle, 2011; Navarro and Boveris,
2009; Winklhofer, 2014).

3.3. Mitochondrial Dysfunction in Ischemic Stroke

Cerebral ischemia is a condition of inadequate blood supply or flow to the brain. There are
two types of the ischemia conditions, namely global and focal ischemia. The global ischemia
encompasses wide areas of the brain tissues, whereas focal ischemia is confined to a specific
region in the brain. Ischemic process, accompanied with increased accumulation of
metabolic wastes, can lead to poor supply of nutrients and oxygen, called as ‘cerebral
hypoxia’ that can induce cell death in brain tissues. Consequently, an ischemic condition in
brain severely suppresses metabolic processes and generates energy crisis with decreased
visual, cognitive and neuromuscular functions. It is likely that the suppressed neuromuscular
and cognitive functions can be attributed to mitochondrial dysfunctions either through
hypoxia-mediated decreased levels of mitochondrial fusion (Sanderson et al., 2015b) and/or
increased oxidative stress (Sun et al., 2014), which can impair mitochondrial function by
promoting various PTMs of mitochondrial proteins and oxidative mitochondrial DNA
damage. By using a specific peptide inhibitor of JINK, Nijboer and colleagues also
demonstrated an important role of mitochondrial JINK in causing neuroinflammation and
neuronal damage under ischemic hypoxia (Nijboer et al., 2013), as similar to an acute liver
injury by exposure to a hepatotoxin carbon tetrachloride (Moon et al., 2010; Jang et al.,
2015) or following hepatic ischemia reperfusion (Moon et al., 2008). However, the INK-
mediated phosphorylated mitochondrial proteins and underlying mechanisms of cell death in
the ischemic brain tissues are still unknown and need to be further studied to determine the
role of each target protein in altering mitochondrial integrity and neuronal injury.

The brain, in particular, is unable to switch to anaerobic metabolism since the brain does not
contain sufficient amounts of ATP as a long term energy reservoir. In addition, brain does
not have a system (i.e., gluconeogenesis) to produce glucose for ATP synthesis from other
non-glucose molecules or other energy substrates, compared to the liver. Thus, normal blood
circulation and proper oxygenation are essential for healthy brain tissues. Following
ischemia, however, the ATP level rapidly drops below a threshold level and it takes long time
to restore ATP to the original level, even after reperfusion for extended time periods
(Borutaite et al., 2013; Bunevicius et al., 2013). In the absence of or lower cellular ATP, the
neuronal cells start to lose their ability to maintain the normal electrochemical gradients,
resulting in induction of membrane permeability with a huge influx of the calcium into the
cytosol with massive accumulation of toxic glutamate and urea possibly due to impaired
mitochondrial function, as reported (Borutaite et al., 2013; Li et al., 2012; Xu et al., 2008). It
is also likely that greater secondary oxidative damage including peroxynitrite-mediated
neuronal damage (Eliasson et al., 1999) can take place during the reperfusion period
following ischemia (Rodrigo et al., 2013), as shown in the hepatic ischemia-reperfusion
injury (Moon et al., 2008). In fact, the activities of mitochondrial complexes | (NADH-
dependent ubiquinone oxidoreductase) and 1V (cytochrome ¢ oxidase) were suppressed
possibly through protein nitrosylation and/or nitration during reperfusion following
ischemia, suggesting mitochondrial dysfunction with depressed function of the respiratory
chain. In addition, mitochondrial cytochrome c was released to cytosol to stimulate caspases
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to further augment cell death. Lysosomal proteases including calpain could also be activated
after ischemic insult, as shown in C. elegans (Syntichaki et al., 2002). Accumulation of
metabolic wastes further slows down or interrupts blood flow to the brain. All these changes
occurring during the ischemia-reperfusion period can lead to immediate loss of
consciousness and permanent neuronal damage. For instance, if this bad situation continues
for more than 20 minutes, the brain loses the electrical activity, the condition also called as
‘Penumbra’. Under ischemic conditions, the amounts of mitochondrial ROS were
significantly greater in comparison to that with the ischemic post-conditioning (Liang et al.,
2013). Furthermore, recent results also showed that heavy alcohol intake can aggravate the
ischemic brain injury with increased infarct size and neuronal deficit through inactivating
ALDH2 (Wang et al., 2015), which metabolizes various reactive aldehydes including lipid
peroxides including 4-HNE and MDA (Song et al., 2011, 2015). In this study, activation of
ALDH2 by a chemical activator Alda-1 or overexpression of ALDHZ gene abolished
neuronal cell death, infarct size and neurological deficit caused by heavy alcohol in ischemic
rats.

Manganese superoxide dismutase (MnSOD?2) is a mitochondrial enzyme responsible for
clearing superoxide radicals. The activities of MnSOD2 and other defensive enzymes
including the cytosolic SOD1 have been reported to be suppressed in response to ischemia,
possibly via various PTMs including nitration (Abdelmegeed et al., 2010, 2013). This would
possibly exacerbate the glutamate toxicity with increased levels of mitochondrial ROS
following brain ischemia, contributing to apoptosis of the neuronal cells. Indeed, MnSOD-
mimetics can prevent neural apoptosis and reduce the consequences of brain ischemia by
properly maintaining the mitochondrial redox status. Therefore, the MnSOD?2 plays an
important role in maintaining the mitochondrial function by decreasing the levels of
mitochondrial ROS produced after brain ischemia (Huang et al., 2012).

Furthermore, recent studies have shown that the mitochondrial damage exhibited a severe
collapse in both outer and inner membranes at 24 hours after the reperfusion following 2
hours of ischemia (Kilinc et al., 2010; Li et al., 2012; Liang et al., 2013; Lipton, 2013), as
similar to the hepatic ischemia-reperfusion injury (Moon et al., 2008). Additionally the
irregular shape, fragmented cristae, electron-lucent matrix, and extreme dilation of the
intercristal space of damaged mitochondria were also observed following cerebral ischemia.
The swelling of the mitochondria has been related to the opening of the mitochondrial
permeability transition pore with Ca2* concentration which is proportionally increased to the
extent of open pores. The CaZ* overload is considered pathological characteristics of brain
ischemia while ischemia post-condition has a limited overload of Ca2* through modulating
the NCX3 isoform of the Na+/Ca?* exchange. Moreover, the lowering of CaZ* concentration
and the inhibition of the opening of mitochondrial permeability transition pore can reduce
mitochondrial swelling (Scorziello et al., 2013).

3.4. Mitochondrial Dysfunction in Traumatic Brain Injury

TBI is an acquired injury from an external blow to the brain with temporarily or
permanently impaired cognitive function. In some cases, secondary injury arises that may or
may not be detectable (Ilvesmaki et al., 2014). One of the predominant concerns after TBI is
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the secondary injury accompanied with swelling and release of various pro-inflammatory
chemicals, contributing to inflammation and cell injury or death (Hsieh and Yang, 2013).
The organelle that is susceptible during and after this traumatic insult is mitochondria.
Experimental models of TBI have shown that mitochondria sustain considerable structural
and functional damage and that brain survival is closely linked to mitochondrial homeostasis
(Gilmer et al., 2009). Mitochondrial swelling has been observed in the early stages of TBI in
both experimental models and human brain specimens explanted from TBI patients (Bullock
etal., 1991). One of the major causes of the secondary injury from a TBI is an
overproduction of ROS (Abdul-Muneer et al., 2015). TBI is also associated with an
induction of iINOS with increased production of NO and subsequent peroxynitrite, a very
powerful nitrosating/nitrating agent that causes significant impairment of the mitochondrial
respiration by inhibiting complexes | (NADH-dependent ubiquinone oxidoreductase), I11
(cytochrome c reductase) and V (ATP synthase). Elevated NO may also lower cellular ATP
via direct suppression of ATP synthase through nitration (Abdelmegeed et al., 2013; Moon
et al., 2008) and/or the poly-ADP-ribose polymerase (PARP)-1 route in neurons (Zhang et
al., 1994).

Secondary injuries resulting from TBI-related nitroxidative stress are associated with DNA
strand breaks that activate PARP-1 and produce another level of DNA damage (Besson,
2009). In response to the severe DNA damage after TBI, PARP-1 becomes over-activated
and depletes the cells’ energy sources, resulting in neuronal death (Barr and Conley, 2007).
In vitro studies also support the importance of PARP-1-dependent NAD*/NADH depletion
as a mechanism of cytotoxic hypoxia caused by neuroinflammatory mediators. Pyruvate is
the end-product of glycolysis and is either reduced to lactate or enters the mitochondrial
Krebs cycle to be oxidized to CO, and H,0O. Mitochondrial PDH catalyzes the reaction of
converting pyruvate to acetyl-coenzyme A. This enzyme is tightly regulated by both end-
product inhibition and reversible phosphorylation. PDH, a critical gateway enzyme between
the cytosolic glycolysis and the mitochondrial Krebs cycle, can be modified by various
forms of PTM, resulting in its inactivation under increased nitroxidative stress (Folmes et al.,
2010; Martin et al., 2005; Schroeter et al., 2003). Inactivation of PDH, even in the presence
of sufficient oxygen supply, limits the flux of the substrate through the Krebs cycle and
causes pyruvate to accumulate, leading to an increased production of lactate and decreased
ATP synthesis. In fact, significantly decreased respiratory rates and ATP production have
been observed in mitochondria isolated from both experimental models and TBI patients
(\Verweij et al., 1997). Increased levels of the cerebral extracellular lactate concentrations
and in the lactate/pyruvate ratio have been observed in severe TBI, even when both cerebral
blood flow (CBF) and brain tissue oxygen tension (PbtO2) are within the normal range. This
suggests that even in the absence of brain ischemia, the brain might experience a “metabolic
crisis”, a term coined by Vespa and colleagues (2005). These authors identified
mitochondrial dysfunction as the probable cause of this crisis (MVespa et al., 2003, 2005).
Experimental evidence has confirmed that mitochondria play a pivotal role in metabolic
dysfunction after TBI and this impairment consequently contributes to post-traumatic
neuronal death (Soustiel and Sviri, 2007).

Thus the aforementioned evidences clearly demonstrate that mitochondrial dysfunction is an
important etiological mechanism for the altered brain energy metabolism and the apoptotic
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cell death occurring after both ischemic stroke and TBI. Nevertheless, the causes and
consequences of these abnormalities remain poorly understood and intervention to prevent
secondary injury is the prime area for future translational studies.

4. Translational Research Opportunities and Challenges

4.1. Natural Antioxidants against Mitochondrial Dysfunction

Recent studies have demonstrated that antioxidants, such as polyphenols at low
concentrations, typically contained in the diet, are working inside the cell by activating one
or more adaptive cellular stress responsive pathways. Antioxidants such as resveratrol,
caffeic acid, epicatechin ECGC can activate hormetic pathways in neurons and mediate
cytoprotection by activating anti-apoptotic proteins (Chen et al., 2005; Kurauchi et al., 2012;
Mandel et al., 2008; Ren et al., 2011; Schroeter et al., 2007). For instance, a redox-sensitive
transcription factor NF-E2-related factor-2 (Nrf2) is released from the cytosolic repressor
protein Keapl (Kelch ECH associating protein) under oxidative stress, translocates to the
nucleus and binds to the antioxidant-response element (ARE), thus activating antioxidant
defense enzymes, including glutathione S-transferase, glutathione peroxidase (GPx) and
heme oxygenase-1 (HO-1) (Lee and Johnson, 2004). The antioxidant systems are generally
classified into two groups either enzymatic or non-enzymatic antioxidants. The first group
consists of a few enzymes such as SOD, Gpx and catalase, all of which act as the first line
defense inside the cell against ROS by converting them to inert or less reactive molecules.
The second group represents small antioxidant molecules, including GSH, ascorbate
(vitamin C), a-tocopherol (vitamin E), and bilirubin, as shown in Figure 2. All these small
molecule antioxidants can scavenge the ROS/RNS directly and indirectly by preventing their
production (Winterbourn, 2008).

A variety of edible fruits, plants, and tree nuts, such as apples, grapes, oranges,
pomegranates and walnuts, contain the antioxidant molecules. The antioxidant properties of
these prophylactic substances of the edible plants have been attributed to the polyphenols,
flavonoids, anthocyanins, and other antioxidants. Polyphenols with more than 800 structural
variants are considered as secondary metabolites of the plants with aromatic rings containing
one or many hydroxyl moieties. Phenolic acids are mainly found in foods and are divided
into two classes either derivatives of benzoic or cinnamic acid. The hydroxybenzoic acid
derivatives are present in very low amounts in edible plants, although some vegetables and
fruits such as onions and black radish are known to contain more than 10 ppm on fresh
weight basis. The hydroxycinnamic acids are more common in comparison to
hydroxybenzoic acids, while they consist of ferulic, sinapic acids, p-coumaric, caffeic acid,
etc (Vauzour, 2012). Examples of polyphenolic molecules and natural antioxidants derived
from plant sources include: flavonoids, curcumin, tannins, cinnamic acid derivatives,
caffeine, gallic acid derivatives, catechins, salicylic acid derivatives, resveratrol, folate,
hesperidin, lutein, lycopene, silimarin (silibinin), chlorogenic acid, ellagic acid and
anthocyanins. Moreover, other non-phenolic compounds also derived from plants with
antioxidant properties include: a-linolenic acid (ALA), eicosapentaenoic acid,
docosahexaenoic acid (DHA), ascopyrones, carotenoids, retinal, thiols, melatonin, jasmonic
acid and allicin. Recently, docosahexaenoic acid (DHA) and phosphatidylcholine (PC) have
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been shown to prevent AD and vascular dementia in AB25-35-induced cognitive deficient
rats. DHA+PC combination was shown to improve learning and memory in a dose
dependent manner by increasing the GPx and SOD activities and decreasing Tau
phosphorylation in both the hippocampal and cortical regions of the brain (Qu et al., 2016).

All these compounds show excellent antioxidant activities and beneficial effects in
preventing oxidative stress, mitochondrial dysfunction and inflammation in the experimental
models of neurodegenerative disorders (Calabrese et al., 2012; Lee et al., 2015; Li et al.,
2014; Nataraj et al., 2015; Rege et al., 2013; Singhal et al., 2013; Subash et al., 2014a,
2014b, 2015; Tapias et al., 2014; Vauzour, 2012; Vepsaléinen et al., 2013; Wang et al.,
2014]. One of the well-known polyphenols is resveratrol (3, 5, 4’-trihydroxy-trans-stilbene)
contained in red grapes and it has been shown to protect the brain from oxidative damage
(Gacar et al., 2011). In addition, the green tea polyphenols have been shown to inhibit
amyloid fibril formation, protects neurons from oxidative damage caused by A in AD,
decrease hyper-phosphorylated Tau, and ameliorate primary hippocampal neuronal damage
induced by okadaic acid (Li et al., 2014). Similarly, polyphenols from pomegranate juice
have been shown to inhibit rotenone-induced inflammation and neurodegeneration in AD
and PD animal models (Tapias et al., 2014). Oral administration of pomegranate juice
prevented dopaminergic neuron loss and the inflammatory responses in subtantia nigra in an
experimental model of PD. Vepsaléinen et al. (2013) have demonstrated the protective role
of anthocyanins from bilberry and blackcurrant extracts in significantly inhibiting the levels
of soluble AB40 and Ap42 in a transgenic APAE9 AD mouse model. Both berry-containing
diets improved the spatial working memory deficit of aged APdE9 AD mice compared to the
corresponding mice fed the control diet, suggesting that anthocyanin-rich bilberry and
blackcurrant supplements favorably modulate APP processing and improve behavioral
abnormalities in the AD mouse model (Tapias et al., 2014). Long-term oral administration of
pomegranate extracts significantly prevented the elevated production of pro-inflammatory
cytokines in the serum and brain tissues as well as neuronal contents of Ap1-40 and AB1-42
in a transgenic mouse model of AD (Essa et al., 2015).

In addition to polyphenols, anthocyanins and other small molecule antioxidants, the long-
term maintenance of the health conditions can be achieved by another method of activating
the complex network of longevity assurance genes termed as vitagenes. Vitagenes represent
a group of genes involved in preserving cellular homeostasis during stressful conditions by
encoding heat shock proteins (Hsp) Hsp32, Hsp70, the thioredoxin and the sirtuin protein
systems. As described, the dietary antioxidants such as polyphenols and L-carnitine/acetyl-
L-carnitine activate the hormetic pathways, including vitagenes, and thus stimulate
neuroprotective responses in neurodegenerative conditions (Vepséléinen et al., 2013). The
endogenous cellular defense pathways, including sirtuins, Nrfs and related pathways are
vital to mediate adaptive stress responses for the prevention of oxidative stress,
mitochondrial dysfunction and neuronal cell death prior to severe neurodegenerative
diseases. The aforementioned studies provided strong evidence for the beneficial effects of
natural compounds found in edible plants in the prevention of neurodegenerative diseases.
This should provide ample research opportunities to characterize the extent and
mechanism(s) of protection, particularly for mitochondrial homeostasis. It would also be of
interest to evaluate whether this protection may be completely or partially effective against
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the pre-existing disease states. Further, the synergistic or additive effects of a combination of
different natural compounds need to be studied on the development and/or progression of
neurodegenerative diseases in experimental animal models simulating human disease
conditions. The need for various animal models to evaluate the effects and mechanisms of
action by these compounds are of extreme importance. In addition, translational studies on
human of both genders should be performed to ultimately determine the beneficial effects of
these compounds. Collectively, the use of natural compounds to study the mechanism of
prevention and /or treatment of neurodegenerative diseases might shed light to better
understanding of the mechanism of the disease itself and eventually to the development of
better therapeutic strategies. Based on the scientific evidence, people with increased risks
regardless of genetic backgrounds and ages should consider taking dietary antioxidants
along with proper hormetic approaches for their health benefit.

4.2 Synthetic Agents against Mitochondrial Dysfunction

Despite the use of antioxidants from natural resources such as plants, fruits and vegetables,
the list of synthetic drugs and antioxidants for preventing and/or treating the neurological
diseases is generally increasing. They constitute many synthetic drugs that act as either
agonists or antagonists. Among them is huperzine A (Calabrese et al., 2012), Ladostigil
(Zhang, 2012), Rofecoxib and Nimesulide (Weinreb et al., 2012), Zonisamide (Kalonia et
al., 2010), and Centrophenoxine (Costa et al., 2010). In addition, there are several inhibitors
of various metabolic enzymes. These inhibitors were shown to be beneficial against
neurodegenerative diseases by preventing mitochondrial dysfunction. Further, a peptide
inhibitor P110 inhibits Drp-1related enzyme activity, blocks Drp1/Fisl interaction in vitro
and protects neurons by preventing mitochondrial fragmentation and ROS generation in
primary dopaminergic neurons in a cell culture model for PD. In addition, P110, improved
mitochondrial membrane potential and its integrity, while it reduced apoptosis and neurite
loss (Verma and Nehru, 2009). Similarly, the inhibitors of type B monoamine oxidase, such
as Selegiline and Rasagiline, protect neuronal cells by inducing pro-survival anti-apoptotic
Bcl-2 protein family and neurotrophic factors. Selegiline and Rasagiline have been reported
to increase the various neurotrophic factors, neurotrophins such as nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3) and ligands of
glial cell line-derived neurotrophic factor (GDNF), respectively (Qi et al., 2013). The
activators of sirtuin family members (SIRT1-7) include Splitomycin and its derivatives,
Sirtinol, AGK2, Tenovin, Suramin, Cambinol, Salermide and Thiobarbiturates. These Sirtuin
activators are gaining importance as potential inhibitors of neurological disorders (Naoi and
Maruyama, 2010).

The potent acetyl cholinesterase inhibitors (AChEI), PMS777, a tetrahydrofuran derivative,
and galantamine, another AChEI, decreased ROS generation while they activated
mitochondrial activity in neuronal SK-N-SH cells when these cells were exposed to LPS
+IL-1B (Ezoulin et al., 2005). Specific inhibitors of activated p-JNK3, p-p38K, and GSK3j
and other enzymes related to the cell death pathways can be evaluated as potential drug
candidates for the treatment of AD and other neuropathological conditions, based on their
increased levels, as recently reported (Forlenza et al., 2011; Pan et al, 2009). For instance,
CEP-1347/KT-7515, a potent inhibitor of the SAPK/INK pathway by regulating the
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transcriptional activity of c-jun, blocked AB-induction of Cyclin D1 and the Bcl-2 family
members DP5and Bim genes, and promoted cell survival (Harris et al., 2002). CEP-1347/
KY-7515 has been also shown to inhibit JNK activation in PC12 cells and in primary
sympathetic neurons, thus showing protection from neuronal cell death (Bozyczko-Coyne et
al., 2001). Roscovitine, a Cdk5 inhibitor, prevented neuronal cell death by inhibiting c-Jun
activation and JNK inhibiting phosphorylation in primary cortical neurons (Sun et al, 2009).
Similarly, SP600125 was reported to inhibit JINK activity and reduce the levels of c-Jun
phosphorylation, while it protected dopaminergic neurons from apoptosis, and partly
restored the levels of dopamine in MPTP-induced PD model in C57BL/6N mice (Wang et
al., 2004). Inhibition of INK by CEP-11004 in mice reduced the levels of phosphorylated c-
Jun and cyclooxygenase-2, which are responsible for neuronal apoptosis (Hidding et al.,
2002).

In addition, many chelators of metal ions, such as zinc, copper and iron, have been reported
to become potential therapeutic candidates in treating various neurological disorders. For
instance, a few metal chelators such as Desferal (DFO), VK28, clioquinol, and M10 have
also been shown to possess neuroprotective activities in cell cultures and animal models. An
eight-amino-acid peptide, NAPVSIPQ (NAP), has been identified as the smallest active
element of activity-dependent neuroprotective protein (ADNP), a glial cell mediator of
vasoactive Intestinal Peptide (VIP)-induced neuroprotection (Quintana et al., 2006). NAP
analogs M98 and M99 display potent protection, similar to their parent peptide NAP or
DFO, against 6-hydroxy-dopamine (6-OH-DA) toxicity in cultured SH-SY5Y cells at 1 mM.
In cultured PC12 cells, M98 and M99 afford protection against 6-OH-DA toxicity at the
range of 0.001-1 mM, and 0.001 or 1 mM, respectively, suggesting that M98 and M99
should be further investigated as potential drug candidates for neuroprotection (Gozes et al.,
2003, 2004).

Furthermore, the protection with mitochondria-targeted anti-oxidants, such as ubiquinone
(Mito-Q) and carboxy-propyl (Mito-CP), against neurodegenerative diseases appears
promising, although these synthetic compounds need further evaluations. These
mitochondria-targeted antioxidants were effective in preventing mitochondrial dysfunction
and nitroxidative tissue injury in various disease models including AD (Ng et al., 2014),
ALS (Miquel et al., 2014), colitis (Dashdorj et al., 2013) and Friedreich Ataxia fibroblasts
(Jauslin et al., 2003). In the AD model in C. elegans, these mitochondria-targeted
compounds such as Mito-Q restored the suppressed activities of mitochondrial complexes |
and IV. Mito-Q improved the suppressed mitochondrial function and extended lifespan of C.
elegans. However, it did not affect the status of oxidative damage of mitochondrial DNA,
suggesting its specific action on the mitochondrial membrane (Ng et al., 2014). These results
indicate important implications of PTMs of mitochondrial ETC proteins over oxidative DNA
damage. These promising results from different laboratories suggest that mitochondria-
targeted antioxidants are more effective against elevated nitroxidative stress than the
untargeted natural antioxidants. Because of the recent development of these antioxidant
agents and clinical testing (Smith and Murphy, 2010), we expect increased approval of some
of these beneficial agents in treating mitochondrial dysfunction-related organ damage and
thus preventing some of the neurodegenerative conditions.
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5. Conclusion

In the present review, we have briefly described an overview of the latest research
developments on the role of mitochondrial dysfunction in a few selected neurodegenerative
diseases. Since the mitochondrial dysfunction was first reported in the 1960s, the critical
role of mitochondrial function in both health and disease has been widely documented. By
using various advanced techniques, several mitochondrial proteins, that are post-
translationally modified, have been identified. Despite these identifications, the actual
number of post-translationally modified mitochondrial proteins in neurodegenerative
diseases could be markedly increased by using the advanced instruments with greater
detection sensitivity and sophisticated techniques. Any damage or impairment in the
mitochondria is now understood to play a significant role in a wide range of disease states,
including several neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, alcoholic dementia, stroke-related dementia, brain ischemia-
reperfusion injury, TBI, etc (Chaturvedi and Beal, 2013; Dashdorj et al., 2013). The most
rational approach to minimize the socioeconomic impacts of any disease is to understand the
underlying molecular mechanisms of mitochondrial dysfunction and cell death under
increased nitroxidative stress and to counteract the deleterious consequences with nutritional
supplements and/or specific medications. For instance, prevention of mitochondrial
dysfunction and cell death can also be achieved by ingesting healthy diets. Taken together,
based on the results from our laboratories and other scientists, regular consumption of diets
composed of fruits, vegetables, nuts that contain adequate amounts of antioxidants, and in
combination with physical exercise and social interactions (Figure. 2), may prevent
metabolic and neurological disorders (McCormack et al., 2013). In particular, people who
are at risk to develop metabolic, cardiovascular and neurological disorders, including AD
and PD, should consider consuming higher levels of antioxidants (Slavin and Llyod, 2012),
omega-3 fatty acids (Calon and Cole 2007), and do some physical exercise to achieve or
maintain healthy living style. Since mitochondrial dysfunction plays an important role in the
initiation/progression of these chronic disorders, a better understanding of the mitochondrial
dynamics and the role of nitroxidative stress is likely to lead to the development of new
therapeutic agents to prevent and treat mitochondria-related neurodegenerative diseases.
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Alzheimer’s disease

Amyotrophic lateral sclerosis
APO-lipoprotein E

Amyloid precursor protein
Beta-secretase

CREB-binding protein
Charcot-Marie-Tooth type 2A disease
Cytochrome C oxidase
Dynamin-related protein-1
Endoplasmic reticulum

Familial Alzheimer’s disease
Glyceraldehyde-3-phosphate dehydrogenase
Glutathione

Glycogen synthase kinase-3

Heat shock protein

inducible nitric oxide synthase

Lewy bodies

Mitogen activated protein kinases
Mitochondrial rho family GTPase
Mitochondrial autophagy
Mitochondrial DNA

Mitochondrial manganese superoxide dismutase
Nitric oxide

Nitric oxide synthase
Poly-ADP-ribose polymerase
Parkinson’s disease

PTEN induced putative kinase 1
post-translational protein modification
Reactive oxygen species

Reactive nitrogen species

Sporadic Alzheimer’s disease

Stress activated/c-Jun N-terminal protein kinase
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Figure 1.
Schematic diagram showing the major causes and consequences of ROS/RNS-mediated

mitochondrial dysfunction and cell death in many neurodegenerative diseases.
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Figure 2.
Potential prevention and protection against mitochondrial dysfunction and many

neurodegenerative diseases by natural or synthetic antioxidants, physical exercise, and
others.
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