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Abstract

Mitochondrial dysfunction has been reported in a wide array of neurological disorders ranging
from neuromuscular to neurodegenerative diseases. Recent studies on neurodegenerative diseases
have revealed that mitochondrial pathology is generally found in inherited or sporadic
neurodegenerative diseases and is believed to be involved in the pathophysiological process of
these diseases. Commonly seen types of mitochondrial dysfunction in neurodegenerative diseases
include excessive free radical generation, lowered ATP production, mitochondrial permeability
transition, mitochondrial DNA lesions, perturbed mitochondrial dynamics and apoptosis.
Mitochondrial medicine as an emerging therapeutic strategy targeted to mitochondrial dysfunction
in neurodegenerative diseases has been proven to be of value, though this area of research is still
at in its early stage. In this article, we report on recent progress in the development of several
mitochondrial therapies including antioxidants, blockade of mitochondrial permeability transition,
and mitochondrial gene therapy as evidence that mitochondrial medicine has promise in the
treatment of neurodegenerative diseases.
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1. Introduction

Ever since Luft reported the first mitochondrial disease in the 1960s (Luft et al., 1962),
increasing numbers of diseases related to the disorders of the cellular “batteries” have been
recognized and studied in basic as well as clinical research platforms (Kasiviswanathan et
al., 2009; Jacobs et al., 2004; de Magalhaes, 2005; Cortopassi et al., 2006; Haas et al., 2007;
Hirano et al., 2004; Kang et al., 2007; Lazarou et al., 2009; McFarland et al., 2002, 2007;
McKenzie et al., 2004; Morava et al., 2006; Muravchick, 2008; Noorda et al., 2007; Pons
and De Vivo, 2001). As the name suggests, mitochondrial diseases are a series of clinical
disorders whose etiology is either directly or indirectly related to mitochondrial pathologies
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including DNA mutation, mitochondrial redox perturbation, mitochondrial energy
production defects and so forth.

In recent years, the recognition of neurodegenerative diseases as mitochondrial diseases has
been attracting increasing attention. Free radicals, mitochondrial DNA (mtDNA) mutation,
decreased mitochondrial respiration and mitochondrial calcium dysregulation are widely
observed, in varying degrees, in many neurodegenerative diseases such as Alzheimer’s
disease (AD) (Swerdlow, 2009), Parkinson’s disease (PD) (Banerjee et al., 2009; Esteves et
al., 2008), Huntington’s disease (HD) (Almeida et al., 2008; Arenas et al., 1998),
amyotrophic lateral sclerosis (ALS) (Damiano et al., 2006; Dupuis et al., 2004; Echaniz-
Laguna et al., 2006; Hervias et al., 2006), and progressive supranuclear palsy (PSP) (Albers
and Beal, 2002; Albers et al., 2001; Costa et al., 2008). In addition, experiments conducted
in animal as well as cellular models of AD, PD, HD, ALS and many other
neurodegenerative diseases suggest the benefit of mitochondrial protection for attenuation
neuronal degeneration (Faust et al., 2009; Fontaine et al., 2000; Jauslin et al., 2003;
Kasparova et al., 2006; Liu and Ames, 2005; Du et al., 2008; Cleren et al., 2008; Martin et
al., 2009). Given the appreciation of the prevalent mitochondrial pathology, it is proposed
that mitochondrial dysfunction is involved in the pathophysiological process of
neurodegenerative diseases. Thus, it has been proponed the emergence of therapeutic
approaches targeting mitochondrial dysfunction for the treatment of neurodegenerative
diseases. For example, coenzyme Q10 (CoQ10) and vitamin E (Vit E) have been shown to
be effective in clinical trials, showing the promise of mitochondrial medicine applications
for the treatment of neurodegenerative disease (Kasparova et al., 2006; Shults et al., 2002;
Pham and Plakogiannis, 2005).

Here, we review the mitochondrial pathologies in neurodegenerative diseases and discuss
several recent applications of mitochondrial medicine in the treatment of neurodegenerative
disorders.

2. Mitochondrial pathology in neurodegenerative diseases

As critical organelles in cell survival by their function in modulating energy provision,
cellular calcium homeostasis, free radicals and apoptosis, mitochondria play an essential role
in eurokyotic cells, including neurons. Neurons, with long processes extending from
neuronal soma, have synaptic terminals that are constantly changing to form complex
neuronal networks and possess substantive receptors and channels in the neuronal terminals
to facilitate neuronal functions. Neuronal mitochondrial function and behavior in normal
fashion are the endorsement of the high energy demanding synaptic activity by rapidly
providing energy (Onyango et al., 2010; Mattson, 2007; Hollenbeck and Saxton, 2005; Li et
al., 2004) and modulating calcium kinetics and metabolism in the strategic neuronal
compartments (Mattson et al., 1993; Siklos and Kuhnt, 1994; Mironov et al., 2005; Morris
and Hollenbeck, 1995). Notably, mitochondria in neurons are at higher risk for damage. The
long lifespan of neurons increases the risk for toxin accumulation during the aging process
and other pathological conditions. Further, the stretched length of neuronal protrusions
prolongs mitochondrial movement to their destination and can affect mitochondria
retrograde to neuron soma in terms of repair and degradation (Reddy and Beal, 2008).
Lastly, the high energy demand of neurons increases the risk of mitochondrial oxidative
stress. Thus, based on the active function and high risk to detrimental condition of neuronal
mitochondria, it is not surprising that mitochondrial pathology is a nexus of many neuronal
perturbations.

Mitochondrial pathologies are involved in the pathophysiological process of many
neurodegenerative diseases, including AD, PD, HD, ALS and PSP. The predominant
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mitochondrial dysfunction in many neurodegenerative diseases, in varying degrees, includes
massive oxidative stress, mtDNA mutations, low ATP production, dysfunction in calcium
homeostasis, mitochondrial permeability transition, mitochondrial movement defect, and
mitochondrial fusion and fission imbalance. Although each of the neurodegenerative
diseases has its distinct etiological processes and different affected brain regions,
neurodegenerative disorders as a whole share similar mitochondrial changes, though in
varying degrees, suggesting the connection of disease pathology to the overall character of
neurodegeneration. Thus, our knowledge of mitochondrial pathology in the pathogenesis of
these diseases will help us to understand these diseases as one category, namely,
neurodegeneration related mitochondrial disease.

2.1. Mitochondrial respiratory complexes defects

Mitochondrial respiratory chain complexes present from complex I to 1V including NADH
dehydrogenase, succinate dehydrogenase, coenzyme Q—cytochrome ¢ reductase and
cytochrome c oxidase, respectively (Becker et al., 2009). Electrons transported through the
mitochondrial respiratory chain are driven by a proton gradient; ATP is thus produced
during the process of oxidative phosphorylation. Furthermore, mitochondrial complexes |
and Il are known major mitochondrial free radical producing sites, whereas damaged
complexes Il and 1V activities will also lead to burst of reactive oxygen species (ROS)
generation in pathological conditions (Liu et al., 2002; Grivennikova and Vinogradov, 2006;
Muller et al., 2004). Mitochondrial defects in these respiratory complexes result in increased
leakage of electrons from the electron transport chain (ETC) that in turn cause the
accumulation of free radicals (especially ROS), exacerbating the existing cellular/
mitochondrial perturbations. Therefore, when things go awry, the direct outcomes of
damages in the mitochondrial respiratory chain lead to reduced ATP production and
increased free radicals accumulation, both of which are commonly seen mitochondrial
pathologies in neurodegenerative diseases.

The defects of mitochondrial respiratory complexes are prevalent in many
neurodegenerative disorders. Mitochondrial complex | deactivation is predominant in PD
substantia nigra mitochondria, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
induced PD animal models as well as MPTP treated PD cytoplasma hybrid cells. In addition,
decreased mitochondrial complex | activity has also been found in mitochondria from
lymphocytes, skeletal muscles and platelets of PD patients (Gu et al., 1998; Alam and
Schmidt, 2004; Blin et al., 1994; Banerjee et al., 2009; Hanagasi et al., 2005; Yoshino et al.,
1992); and decreased complexes I1/111 activities have been reported in platelet mitochondria
isolated from sporadic PD patients (Haas et al., 1995; Varghese et al., 2009). These studies
suggest the mitochondrial respiratory chain dysfunction is a systematic change in PD. Using
cybrid technology, several groups reported decreased mitochondrial complex I activity in
PSP cybrids (Chirichigno et al., 2002; Swerdlow et al., 2000). Besides, decreased complex |
activity has also been detected in HD patients as well as HD animal and cell models (Tabrizi
et al., 2000; Turner et al., 2007; Browne, 2008). Symptomatic HD patients demonstrate
decreased complex Il activity in caudate and putamen (Benchoua et al., 2006; Browne,
2008; Calabresi et al., 2001; Gu et al., 1996) with decreased expression of the complex 11
iron—sulfur subunit in caudate and putamen tissues from HD patients (Benchoua et al.,
2006). Reduced complex 111 activity has also been detected in mitochondria isolated from
affected brain regions as well as platelets of AD and Down’s syndrome patients (Kim et al.,
2000; Valla et al., 2006). In AD patients, mitochondria isolated from the temporal pole,
hippocampus and platelets showed a reduced mitochondrial complex 1V activity (Mutisya et
al., 1994; Kish et al., 1992). Damaged complex IV activity also occurred in AD animal
models, AD cybrid cells and AB-treated cells (Trimmer et al., 2004; Cardoso et al., 2004;
Caspersen et al., 2005; Du et al., 2008; Takuma et al., 2005, 2009; Lustbader et al., 2004).
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The mechanism underlying decreased complex IV activity is largely unknown. A study on
ApB-treated SK-N-SH cells showed a decrease in mtDNA encoded complex IV subunits
(subunits I, Il and I11) at both the mRNA and protein levels, suggesting a possible
mechanism for decreased complex 1V activity related to mtDNA perturbation (Hong et al.,
2007), though this hypothesis has not yet been supported by clinical (AD patients of familial
AD subjects) or animal AD model (APP overexpression) studies.

Given the global defects in mitochondrial respiratory complexes, it is not surprising that
decreased ATP production has been reported in disease affected regions in
neurodegenerative diseases; for example, in temporal cortex and hippocampus of AD
patients, substantia nigra of PD patients, cerebellum of PSP patients and spinal cord of ALS
patients. In addition, decreased ATP concentration in animal and/or cellular models of AD,
PD, HD and ALS serves as supportive evidence of ATP depletion in neurodegenerative
diseases (Lim et al., 2009; Du et al., 2008; Vali et al., 2007; Lin and Beal, 2006). Thus, the
impotence of mitochondria to provide sufficient energy is a common causative factor for
decreased neuronal function in neurodegenerative diseases.

Increased free radicals production/accumulation and the resulted oxidative stress damages in
neurodegenerative diseases are another inevitable outcome of mitochondrial respiratory
complexes defects. Oxidative stress disrupts neuronal homeostasis as it causes lipid
oxidation, protein modification, DNA mutation and triggers the formation of mitochondrial
permeability transition pore (mPTP), thus, leading to low energy provision, dysregulated
mitochondrial dynamics, disturbed mitochondrial calcium handling capacity, decreased
neuronal plasticity and eventually neuron death. Oxidative damage occurs in very early
stages of AD ahead of massive A deposition and causes oxidative modification of proteins,
mtDNA mutations and mitochondrial permeability transition perturbations (Butterfield et al.,
2006; Du et al., 2008). Massive oxidative stress is also seen in dopaminergic neurons in PD,
substantia nigra and cerebellum of PSP, striatum of HD and disease insulted brain regions of
many other neurodegenerative diseases (Tsang and Chung, 2009; Tasset et al., 2009; Albers
et al., 2000; Aoyama et al., 2006).

The defect in mitochondrial respiratory chain function is, therefore, a crucial detrimental
mitochondrial pathology during neurodegeneration, ultimately, resulting to decreased
mitochondrial ATP provision and increased free radical damages in neurodegenerative
disorders. However, we should be reminded that the massive oxidative stress seen in these
diseases is not only due to the increased free radicals accumulation, but also due to the
reduced free radicals eliminating ability of mitochondria. Thus, it is of critical importance to
look into the change of mitochondrial antioxidants defense system in neurodegenerative
disorders.

2.2. Decreased mitochondrial free radical clearing ability

The mitochondrial antioxidant defense system, normally effective for clearing endogenous
free radicals generated in mitochondria, is composed of small reducing molecules such as
reduced glutathione, coenzyme Q, vitamin C and vitamin E and enzymes catalyzing
oxidation, such as copper/zinc SOD, manganese SOD, catalase and glutathione peroxidase.
Increasing evidence demonstrates decreased mitochondrial free radical clearing ability in
neurodegenerative diseases. For example, both familial and sporadic ALS patients
demonstrate SOD1 aggregation in mitochondria and similarly a featured mitochondrial
change seen in familial ALS is a mutation in the gene encoding Cu/Zn SOD1, exhibiting a
decreased SOD activity (Higgins et al., 2003; Dal Canto and Gurney, 1995). Mutant SOD1
transgenic mice mimic ALS syndrome, adding further evidence for the role of decreased
SOD1 activity in the pathogenesis of ALS (Mattiazzi et al., 2002). Further, decreased
mitochondrial SOD expression level is found in AD patients (Zubenko and Sauer, 1989).
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Additionally, one of the first studies to identify AP binding alcohol dehydrogenase (ABAD)
as an Ap binding mitochondrial protein showed that the interaction of Ap with its binding
partner promotes ROS generation and leakages from mitochondria, leading to severe
neuronal perturbation in AD (Ren et al., 2008; Yao et al., 2007; Lustbader et al., 2004;
Takuma et al., 2005). Coenzyme Q (CoQ) deficiency has been observed in PD patients in
substantia nigra, cerebellum, cortex and striatum (Beal, 2002) and AD patients showed
decreased CoQ in peripheral tissues as well as in brains (Moreira et al., 2005).

Therefore, impairment in scavenging mitochondrial free radicals would also contribute to
the massive oxidative damage in the affected brain regions of neurodegenerative diseases
sufferers.

2.3. Mitochondrial DNA (mtDNA) lesions

mtDNA is an apparent feature of mitochondria to retain their identity from other cellular
organelles. Each mitochondrion contains 2-10 copies of circular DNA encoding 13 key
mitochondria associated proteins, 2 ribosomal RNAs and 22 tRNAs. mtDNA is maternally
inherited, and is at high risk for lesion development induced by multiple factors, of which
oxidative stress is the most common one (Shoffner et al., 1993; Beal, 2005) due to the
extreme physical proximity of mtDNA to free radical generation sites. There are multiple
presentations of mtDNA defects in neurodegenerative diseases, including point mutation,
nucleic acid modification, large-scale deletion, and decreased mtDNA copies (Yang et al.,
2008a; Swerdlow, 2002; Gu et al., 2002; Murata et al., 2008). Damaged mtDNA results in
deficiency in mitochondrial key enzyme activities, leading to mitochondrial respiration
defects, excessive ROS generation, increased mitophagy, and eventually apoptosis and cell
death. Although there seems to be a repair and clearance strategy for damaged DNA (Stuart
et al., 2004; Bohr, 2002), accumulation of abnormal mtDNA will eventually reach a
threshold that induces mitochondrial respiratory chain defects as seen in aging and a wide
range neurological diseases. Abnormally high levels of mtDNA lesions are a hallmark in
many neurodegenerative diseases, including AD, PD, HD, ALS and Friedrich’s ataxia
(Coskun et al., 2004; Hutchin et al., 1997; Wiedemann et al., 2002; Polidori et al., 1999).
Despite the consensus on mtDNA lesions as a prevalent pathology in neurodegenerative
disorders, the exact role that mtDNA plays in the pathological process of sporadic
neurodegenerative diseases is still under debate. The question is whether mtDNA lesions are
a primary and disease-specific change in sporadic neurodegenerative diseases. PD cybrids
studies suggest that mtDNA deletion in PD affected neurons leads to mitochondrial complex
I deficiency (Richter et al., 2002; Swerdlow et al., 1998). Results from cybrids studies imply
that PD and AD have specific mtDNA mutations that correlate with defects in certain
mitochondrial respiratory complexes (Cardoso et al., 2004). Thus, it is proposed that
disease-specific mtDNA mutation is a primary change in neurodegenerative diseases.
However, this hypothesis has been challenged by many other studies showing the similarity
in mtDNA damage in neurodegenerative diseases patients as compared to aged controls
(Howell et al., 2005; Schapira, 1998), implying that the distribution and severity of mtDNA
lesions, presumably, in many neurodegenerative diseases are likely not to be disease specific
but may instead be dependent upon the stresses that affected neurons undergo. However, due
to the difficulties that exist for the study of mtDNA replication and degradation in neurons
in live individuals suffering sporadic neurodegenerative diseases, it is still unclear if: (1)
mtDNA mutation is a primary change; and (2) if patients have inherited mtDNA disorders.
Further studies on this issue will help to address these key questions.
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2.4. Mitochondrial calcium dyshomeostasis and mitochondrial permeability transition pore

(mPTP)

Mitochondria are essential organelles to modulate intracellular calcium homeostates.
Perturbation in mitochondrial calcium handling capacity enhances free radical production;
and the resultant increase in ROS modulates ion channels in mitochondrial as well as
cytoplasmic membrane and then exacerbates intracellular calcium perturbation (Gordeeva et
al., 2003; Brookes et al., 2004); thus, eventually leads to severe cellular disturbances.
Mitochondrial calcium disturbance is one of the hallmarks of mitochondrial pathology in
neurodegenerative disorders. Increased mitochondrial calcium loading and decreased
mitochondrial calcium buffering capacity have been observed in affected regions of AD,
PD, HD and ALS patients as well as the animal and/or cellular models of these disorders
(Sheehan et al., 1997a,b; Yu et al., 2009; Panov et al., 2005; Quintanilla and Johnson, 2009;
Jaiswal et al., 2009). So far, there is insufficient evidence to show calcium perturbation is an
initiative factor of any neurodegenerative disease, whereas increasing lines of studies
accentuated that disturbed calcium metabolism plays a role as a nexus of mitochondrial
dysfunctions including free radicals, mitochondrial respiratory chain defect, apoptosis and
so forth during neurodegeneration. For example, AP causes increased cytoplasmic calcium
concentration and leads to mitochondrial calcium overloading (Mattson et al., 1998; Begley
et al., 1999); calcium overloading then causes increased free radicals accumulation and
triggers the formation of mitochondrial permeability transition pore (mPTP) to initiate
calcium efflux and exacerbate cytoplasmic calcium disturbance, thus eventually induces
neuronal death. mPTP is, therefore, a crucial pathological change in mitochondria induced
by severe mitochondrial calcium disturbance.

Although the detailed structure of mPTP is still under debate, it is generally accepted that
the basic composition of mPTP contains voltage-dependent anion channel (VDAC) in outer
mitochondrial membrane (OMM), and adenine nucleotide translocase (ANT) in inner
mitochondrial membrane (IMM) and cyclophilin D (CypD) in matrix (Halestrap, 2006).
Recent studies showed that phosphate carrier (PiC) might also be involved in the
composition of mPTP (Leung and Halestrap, 2008). The physiological function in mPTP is
unclear. It is generally believed that mPTP is a portal to other pathological conditions
(Petersen et al., 2000; Halestrap, 2006). Oxidative stress, mitochondrial calcium and
phosphate overloading induce the translocation of CypD to IMM (Halestrap et al., 1993;
Kantrow et al., 2000; Leung and Halestrap, 2008). CypD translocation to bind ANT is the
initiating step for the formation of mPTP. Once bound with CypD, ANT undergoes
conformation change to form a channel. The ANT formed channel along with the channel
formed by VDAC constitutes a nonselective pore across the two mitochondrial membranes.
The main consequences of mPTP include rapid efflux of calcium from mitochondria,
decreased proton gradient, damaged mitochondrial respiration, increased reactive oxygen
species (ROS) generation, the release of proapoptotic molecules to cytoplasma,
mitochondrial swelling and mitochondrial membrane rupture (Du et al., 2008; Baines et al.,
2005; Petersen et al., 2000). The outcome of massive mPTP formation in neurons is
eventually apoptosis and cell death (Du and Yan, 2010).

In line with the notion that abundant endogenous ROS production and calcium overloading
are common pathological changes in neurodegenerative diseases, massive mPTP
perturbation in neurons is widely observed in affected regions in many neurodegenerative
diseases. For example, the levels of CypD were significantly elevated in AD-affected
regions (temporal pole and hippocampi) but not in AD-spared region (cerebellum) of AD
patients. Similarly, brains from the transgenic AD mice, including hippocampus and cortex,
also demonstrated up-regulation of CypD in addition to the aged mice (Du et al., 2008,
2009). AB interacts with CypD to form complexes in mitochondria. In the presence of mPTP
inducers, AP decreases the mPTP threshold in a dose-dependent manner in isolated
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mitochondria. As a result, increased CypD translocation to IMM occurs in cortical
mitochondria isolated from brains of AD patients and transgenic AD mouse mice (Du et al.,
2008). The genetic depletion of CypD or the addition of the CypD inhibitor, cyclosporine A
efficiently attenuates mitochondrial and neuronal dysfunctions in the aged AD mouse model
and rescues Ap-induced reduction of long term potential (LTP) and learning/memory (Du et
al., 2008). Recent experiments in the G93A-mSOD1 ALS mouse model revealed increased
CypD immunostaining in motor neurons with mitochondrial IMM remodeling and matrix
vesiculation in the spinal cord of even presymptomatic animals. In contrast, genetic
depletion of CypD delayed the onset of disease and substantially prolonged the survival of
the ALS mice (Martin et al., 2009). Abramov’s group, using the PTEN-induced putative
kinase 1 (PINKZ1) deficient mouse model to study age-related dopaminergic neuronal loss
and mitochondrial dysfunctions in PD, found that PINK1 deficiency enhances calcium and
ROS perturbation and leads to a deceased mPTP threshold and massive mPTP formation in
the mice, thereby suggesting the involvement of mPTP formation in the pathogenesis of PD
(Wang et al., 2007; Gandhi et al., 2009). A study on CypD expression comparison in
different brain regions has reported increased CypD expression levels and decreased mPTP
thresholds in striatum of rats. The increased CypD level in the disease affected brain region
is proposed as the reason for high susceptibility of mPTP formation and consequent
mitochondrial dysfunction. This regional difference in CypD expression might be a possible
risk for the etiology of HD (Brustovetsky et al., 2003). Increased mPTP formation and
decreased mitochondrial calcium handling capacity have been reported in various HD
animal models, the STHdhQ111/Q111 striatal cell line and lymphocytes of HD patients
(Gellerich et al., 2008; Lim et al., 2008; Fernandes et al., 2007; Milakovic et al., 2006;
Panov et al., 2005). The mitochondrial complex Il inhibitor, 3-nitropropionic acid induced
HD animal model demonstrated obvious increased mPTP formation in brain mitochondria
(Rosenstock et al., 2004), while the application of mPTP inhibitor efficiently attenuated
calcium disturbance and oxidative stress in this model (Quintanilla and Johnson, 2009).

2.5. Dysregulated mitochondrial dynamics

Mitochondrial dynamics is an essential function in maintaining cell viability. The regulation
of mitochondrial dynamics requires a delicate balance of fusion and fission proteins (Chan,
2006). Disturbed balance of mitochondrial dynamics causes severe mitochondrial behavioral
change and thus leads to cellular perturbation, for example, apoptosis. The imbalance of
mitochondrial fusion and fission is currently a subject of intense study in neurodegenerative
diseases. A series of recent studies found decreased expression levels of mitochondrial
fusion proteins, including MFN-1, MFN-2 and OPAL in AD hippocampal tissues, but
increased levels of mitochondrial fission protein FIS1. The decrease in mitochondrial fusion
proteins and increase in fission protein correlate well with observations of mitochondrial
morphology change in autopsied AD brain tissues. Of interest, mitochondrial fission protein,
DLP1 level was also decreased in AD hippocampal neurons (Wang et al., 2008a,b). DLP1 is
a cytoplasmic protein, which triggers mitochondrial fission upon its translocation to
mitochondria to interact with FIS1(Chan, 2006). Detailed studies showed that DLP1
translocation increased in AD, despite the decrease in the expression level of total DLP1
(Wang et al., 2008b). Furthermore, there is significantly increased S-nitrosylated DLP1 and
phosphorylated (S616) DLP1 in AD mitochondria (Cho et al., 2009; Wang et al., 2009b).

PINK1 mutation is associated with hereditary PD (Abou-Sleiman et al., 2006; Sim et al.,
2006) and is known to genetically interact with mitochondrial fusion and fission machinery.
Deficiency in PINK1 causes decreased mitochondrial cristae and elongated large
mitochondria (Yang et al., 2008c). A recent study conducted on Hela cells expressing htt
proteins containing 74 polyglutamine repeats found that mitochondria displayed
significantly reduced movement and increased fragmentation (Wang et al., 2009a). Based on
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the evidence above, we propose that perturbations in mitochondrial fusion/fission balance
are significant featured mitochondrial pathology in neurodegenerative disorders, and
ultimately accompany with other mitochondrial stresses, leading to neuronal injury.

3. Mitochondria-based interventional medicine

Mitochondrial medicine is developing rapidly with the increasingly deepened appreciation
of mitochondrial diseases. Mitochondria-based interventional medicine, though a relatively
nascent area, takes great benefit from the expanding knowledge on the mitochondria-related
molecular basis of mitochondrial diseases. It has demonstrated the priority through its
specific manipulation targeting on the originals of mitochondrial diseases, the mitochondrial
dysfunction; which is comparative to many current medicinal therapeutic strategies only
focusing on extinguishing the consequent syndromes. The current mitochondrial medicine
strategies can be divided into two categories: (1) preventing on-going mitochondrial
dysfunction in diseases with determined mitochondria-related etiology; this is of essential
significance for the treatment of inherited mitochondrial diseases such as Leber’s hereditary
optic neuropathy (LHON) (Martin-Kleiner et al., 2006); and (2) manipulating on diseases
with prevalent mitochondrial defects, for example sporadic neurodegenerative diseases
(Cleren et al., 2008). Strategies of mitochondria-based interventional medicine is springing
up, aiming at prevalent mitochondrial pathologies including perturbed cellular bioenergetics,
oxidative stress, mtDNA mutations, impaired mitochondrial calcium handling capacity,
mitochondria-originated apoptosis, and defected mitochondrial behavior, although the
studies on most of those strategies are still at early stages. Nevertheless, with more
discoveries of secrete underlying mitochondrial diseases the interventional medicine
specifically targeting on mitochondrial changes will be the prospective trend in the treatment
of mitochondrial diseases.

4. Mitochondria-targeted therapeutics for neurodegenerative diseases

As aforementioned discussion, mitochondrial dysfunction, including oxidative stress, low
ATP generation, mtDNA mutation, calcium perturbation, mPTP, and mitochondrial dynamic
malfunction are commonly seen in neurodegenerative diseases, such as AD, PD, HD, ALS
and PSP. Since damaged mitochondria exacerbate and participate in the pathogenesis of
these diseases, it would be logical to choose mitochondria-targeted intervention as a
therapeutic approach to treat or delay the onset of pathophysiological process of these
diseases; indeed, several mitochondria-targeted treatments have been applied in clinical
practice or to disease related animal models. The efficiency of these treatments have been
evaluated and proven to be effective. The prevailing strategies for mitochondrial medicine
include oxidant removal, mitochondrial gene therapy, and mPTP inhibition (Fig. 1).

4.1. Redox therapy

Based on the premise that oxidative stress is one of the most predominant mitochondrial
pathologies involved in neurodegenerative diseases, and on the convenience for
implementation of an antioxidant strategy, oxygen free radical scavengers have been
intensively studied as a therapeutic approach for neurodegenerative diseases.

4.1.1. Supplementation of small reducing molecules—Small reducing molecules,
such vitamins C and E, glutathione, and coenzyme Q10 (CoQ10), play an important role in
the endogenous defensive strategy against oxygen free radicals in mitochondria. Decreased
expression of these molecules observed in neurodegenerative diseases such as AD, PD, and
ALS (Young et al., 2007; Beal, 2002; Paraskevas et al., 1997; Yapa, 1992). Thus, the idea of
supplementing these small reducing molecules to scavenge oxidative stressors in
neurodegenerative diseases has attracted the interest of several research groups.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2013 June 20.
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4.1.1.1. Vitamins C and E (Vit C and Vit E) and MitoVit E: Vit C and Vit E are essential
nutrients for human physiological process; Vit C, also known as .-ascorbate, is a strong
intracellular reducing molecule, while Vit E is a major scavenger of lipid oxidation in brain.
Vit C and Vit E have been reported to be neuroprotective in vivoand /n vitro against the
insult of oxidative stress (Calderon Guzman et al., 2007; Gurel et al., 2005; Zaidi and Banu,
2004).

Vit E protects neuoblastoma SK-N-SH cells from AB-induced oxidative stress, when
administered prior to or simultaneously with the exposure of Ap (Green et al., 1996;
Butterfield, 2002). Four weeks of Vit E supplementation in an AD mouse model (Tg2576
mice at 11 months old) improved mice cognitive function and reduced the A deposition
(Conte et al., 2004). Administration of Vit E to young Tg2576 mice significantly decreased
amyloidosis (Sung et al., 2004). Daily i.p. injection of vitamin C in APP/PSN1 mice at
middle (12 months) to old (24 months) age significantly attenuated deficits in spatial
learning/memory ability (Harrison et al., 2009). Daily doses of 2000 IU Vit E has been
observed to be beneficial to mild-to-moderate stage AD patients (Petersen et al., 2005; Sano
et al., 1997). Furthermore, administration of Vit E alone or concomitant administration of
Vit C and Vit E can decrease the risk of AD (Boothby and Doering, 2005), while the
combination of Vit E and Vit C has been reported to reduce the prevalence of AD in aged
people (Logroscino et al., 1996; Kontush et al., 2001; Zandi et al., 2004).

Treatment with Vit E (20 mg/kg/day) efficiently protected mitochondrial complex Il activity
and prevented oxidative damage in a 3-nitropropionic acid induced HD mouse model
(Rosenstock et al., 2004). Further, vitamin E intake delayed neuropathology onset and
progression in a SOD1 transgenic ALS mouse model (Kruman et al., 1999). A large study
on ALS showed that regulatory use of Vit E decreases the risk of ALS in humans (Ascherio
et al., 2005). Similarly, diet rich in Vit E has been reported to reduce the risk of PD
(Etminan et al., 2005; Zhang et al., 2002). Clinical trials on ALS patients showed that
regular intake of Vit E significantly decreased the risk of death in ALS patients (Ascherio et
al., 2005). The combination of Vit E and Vit C has been reported to delay the progression of
PD (Fahn, 1992; Fahn and Cohen, 1992).

There exist, however, contradictory reports on the efficacy of Vit E and Vit C as a treatment
for neurodegenerative diseases. A recent study reported by Zhang focusing on the effect of
Vit E and Vit C intake on the risk of PD found no decrease in risk of the disorder (Zhang et
al., 2002). He proposed that the protective effect of high levels of dietary Vit E may be due
to other active molecules in the food, instead of Vit E. Several other independent studies
also showed that the administration of Vit E or Vit C alone or in combination failed to
demonstrate any benefits for the progression or risk of AD and PD (Luchsinger et al., 2003;
Mclntosh et al., 1997; Etminan et al., 2005; Weber and Ernst, 2006). Further, a few case-
controlled studies showed no protection from ALS patients as well as ALS animal models
with vitamin administration (Longnecker et al., 2000; Nelson et al., 2000; Desnuelle et al.,
2001). In addition, high dosage of Vit E supplementation (>150 1U/day) may increase the
mortality of receivers (Miller et al., 2005).

In considering the discrepancies in the results for vitamins treatment, it is proposed that the
limitations of vitamin treatment might affect the efficiency of vitamins treatment and thus
causes the discrepancy. The limitations include: (1) poor transport of Vit E and Vit C
through the blood-brain barrier resulting in difficulties in accumulating therapeutic
concentration of vitamins in neuronal mitochondria; (2) rapid oxidation of Vit C that reduces
the efficacy of Vit C in treatment; and (3) potential side effects of high dosage of Vit E.
Thus, mitochondrial targeted vitamin E has been developed to overcome the limitations.
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MitoVit E is a newly developed vitamin E (engineered chemically from natural vitamin E)
derivative that is highly efficient in accumulating in mitochondria due to its
triphenylphosphonium cation moiety (Jauslin et al., 2003). Incubation of MitoVit E with
human osteosarcoma cells showed that most of the MitoVit E localized inside mitochondria,
suggesting its high cell permeability and preference for mitochondrial penetration that
enables its utility in scavenging for mitochondrial oxidants. There is no obvious toxic effect
of MitoVit E on mitochondrial membrane potential and respiration function /n vitroat a
concentration of 10 wM (Smith et al., 1999). Oxidatively stressed (iron/ascorbate)
mitochondria demonstrated 75% protection in mitochondrial membrane potential rescued by
5 uM MitoVit E, significantly better protection in comparison to vitamin E at the same
concentration. Kalyanaraman’s group found that 1 uM MitoVit E efficiently reduced lipid
and protein oxidation, apoptosis, and mitochondrial iron uptake in glucose oxidase insulted
bovine aortic endothelial cells by scavenging mitochondrial ROS (Dhanasekaran et al.,
2004). A study related to fetal alcohol syndrome, conducted on primary cultured cerebella
granule cells (Siler-Marsiglio et al., 2005), demonstrating suppressed cellular and
mitochondrial antioxidation ability and increased lipid oxidation by alcohol, found that the
oxidative damages caused by a concentration of alcohol at as high as 16 g/L was
significantly attenuated by 1 nM MitoVit E. MitoVit E-treated cells displayed an increase in
cell viability and GSH-GPx activity. However, due to scant /n vivo evidence of animal
models and clinical trials, the efficacy of the application of MitoVit E in the treatment of
neurodegenerative diseases is still largely unclear. Nevertheless, the high performance of
oxidant scavenging of MitoVit E makes it a potentially significant therapeutic target for
neurodegenerative disease treatment.

4.1.1.2. Coenzyme Q10 and MitoQ: Coenzyme Q10 (CoQ10) also known as ubiquinone,
coenzyme Q and ubidecarenone, locates mainly in mitochondrial inner membrane. The
biochemical significance of CoQ10 lies in the fact that this small molecule participates in
transferring electrons from mitochondrial complexes I and 11 to mitochondrial complex 11
(Littarru and Tiano, 2007). In addition to its important role in aerobic respiration, CoQ10 is
a strong lipid oxidants scavenger similar to Vit E. When fibroblast and HEK?293 cells are
exposed to oxidative stress, CoQ10 helps to: stabilize mitochondrial membrane potential;
prevent cytochrome c release; inhibit mitochondrial permeability transition pore; and block
Bax translocation to mitochondria, thereby suggesting multiple biochemical roles for this
enzyme (Naderi et al., 2006). CoQ10 has been shown to protect neurons from oxidative
stress and severe mitochondrial dysfunction in affected regions of experimental models of
PD, epilepsy and stroke (Beal, 2003; Horvath et al., 2003; Chaturvedi and Beal, 2008).

Due to the multi-faceted mitochondrial protective effects of CoQ10, it has been widely
evaluated as a therapy for neurodegenerative diseases in both experimental animal models
and clinical research studies. Administration of CoQ10 to aged mice rescued striatal
dopamine loss and dopaminergic axonal damage (Beal et al., 1998). A recent study showed
the neuroprotective effects of CoQ10 and its reduced form on MPTP induced PD animal
models (Cleren et al., 2008). Dietary CoQ10 (1600 mg/kg/day for 2 months) protected
striatal dopamine (DA) from MPTP toxicity two folds as compared to MPTP-untreated
mice. CoQ10 also significantly preserved tyrosine hydroxylase (TH)-positive neurons in
substantia nigra of these mice and attenuated a.-synuclein aggregation depletion in
dopaminergic neurons. The neuroprotective role of CoQ was also observed in a MPTP
induced primate PD model. Similarly, an AD mouse model with a presenilin 1 mutation
revealed a decrease in the Ap deposition and improvement in the brain mitochondrial SOD
activity after the CoQ10 dosing of 1200 mg/kg/day for 2 months (Yang et al., 2008b).

Importantly, clinical trials for CoQ10 administration to treat PD, HD and ALS have been
resulted in positive data regarding neuroprotection (Matthews et al., 1998; Beal et al., 1998;
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Ferrante et al., 2002, 2005; Shults et al., 2004). CoQ10 treatment significantly ameliorates
cognitive impairment (Senin et al., 1992; Gutzmann and Hadler, 1998).

MitoQ, an analogue of Co1Q10, that has the addition of a lipophilic triphenylphosphonium
cation, has high lipid membrane permeability and easily accumulates in mitochondria
(James et al., 2007; Reddy, 2008). MitoQ accumulates rapidly and preferentially in
mitochondria when added to cultured cells in media. Cell toxicity lessened at concentrations
up to 10 wM of MitoQ, though there was a report that MitoQ damaged N2a cells at
concentrations higher than 0.3 wM (Reddy, 2008). MitoQ is a strong antioxidant molecule
and can be recycled through the respiratory chain after detoxifying reactive oxygen species
(James et al., 2007). MitoQ has been shown to be effective for preventing apoptosis, even in
the presence of multiple apoptosis inducers.

Reddy recently reported that MitoQ enhances neurite out-growth of N2a cells in serum-free
medium at a concentration of 0.3 wM, which supports the beneficial effect of MitoQ on
neuronal function (Reddy, 2008). However, it should be noted that the uptake of MitoQ
relies on mitochondrial membrane potential; thus, the efficiency of MitoQ to clear free
radicals in severely damaged mitochondria may be compromised.

The safety of MitoQ application has been evaluated in an /7 vivo C57BL/6 mice. 50 M
MitoQ was added in the drinking water of the mice for up to 28 weeks. The administration
of MitoQ on the mice did not show any measurable deleterious effect on mice tissues (brain,
heart and liver). Besides, there were a few beneficial effects such as decrease in liver fat and
decreased blood triacylglyceride, which suggest the safety of long term oral administration
of MitoQ (Rodriguez-Cuenca et al., 2010). The safety and efficacy of human administration
needs further clinical studies. Given the promising data derived from /n vitroand in vivo
animal experiments as well as the safety of long term MitoQ administration, MitoQ is
proposed to be a potentially promising therapy for neuronal protection from oxidative stress
and related mitochondrial dysfunction. More studies will be required to further evaluate the
efficacy of MitoQ on the treatment of neurodegenerative diseases, such as AD or PD.

4.1.2. Mitochondrial targeted small peptide antioxidants—SS peptides are a series
of newly designed free radical scavenging aromatic-cationic peptides (Petri et al., 2006;
Szeto, 2006). The sequence motif of these peptides enables them to directly target to
mitochondria and bind to IMM irrespective of mitochondrial membrane potential. Animal
studies showed that SS02 quickly penetrates the mouse blood-brain barrier after
subcutaneous administration as well as after intravenous injection. SS02 and SS31
demonstrate the ability to remove free radical removals in tert butyhydroperoxide (tBHP)
induced mitochondrial ROS production in cell cultures (Szeto, 2006). SS peptides showed
significant neuronal protection on animal models of brain ischemia and ALS (Cho et al.,
2007; Petri et al., 2006). Its ability to efficiently scavenge free radicals, its water solubility
and high blood-brain barrier permeability make these peptides pharmaceutically applicable
for neurological diseases (Szeto, 2006). Although the evaluation of SS peptides effect on
neurological diseases is still at the early stages, the application of SS peptides as promising
antioxidants has been attracting increasing attention.

4.1.3. Natural antioxidants—Polyphenols, isoflavones, ginsenosides and flavonoids,
extracted from medicinal plants, have antioxidant function and are proved to have protective
effects on mitochondrial function. Green tea polyphenols are believed to be a strong
antioxidant against hydroxy| radicals, nitric oxide and lipid oxidation (Nanjo et al., 1996;
Panickar et al., 2009). The administration of green tea polyphenols to 6-hydroxydopamine
(6-OHDA) or MPTP induced PD cell/animal models has been proven to effectively
attenuate oxidative stress and apoptosis in cells (Guo et al., 2005) or in neurons of affected
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brain regions of animal models (Levites et al., 2001). Administration of green tea extracts
reduced AP production in mice overexpressing APP/AB and in APP/AR overexpressed
primary cultured neurons /n vitro through enhancing a-secretase activity. These results
suggest the potential of green extracts to protect against Ap related mitochondrial
dysfunction and other AD pathologies (Rezai-Zadeh et al., 2005).

Ginsenosides are steroid like compounds, comprising two sub-groups, Rb1 and Rgl. Studies
from /n vitroand /n vivo experiments demonstrate that ginsenosides scavenge oxidants and
convey protection mitochondrial and neuronal functions (Surh et al., 2002). Isoflavones and
flavonoids are also thought to offer neuroprotection by removing superoxide and hydroxyl
radicals (Ishige et al., 2001; Kurzer and Xu, 1997; Chan and Yu, 2000). Published reports
demonstrated that isoflavones protect neurons from the AB-induced toxicity /n vitro (Zheng
et al., 2003). However, due to the limited studies to date, the efficacy and side effects of
natural antioxidants for the treatment of neurodegenerative diseases are yet to be
determined.

4.2. Mitochondrial permeability transition inhibition

The formation of mitochondrial permeability transition pore (mPTP) collapses
mitochondrial membrane potential, enhances ROS generation, induces mitochondrial
calcium perturbation and facilitates mitochondrial proapoptotic molecule release. mPTP-
mediated severe mitochondrial dysfunction is believed to exacerbate pathological injuries in
neurons, undergoing aforementioned neurodegeneration. The protective effects of mPTP
blockade have been studied in animal models of a variety of neurodegenerative diseases and
current studies are focusing on inhibition on cyclophilin D (CypD) or voltage-dependent
anion channel (VDAC).

CypD is the intra-mitochondria component of mPTP, which triggers its translocation to
IMM to ANT upon the presence of mPTP inducers, such as ROS and mitochondrial calcium
overloading. Genetic CypD deficiency significantly reduces mPTP threshold, consequently,
enhances mitochondrial calcium buffering capacity, and reduces cytochrome c release and
ROS generation, especially in the presence of mPTP inducers (Baines et al., 2005; Du et al.,
2008). Increasing evidence has shown the therapeutic effects of CypD depletion in
neurodegenerative diseases (Du et al., 2008; Forte et al., 2007; Du et al., 2009). Transgenic
AD mice lacking CypD displayed the protective effects on mitochondrial and behavioral
function, as evidenced by increased mitochondrial membrane potential, reduced
mitochondrial ROS production, preserved mitochondrial cytochrome c oxidase activity and
respiration control ratio, increased long term potentiation and improved spatial learning/
memory (Du et al., 2008). Notably, CypD depletion confers lifelong mitochondrial and
neuronal protection against AP toxicity in an AD mouse model in mice up to 24 months of
age (Du et al., 2009). Another example is an experiment conducted on EAE mice. In an
experimental multiple sclerosis (MS) mouse model, it has been shown that CypD depletion
ameliorates the severity of symptoms and preserves axonal functions, suggesting that mPTP
blockade via reducing CypD translocation is a practical treatment strategy to restore
mitochondrial function and to prevent neuronal degeneration. Several CypD inhibitors such
as cyclosporine A (CsA), Sanglifehrin A (SfA), and FK506 have been developed and are
reported to be capable of inhibiting mPTP formation and its consequent damages (Halestrap
et al., 1997; Cassarino et al., 1998; Setkowicz et al., 2009). The application of these agents
significantly protects neurons from oxidative stress-induced injury, ER stress and apoptosis
induced by H,0,, AB, MPP* and many other toxins (Luchowska et al., 2003; Fall and
Bennett, 1998; Baines et al., 2005; Du et al., 2008). Administration of CsA to brain via
intracerebroventricular CsA injections (dosage, of 20 mg/week) in a familial ALS (FALS)
mouse model (G93A) alleviated symptoms and reversed pathological changes (Keep et al.,
2001). CsA treatment delayed the onset of hindlimb weakness and weight loss, extended the
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time from the onset of weakness to paralysis and prolonged the lifespan. Further, CsA
treatment preserved both cervical and lumbar spine motor neurons and tyrosine hydroxylase-
positive dopaminergic neurons in substantia nigra. There were no adverse effects such as
systemic immunosuppression or nephrotoxicity noted in this study, suggesting the safety of
CsA treatment at these concentrations; the protective effect of CsA administration is mostly
due to its inhibition of mPTP but not immunological effects.

FK506, a non-immunosuppressant derivative FK1706, at a non-immunosuppressant dose
significantly ameliorated damage in spinal cord and protected axonal loss in a MS mice
model (Gold et al., 2004). These treatments using mPTP inhibitors such as FK506 and CsA
have also been proved to be effective in HD animal models, due to, at least in part, their
effects on mPTP blockade (Kumar and Kumar, 2009).

VDAC, the mPTP component in OMM, is another potential target for therapy. A recent
study reported that cholest-4-en-3-one, oxim (TR0O19622) significantly extended the
lifespan and attenuated the symptoms of G93A SOD1 ALS mice. The authors proposed that
protection of TRO19622 on ALS mice is due to its interaction with VDAC (Bordet et al.,
2007). This study supports mPTP involvement in the pathogenesis of ALS and the potential
pharmaceutical effect of the MPTP interference by VDAC in ALS.

Blockade of mPTP formation has a promising potential as an effective chemotherapeutic
approach to protect against neurodegeneration and restore mitochondrial function in
neurodegenerative diseases. However, issues in the development of mPTP inhibitors exist.
First, CypD inhibitors have multiple biological side effects, including immunosuppression
and inhibition of calcineurin, both of which should be considered in clinical practice
(Mohebbi et al., 2009; Borlongan et al., 2000). Secondly, mitochondrial delivery of the
drugs requires further chemical studies to increase the permeability of these drugs through
the blood-brain barrier and to enhance their accumulation in mitochondria. So far,
investigations on mPTP inhibitor have shown CsA has the potential to be a candidate for
mitochondrial medicine. Recent study exhibited that administration of CsA intraperitoneally
to the mice extended the life of the ALS mouse model. CsA accumulated in the brain and
spinal cord of this model (Kirkinezos et al., 2004), suggesting that CsA is able to cross BBB
in the impaired blood-brain barrier. Keep’s study showed that CsA at the experimental
dosage did not demonstrate immunosuppression (Keep et al., 2001). However, the long-term
side effect and the administration dosage of CsA still need further investigation.
Nevertheless, given the increasing evidence of protective role of mPTP inhibition in treating
neurodegenerative diseases, it is likely that mPTP blockers will be investigated for their
potential as pharmacological therapeutics in clinical treatment of neurodegenerative
diseases.

4.3. Mitochondrial gene therapy

Given the high incidence of pathogenic mtDNA in neurodegenerative disease, studies
targeting to ameliorate mtDNA lesion, specifically genetic manipulation of mtDNA and its
downstream gene are called for. Several promising developments in this field have been
demonstrated and can be divided into three categories: selective inhibition of mutant
mtDNA, recombinant mtDNA substitution and allotropic expression of mitochondrial
proteins (Bacman et al., 2007; Bayona-Bafaluy et al., 2005; Chen et al., 2003; Krieg, 2000;
Zullo et al., 2005).

Elimination of mtDNA by restriction endonuclease selection and inhibition of mutant
mtDNA using antisense are the two well-investigated strategies of selective inhibition of
mutant mtDNA. COX-Pstl, COX8-ApaLl and Scal have been studied and show restorative
effect on mitochondrial function (Chinnery et al., 1999; Flierl et al., 2003; Bacman et al.,
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2007). The principle of antisense inhibition is to genetically block the replication of mutant
mtDNA and thus reduce the expression of defective proteins. DNA, RNA or chemical
analogues have been studied as antisense molecules to bind their complementary DNA or
RNA target. The most studied type of antisense molecules so far are DNA-like peptide
nucleic acids (PNA), which are effective for treatment of heteroplasmic disorders. The
discoveries of short hairpin RNA (shRNA) and small interfering RNA (siRNA) also may be
promising approaches to modulate mitochondrial genome defects at the mMRNA level.
Substitution of defective mtDNA using gene-carrying vectors to send recombinant mtDNA
into cells is another approach for mitochondrial gene therapy.

The replacement of defective mtDNA with “healthy” recombinant mtDNA genome will
benefit not only heteroplasmy but also homoplasmy. Although the therapeutic efficacy of
recombinant mtDNA has been evaluated in a few studies, the lack of availability of human
mtDNA constructs, poor mitochondrial import of large constructs, and the competition for
recombinant mtDNA with functional resident mtDNA greatly limits the application of this
method as a therapeutic strategy.

Recent findings on the application of allotropic expression of mitochondrial proteins suggest
the promising future of this method. An example is the allotropic expression of NDI1, a
rotenone-insensitive NADH-Q-oxidoreductase. By incorporating NDI1 into mitochondria, a
group revealed that the expression of NDI1 restores the NADH dehydrogenase activity and
as a result, protects neurons in the substantia nigra of a Parkinson’s disease rat model from
severe degeneration (Marella et al., 2008). Another example is that the allotropic expression
of ND1 attenuates mitochondrial dysfunction in cell model of LHON (Leber’s hereditary
optic neuropathy) or the allotropic expression of ND4 prevents visual impairment of LHON
animal model (Ellouze et al., 2008; Park et al., 2007). Most recent studies using allotropic
expressing of interfering on nucleic genome encoded mitochondrial proteins provide a novel
approach to improve mitochondrial function. Hayashi’s finding showed that overexpressing
mitochondrial transcriptional factor A restores memory impairments including working
memory and hippocampal long term potentiation (LTP), attenuates mitochondrial ROS
production and mtDNA damages in aged mice (Hayashi et al., 2008). However,
investigations in this field are still at very early stage and many applications are theoretical
concepts to date.

5. Mitochondrial medicine delivery

Blood-brain barrier permeability still remains a significant obstacle in the development of
mitochondrial pharmacotherapeutics for neurodegenerative diseases. Similarly, targeting
drugs directly to mitochondria to achieve efficacious accumulation remains a stumbling
block to successful therapies. Development of big constructs and transporting these
constructs to neurons remains problematic. Therefore, novel methodologies for manipulation
of mitochondrial drugs are needed for mitochondria-targeted treatment (Murphy and Smith,
2000; Murphy, 1996; Muratovska et al., 2001).

Modification of drugs to increase their cellular as well as mitochondrial permeability is a
feasible undertaking. Lipophilic cations have been proved to be effective to facilitate
molecular transport across the hydrophobic barrier of the lipid bilayers (Murphy, 2008;
Adlam et al., 2005). Applications such as MitoQ (Graham et al., 2009; Supinski et al., 2009)
and MitoVit E (Leo et al., 2008) have been extensively studied and shown to be effective.

Another approach is to enable big molecules to enter mitochondria through mitochondrial
import machinery. The addition of a mitochondrial signaling peptide to molecules is a
practical methodology (Hurt et al., 1985), and is complementary with lipophilic cations,
especially for molecules that are too large or excessively polar so as to be attached by
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lipophilic cations. However, the introduction of recombinant mtDNA directly into
mitochondria has not yet been successfully performed. It is extremely difficult to deliver a
big construct containing human mtDNA into neuronal mitochondria, but one possibility
course of action is to use oligonucleotides to attach to a mitochondrial signaling peptide. To
date, there is little progress in the study of mitochondrial gene therapy carriers, preventing
the clinical application of mitochondrial gene therapy and appealing further investigation.

6. Conclusion

Mitochondria are major neuronal organelles that play a critical role in ATP production to
sustain neuronal survival. Functional mitochondrial distribution and energy provision in
neuronal strategic sites are the prerequisite for the formation of massive neuron information
exchange networks in brain. Mitochondrial dysfunction, including increased ROS
generation, mitochondrial permeability transition, collapsed mitochondrial membrane
potential, decreased mitochondrial ATP production and the release of proapoptotic factors,
leads to severe synaptic dysfunction and eventually neuronal death. Recent studies have
highlighted mitochondrial malfunction as a hallmark pathological change in
neurodegenerative diseases, such as AD, PD, ALS, and HD; researchers have therefore
postulated that mitochondrial stress is significantly involved in the pathophysiological
process of neurodegeneration. Mitochondria-targeted interventional medicine is, therefore,
strongly implied to be a prospective therapeutic approach in neurodegenerative diseases.

Although most of the treatment approaches described in this article is far from fruition, they
have been shown to have a great potential for therapeutic applications. Antioxidant
treatment has shed light on mitochondria-targeted medicine, with several drugs currently
undergoing clinical trials on patients with neurodegenerative diseases and some have
demonstrated significant efficacy in clinical practice. Based on current experimental
observations, despite the mitochondria-targeted interventions discussed afore-mentioned,
modulations on mitochondrial dynamics and apoptotic factors hold promise as potential
efficacious treatment strategies, though most of the relevant studies are still concepts.
Nevertheless, given the frequent occurrence and similarity of mitochondrial pathology in
early onset inherited and late onset sporadic neurodegenerative diseases, mitochondrial
medicine, targeting on the essential pathology in neurodegeneration, is expected to be a
promising future therapeutic strategy in the treatment of neurodegenerative diseases.
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Fig. 1.

Schematic figure of therapeutic strategies to protect mitochondria against
neurodegeneration. In neurodegenerative diseases such as AD, PD, HD and ALS,
mitochondria undergo increased ROS production, suppressed respiratory function, mtDNA
lesions, mPTP formation, preapoptotic factors release and damaged dynamics/motility.
These deleterious factors will eventually lead to neurodegeneration. Mitochondrial
medicine, including oxidant scavenge, mPTP inhibition, mitochondrial gene therapy, anti-
apoptosis and mitochondrial dynamics modulation, are promising therapeutic strategies to
attenuate neurodegeneration and to halt the progression of neuronal injury in the
neurodegenerative diseases.
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