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Metabolic Reprogramming of Human Cells in Response to Oxidative Stress: Implica-
tions in the Pathophysiology and Therapy of Mitochondrial Diseases
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Abstract: Mitochondria are the organelles producing most of the energy and play important roles in a variety of biochemical functions in
human cells. Mitochondrial defects can cause ATP deficiency and overproduction of reactive oxygen species, which are the major hall-
marks of mitochondrial diseases. Abundant evidence has suggested that mitochondrial dysfunction-elicited oxidative stress can play an
important role in the pathogenesis and progression of mitochondrial diseases. Mitochondria can respond to energy deficiency by the ret-
rograde signaling to trigger a number of molecular events to help the human cells to cope with physiological or environmental changes.
In this article, we first describe oxidative stress-induced cellular responses including metabolic adaptation, compensatory increase of mi-
tochondrial biogenesis, upregulation of antioxidant enzymes, and alteration of protein acetylation in human cells with mitochondrial dys-
function. In this regard, we review recent findings to elucidate the mechanisms by which human cells motivate their mitochondria and the
antioxidant defense system to respond to energy deficiency and oxidative stress, which contribute to the adaptive metabolic reprogram-
ming in mitochondrial diseases. In addition, we emphasize the critical role of the activation of AMPK, Sirtl and Sirt3 in the metabolic
adaptation of human cells harboring mitochondrial DNA mutations. Recent studies have revealed that AMPK and sirtuins-mediated sig-
naling pathways are involved in metabolic reprogramming, which is effected by upregulation of antioxidant defense system and mito-
chondrial protein acetylation, in human cells with mitochondrial dysfunction. Finally, we discuss several potential modulators of bio-
energetic function such as coenzyme Q1o, mitochondria-targeting antioxidants, resveratrol, and L-carnitine based on recent findings from
studies on human cells and animal models of mitochondrial diseases. Elucidation of the signaling pathway of this adaptive response to
oxidative stress triggered by mitochondrial dysfunction may enable us to gain a deeper insight into the communication between mito-

chondria and the nucleus and guide us to develop novel therapeutic agents for effective treatment of mitochondrial diseases.

Keywords: AMPK, antioxidant enzyme, metabolic adaptation, mitochondrial disease, mtDNA mutation, oxidative stress, sirtuin.

1. INTRODUCTION
1.1. Overview of Mitochondrial Function in Mammalian Cells

Mitochondria are membrane-enclosed organelles in eukaryotic
cells that carry out numerous biochemical reactions for the mainte-
nance of cellular physiology and homeostasis. They generate ATP
through the oxidative phosphorylation (OXPHOS) system, which is
coupled with respiration via TCA cycle and oxidation of fatty acids.
The two genetic systems in the nucleus (nuclear DNA, nDNA) and
mitochondria (mitochondrial DNA, mtDNA) cooperate to maintain
normal mitochondrial function, which plays a critical role in the life
and death of the human cells. Human mtDNA bears 16,569 base
pairs of nucleotides that encode 13 polypeptides constituting the
respiratory enzyme complexes plus 2 rRNAs and 22 tRNAs. Ap-
proximately 1,500 polypeptides that build up a functional mito-
chondrion are encoded by nDNA and are then translocated into
mitochondria in the post-translational manner, while all the
mtDNA-encoded proteins are essential for the assembly of respira-
tory enzymes [1-3]. On the other hand, mitochondria are involved
in the maintenance of Ca®* homeostasis, catabolism of amino acids,
and biosynthesis of heme, pyrimidine nucleotides and several ster-
oid hormones [4]. Intriguingly, although the majority of the poly-
peptides constituting the respiratory enzyme complexes are encoded
by the nDNA, it has been well documented that the pathogenic
mutations in mtDNA have serious consequences. Abundant evi-
dence has been accumulated to show that mitochondrial dysfunc-
tion caused by mtDNA mutation plays a pivotal role in the patho-
physiology of a wide spectrum of human diseases, which include
aging-related neurodegenerative diseases, metabolic syndrome,
diabetes, and cancers [1, 5].
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1.2. Mitochondrial Dysfunction and Diseases

Mitochondrial diseases are a clinically and genetically hetero-
geneous group of disorders mostly caused by impairment of the
OXPHOS system or other defects in the energy metabolism of mi-
tochondria [1, 6]. They may result from genetic mutations in
mtDNA and/or nuclear genome. Some mitochondrial diseases arise
from specific mutations in nuclear genes, which are mainly in-
volved in the assembly and function of respiratory enzyme com-
plexes, biogenesis of mitochondria, and maintenance and replica-
tion of mtDNA. However, a large portion of mitochondrial diseases
are caused by maternally inherited point mutations in the tRNA,
rRNA or structural genes, and large-scale deletion or duplication of
mtDNA. More than two hundreds of deletion or mutation of
mtDNA have been detected in the affected tissues of patients with
mitochondrial myopathy and encephalomyopathies, which has sub-
stantiated the importance of mtDNA defects in the pathogenesis of
mitochondrial diseases [7]. This group of debilitating diseases is
generally characterized by myopathy and muscle weakness due to
structural and biochemical abnormalities of mitochondria that often
appear in the skeletal muscle of patients. In addition, the majority of
patients with mitochondrial diseases often display multi-system
disorders and the affected tissues often harbor pathogenic mtDNA
mutations, which lead to mitochondrial dysfunction. The most dis-
tinct and common mitochondrial diseases include chronic progres-
sive external ophthalmoplegia (CPEO) and the Kearns-Sayre syn-
drome (KSS), myoclonic epilepsy with ragged-red fibers (MERRF),
mitochondrial encephalomyopathy, lactic acidosis and stroke-like
episodes (MELAS), Leber’s hereditary optic neuropathy (LHON),
the syndrome of neurogenic muscle weakness, ataxia and retinitis
pigmentosa (NARP), and Leigh’s syndrome. Although these ge-
netic diseases are characterized by well-defined clinical symptoms,
the correlation between the clinical phenotype and genotype is
rather poor for most of the mitochondrial diseases. Besides, the
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onset of mitochondrial diseases can occur at a wide range of age
and are often presented with defects in the central nervous system,
cardiovascular system, the visual system, and neuromuscular sys-
tem. Clinical symptoms are most predominant in the tissues with
high energy demand, such as the brain, heart, and skeletal muscle. It
is worthy of noting that the proportion of mutant mtDNA in af-
fected tissues is usually correlated with the severity of the disease
and clinical phenotype of the patients with mitochondrial diseases
[1-3]. The heteroplasmy of mtDNA mutation and variation in the
energy demand of different tissues may contribute to a broad spec-
trum of phenotypes in mitochondrial diseases, even within a family
with the same pathogenic mutation of mtDNA. Generally, the muta-
tion or depletion of mtDNA can cause severe defects in cellular
energy metabolism that would substantially result in the depletion
of ATP and over-production of ROS. In addition, the expression
levels of several clusters of genes have been reported to be altered
in response to mtDNA mutation-elicited oxidative stress in affected
cells of the patients with mitochondrial diseases [8]. The molecular
mechanism involved in the retrograde signaling from mitochondria
to the nucleus, which is triggered by defects in mitochondria, has
been a subject of intensive research in recent years. We have sug-
gested that mitochondrial dysfunction-elicited ROS can confer dis-
ease phenotype and induce adaptive response to oxidative stress in
the affected cells of patients with mitochondrial diseases. The in-
depth elucidation of the regulatory cascades of this adaptive
mechanism may lead us to a deeper understanding of the patho-
physiology of mitochondrial diseases.

2. BIOCHEMICAL ABNORMALITIES AND THE PATHO-
PHYSIOLOGY OF MITOCHONDRIAL DISEASES

Since mitochondrial diseases are a diverse and heterogeneous
group of clinical conditions, it is a great challenge to understand the
biochemical and pathological consequences of mtDNA mutations.
Numerous pathogenetic mtDNA mutations have been documented
in a wide spectrum of mitochondrial diseases, and mtDNA muta-
tion-caused mitochondrial dysfunction in affected cells would cause
the energy demand shunt to glycolysis in an attempt to produce
ATP, resulting in systemic lactic acidosis [8]. The insufficient sup-
ply of energy is thought to be the driving force of the pathological
changes of most mitochondrial encephalomyopathics at the cellular
level, and energy deficiency in the affected tissues can result in
multi-system disorders. For example, the clinical features and
symptoms of mitochondrial diseases are usually manifested as mus-
cle weakness, ataxia, cardiomyopathy, exercise intolerance, devel-
opmental delay, dementia, unsteady gait, and poor balance [8].

2.1. Oxidative Stress and Oxidative Damage in Mitochondrial
Diseases

The defects in the respiratory chain can lead to overproduction
of ROS in mitochondria, which can further increase the oxidative
damage to various biological molecules in affected tissue cells [9,
10]. A large amount of experimental results including our findings
have suggested that ROS and oxidative damage elicited by mtDNA
mutation play a key role in the pathophysiology and progression of
mitochondrial diseases. For example, the intracellular levels of
H,0, and oxidative damage to DNA and lipids have been found to
increase in the primary culture of skin fibroblasts of the patients
with MELAS, MERRF or CPEO syndrome [11-13]. One of our
previous studies revealed that as compared with the control, the
content of 8-OHdG in total cellular DNA of the skeletal muscle and
the intracellular concentration of H,O, in muscle fibroblasts were
higher in the patients with CPEO syndrome [14]. In addition, the
oxidative damage to proteins and the content of superoxide anions
in the muscle biopsies of patients with MELAS syndrome were
significantly higher than those of age-matched normal subjects [15].
It was found that the average mitochondrial ROS level in the pri-
mary culture of skin fibroblasts from KSS patients was higher than
that of age-matched normal controls [16]. On the other hand, Pic-
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colo and colleagues [17] reported that the oxidative adducts of or-
ganic aldehyde with plasma proteins in blood of the patients with
CPEO syndrome were significantly elevated as compared with
those of normal subjects. Pitkénen et al. [18] also found an excess
amount of aldehydic lipid peroxidation products in the primary
culture of skin fibroblasts of the patients with Complex | defi-
ciency. On the other hand, the elevation of oxidative stress can
cause the opening of the mitochondrial permeability transition
pores, which leads to the simultaneous collapse of the mitochon-
drial membrane potential [19]. The permeability transition pores
have recently been postulated to play a role in the induction of
autophagy of damaged mitochondria in the affected tissues of the
patients with mitochondrial disease [20]. The mitophagy targeting
at dysfunctional mitochondria was observed in the primary cultures
of skin fibroblasts from MERRF and MELAS patients, respectively
[21, 22]. In order to understand the molecular mechanism involved
in the biochemical consequences of mitochondrial diseases caused
by mtDNA mutations, cytoplasmic hybrid cells (cybrids) were es-
tablished by the fusion of enucleated cytoplasts (derived from pa-
tients with a mtDNA mutation) with immortalized human cell lines
that are completely depleted of endogenous mtDNA (rho zero cells,
p®) [23, 24]. The first transmitochondrial cytoplasmic hybrid cells
were described in 1989 [25], and many lines of research have sug-
gested that cybrids are an excellent tool for studying the biochemi-
cal and pathophysiological consequences of varying proportions of
a specific mtDNA mutation [26, 27]. For example, it was found that
the cybrids harboring homoplasmic mtDNA mutations of
G11778A, A14484G, and G3460A, respectively, displayed defects
in the respiratory chain, which were caused by not only the altera-
tions in the steady-state levels of polypeptides constituting the res-
piratory enzyme complexes but also the delayed assembly of respi-
ratory enzyme Complexes I, I11, and IV [28]. Besides, in a previous
study of oxidative modification to mitochondrial proteins in the
cybrids harboring the A8344G mtDNA mutation from an MERRF
patient by 2-D gel electrophoresis and proteomic techniques, we
identified carbonylated proteins that were significantly increased in
mitochondria of the MERRF cybrids as compared with the wild-
type cybrids [29]. We found that the voltage-dependent anion chan-
nel (VDAC), aconitase and prohibitin (PHB) were quite susceptible
to oxidative damage in the MERRF cybrids. VDAC is one of the
components of the permeability transition pore complex on the
outer mitochondrial membrane, which regulates the transport of
ions and metabolites in and out of the mitochondria. Therefore,
accumulated oxidative damage to VDAC may cause a loss of bidi-
rectional fluxes of ions and metabolites across the mitochondrial
membranes, which in turn leads to energy deficiency and elicits the
pathological changes [29, 30]. As for PHB, it acts as a chaperone to
stabilize proteins and prevent misfolding of mitochondrial proteins,
and thus the damaged PHB protein might lose such a function and
aggravate the mitochondrial dysfunction in MERRF cybrids [31].
Moreover, it was also reported that the mutant cybrids were more
sensitive to oxidative stress such as UV-irradiation, which led to
apoptosis as revealed by several apoptotic markers [32]. Taken
these findings together, we suggest that the pathogenetic mtDNA
mutation-elicited oxidative stress can cause additional damage or
mutation to mtDNA, and then further impair the respiratory func-
tion. The role of ROS-driven vicious cycle could mainly contribute
to the pathophysiology and progression of the mitochondrial dis-
eases.

2.2. Apoptotic Features in Mitochondrial Diseases

Apoptotic pathway has been considered a major physiological
process in triggering cell death, which is critical for morphogenesis,
tissue homeostasis as well as pathogenesis of diverse diseases [33,
34]. Notably, mitochondrial dysfunction plays an important role in
the initiation, execution and regulation of apoptosis since mito-
chondria can release specific proteins and factors to trigger the
apoptotic pathway. The apoptotic proteins, including apoptosis-
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inducing factor (AIF), Smac/DIABLO, and cytochrome c, can be
released from the mitochondria through the opening of mitochon-
drial permeability transition pores [35]. Accordingly, many research
including our previous studies substantiated the involvement of
apoptosis in the pathogenesis of mitochondrial diseases including
MELAS, MERRF, CPEO and KSS [34-36]. The well-characterized
apoptotic features, TUNEL-positive staining as well as the immu-
nohistochemical staining of caspase-3, p75 and Fas, respectively,
were observed in the muscle from patients who carried the patho-
genic mtDNA mutations. In addition, a pronounced granular ap-
pearance of cytochrome ¢ accompanied by 8-OHdG and 4-HNE
(one of the lipid peroxidation products) were also detected in the
COX-negative, ragged-red muscle fibers of patients with mitochon-
drial diseases [37]. Furthermore, an in situ approach was employed
to investigate the relationship between apoptosis, defects in respira-
tory chain function, and mtDNA mutation load, and the results
showed that apoptosis was associated with a high proportion of
mtDNA mutation [35]. Indeed, it was found that mtDNA mutations
can accelerate apoptosis as evidenced by an in vivo study on the
D257A mice with a mutant form of DNA polymerase v, which dis-
played increased accumulation of mtDNA mutations in most so-
matic tissues and expression of apoptotic markers [38]. On the other
hand, the apoptosis triggered by mitochondrial dysfunction is also
involved in the seizure-induced neuronal cell death as well as in
brain damage and is a cause and consequence of epileptogenesis
[39]. The apoptotic features are an important determinant in the
relationship between oxidative stress and the severity of the symp-
toms (e.g., myopathy) in patients with mitochondrial diseases.

2.3. Alteration of Ca*" Homeostasis in Mitochondrial Diseases

The mitochondria also participate in the regulation of Ca®* ho-
meostasis by efficiently sequestering and releasing Ca* ions in
cooperation with the endoplasmic reticulum (ER) [40]. The mito-
chondrial Ca?* ions uptake is involved principally in inositol 1,4,5-
triphosphate (IP3)-mediated Ca®* release from the internal stores,
which are localized in the ER. Ca?* ions in the mitochondrial matrix
play an important role in the regulation of intermediary metabolism
of mitochondria [41]. It is well established that pyruvate, isocitrate,
a-glycerophosphate and a-ketoglutarate dehydrogenase are all acti-
vated by Ca?* ions, enhancing the reduction of NAD" and genera-
tion of the proton motive force across the mitochondrial mem-
branes. It is noteworthy that the capacity of mitochondrial Ca?* ions
uptake is a determinant of the rate of production and release of ROS
by mitochondria [42]. The uptake of a larger amount of Ca?* ions
by mitochondria can significantly increase the ROS release from
mitochondria, possibly due to the interactions of Ca®* ions with
cardiolipin in the inner mitochondrial membrane, which leads to the
structural changes in the membrane-embedded respiratory enzymes.
When Ca?* ions are accumulated at a high level in mitochondria, it
could induce inner mitochondrial membrane permeabilization [43].
Abnormal mitochondrial Ca** ion homoeostasis indeed has been
reported in various cell types with defects in mitochondrial OX-
PHOS function [44]. It has been shown that a perturbation of Ca®*
homeostasis is involved in the pathogenesis of mitochondrial dis-
eases [45]. Human cells with mtDNA mutations associated with the
MELAS and MERRF syndrome, respectively, can cause the dys-
regulation of mitochondrial Ca?* ions resulting in an increase of the
concentration of cytosolic Ca?* ions [46, 47]. In addition, defects in
the handling of mitochondrial Ca®* ions were also observed in the
primary cultures of skin fibroblasts from patients with MERRF
syndrome [48]. Human cells harboring the A8344G mtDNA muta-
tion exhibited a reduced uptake of the Ca** ions by mitochondria in
response to histamine stimuli. Furthermore, dysregulation of Ca®*
homeostasis caused by mitochondrial dysfunction could subse-
quently increase the excitability due to the irregular activation of
Ca’*-dependent protein kinases. Thus, the cells affected by the
damage caused by impairment of Ca®" sequestration may lead to
excitotoxicity and epilepsy [6, 8]. It warrants further investigation
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as to how a pathogenic mtDNA mutation affects Ca** homeostasis.
It is established that mitochondrial Ca®* uptake is dependent on the
membrane potential of mitochondria. Thus, a decline of the mem-
brane potential caused by mitochondrial dysfunction may play an
important role in the deregulation of Ca** homeostasis. It was re-
ported that treatment of neurons with the uncoupling agent, car-
bonyl cyanide chlorophenylhydrazone (CCCP), the mitochondrial
uptake of Ca®* was interfered and thereby altered the cytosolic Ca®*
level [49]. Taken the above-mentioned findings together, we sug-
gest that an increase of cytosolic Ca** level caused by mitochon-
drial dysfunction may play a role in triggering epilepsy, which is
often associated with an induction of hyperexcitability in the neu-
rons of patients with mitochondrial encephalomyopathies.

3. CELLULAR ADAPTATION TO MITOCHONDRIAL
DYSFUNCTION-ELICITED OXIDATIVE STRESS

3.1. Alteration of Antioxidant Enzymes

Cells exhibit a broad spectrum of responses to oxidative stress,
depending on the stress level [50]. Since oxidative stress plays a
vital role in the pathophysiology of mitochondrial diseases, it is of
clinical relevance to unravel the mechanism of oxidative stress
response and to identify the protective proteins involved. One of
the cellular responses to oxidative stress elicited by mitochondrial
dysfunction is the induction of free radical scavengers, which are
able to quickly remove ROS and damaged biological molecules
[51]. The antioxidant enzymes include superoxide dismutase
(SOD), catalase, glutathione peroxidase (GPx), glutathione reduc-
tase (GR), thioredoxin, and thioredoxin reductase together with a
host of low-molecular-weight antioxidants such as ascorbic acid, o-
tocopherol, retinal, folic acid, lipoic acid, and glutathione (GSH),
which can dispose of free radicals to minimize their damaging ef-
fects. Upregulation of the antioxidant enzymes was first demon-
strated by immunohistochemical staining on skeletal muscle biop-
sies of patients with the CPEO, KSS, and MELAS syndromes, re-
spectively [52-54]. Most importantly, these findings indicate that
the expression levels of Mn-SOD and, to a less extent, catalase are
increased in RRFs with negative expression of cytochrome c oxi-
dase. Therefore, the dramatic induction of Mn-SOD in affected
tissue cells was suggested as an indicator of the onset of mitochon-
drial dysfunction in patients with a mitochondrial disease [55].
However, there is still a discrepancy in the observation of a reduc-
tion in the protein expression and activity levels of Mn-SOD in the
affected tissues of some patients with LHON [56]. The disruption
of Mn-SOD gene in the rat resulted in optic neuropathy, which was
similar to the major symptom of LHON patients [56]. Moreover, it
was demonstrated that enhanced ROS production led to an increase
in the activities of antioxidant enzymes including Mn-SOD, GPXx,
and catalase in the cybrids harboring A3243G and A8344G muta-
tion of mtDNA, respectively [57]. The selenium-dependent and -
independent GPx activities were also reported to be increased in
response to the deficiency of respiratory enzymes in human mye-
loid leukemia U937 cells after treatment with chloramphenicol (to
inhibit mtDNA translation) or ethidium bromide (to deplete
mtDNA) [58]. Nevertheless, it is noteworthy that a delicate balance
between the expression levels of Mn-SOD, CuZn-SOD and GPx
plus catalase and thioredoxin reductase would confer human cells
with the ability to efficiently cope with oxidative stress. An increase
in the activity of Mn-SOD or CuZn-SOD must be accompanied by
a corresponding increase in the catalase and/or GPx activity to pre-
vent excessive buildup of H,O, in human cells. However, there
exists an imbalanced expression of antioxidant enzymes, particu-
larly the decrease of catalase and GPx activities in the primary cul-
tures of skin fibroblasts from patients with the CPEO, MERRF, and
MELAS syndromes [59]. The imbalanced expression of the anti-
oxidant enzymes indicates that the production of ROS is in excess
of their removal, which in turn may elicit an elevation of oxidative
stress in the affected tissue cells. In this regard, there should be
some unknown molecular mechanisms involved in the regulation of
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other antioxidant enzymes or proteins such as CuZn-SOD, GPx,
GR, catalase, thioredoxin, peroxiredoxin in the pathophysiology of
mitochondrial diseases. Therefore, further studies on the mecha-
nism of regulation of antioxidant enzymes are clinically imperative
for the treatment of mitochondrial diseases such as CPEO, MERRF,
and MELAS syndromes.

3.2. Upregulation of Mitochondrial Biogenesis in Mitochondrial
Diseases

The aberrant mitochondrial proliferation is reported to be one of
the compensatory responses frequently observed in the skeletal
muscle of patients with mitochondrial myopathies. One of the ob-
served pathological features in skeletal muscle of the patients with
mitochondrial myopathy is the ragged-red fibers, which is a result
of over-proliferation of the abnormal mitochondria [60]. A change
in the number of mitochondria was also reported in tissue cells of
some of the patients harboring a pathogenic mutation or depletion
of mtDNA [61]. Actually, the alteration in the expression of nuclear
genes involved in mitochondrial respiration and glycolysis was
often observed in affected tissues with mitochondrial diseases [62].
In addition to the increase of mitochondrial mass, the expression
levels of protein subunits constituting respiratory enzyme com-
plexes, such as Complex V and Complex Il, were found to increase
in response to mitochondrial dysfunction [63]. It was proposed that
the general increased expression of genes involved in ATP synthe-
sis (mostly ATP synthase, a subunit of Complex V) was due to a
compensatory mechanism that increases the transcription of genes
involved in the production of ATP. However, this change in gene
expression is highly diverse and inconsistent in a variety of disease
models. Several factors may affect the expression of genes in mito-
chondrial diseases including the type of tissues and cells, the pheno-
type of disease, the type of mtDNA mutation, the genetic back-
ground and age of the patients [64]. In spite of the above-mentioned
factors, it has been suggested that the increased response of tran-
scription only occurs when the deficiency in energy production has
reached a certain level [65]. High levels of a pathogenic mtDNA
mutation may induce an increase in the expression of mitochondrial
biogenesis-related genes, nuclear DNA-encoded OXPHOS genes
and certain glycolytic genes in an attempt to compensate for energy
crisis in affected cells.

3.3. Metabolic Shift to Anaerobic Glycolysis in Mitochondrial
Diseases

It is reasonable to observe that glycolysis is upregulated in the
affected tissues of patients with mitochondrial diseases due to the
energy demand [66]. The conversion of pyruvate to lactate (anaero-
bic glycolysis) allows regeneration of cellular NAD", an essential
coenzyme for glycolytic flux so that it can be maintained at a higher
level. In addition, the redistribution of glycolytic metabolites has
been recently reported to help the target cells to produce NADPH
required for the antioxidant defense through the pentose phosphate
pathway (PPP) [67]. The metabolite flux through the oxidative
branch of the PPP can be viewed as a part of the antioxidant de-
fense system due to its ability in the generation of NADPH by glu-
cose 6-phosphate dehydrogenase (G6PD). The cellular NADPH can
provide the reducing equivalents for biosynthetic reactions and the
oxidation-reduction involved in protecting cells from the toxicity of
ROS. Besides, several NADPH-dependent antioxidant enzymes,
including the thioredoxin and glutaredoxin systems, play important
roles in the defense of cells against oxidative stress and in the main-
tenance of redox homeostasis owing to the regulation of thiol-
disulfide exchange [68, 69]. Filosto et al. [55] demonstrated the up-
regulation of GSH synthesis in the biopsies of affected muscle from
patients with mitochondrial diseases including CPEO, MELAS, and
MERRF, respectively. They suggest that the elevation of intracellu-
lar GSH level can be considered an initial and indirect sign of respi-
ratory chain dysfunction because it was observed at the early stages
of the onset of these mitochondrial diseases. In this regard, we
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speculate that the increase of the GSH level may be related to an
increase of glycolytic flux in the affected tissues. In a previous
study, we found that the metabolism in the primary culture of skin
fibroblasts from patients with MERRF syndrome was shifted to
anaerobic glycolysis and this glycolytic phenotype was related to
the increase of the production of NADPH in response to the oxida-
tive stress elicited by mitochondrial dysfunction [70]. We contend
that the metabolic shift is essential for the survival of cells in the
affected tissues of patients with mitochondrial diseases such as
MERRF syndrome, because it can provide not only an alternative
supply of ATP but also a boost of antioxidant defense. However,
the mechanisms by which the glycolytic and antioxidant enzymes
are regulated in response to mitochondrial dysfunction have re-
mained unclear.

4. CONSEQUENCES OF AMPK ACTIVATION IN RE-
SPONSE TO MITOCHONDRIAL DYSFUNCTION-
ELICITED OXIDATIVE STRESS

Recently, AMP-activated protein kinase (AMPK) has been
shown to play an important role in the regulation of the cellular
energetic status under oxidative stress [71]. To cope with the energy
deficiency in human cells with mitochondrial dysfunction, AMPK
can switch on other ATP-generating pathways such as glycolysis
and oxidation of amino acids and switch off ATP-utilizing path-
ways such as biosynthesis of fatty acids and gluconeogenesis [72].
In addition, the activation of AMPK in response to the oxidative
stress is also found in some mammalian cell lines and in mouse
models, suggesting that AMPK is not only an energy-responsive
enzyme but also a sensor for redox signals [73]. We summarize in
Table 1 the findings of recent studies on the role of AMPK activa-
tion and its beneficial effects in the patients with diseases related to
mitochondrial dysfunction. Intriguingly, the function of AMPK and
its dysregulation in the pathophysiology of aging and neurodegen-
erative diseases (e.g. Alzheimer’s disease and Huntington’s disease)
have attracted much attention [74-76]. The AMPK signaling can
repress and delay the appearance of AD pathology but increase
neuronal stress and trigger detrimental effects at a later stage, which
may augment the pathogenesis of AD [76]. On the other hand, the
decline with aging in the sensitivity and responsiveness of AMPK
was reported to associate with many age-associated diseases, in-
cluding cardiovascular diseases and metabolic syndrome [77].
However, the molecular mechanism and consequences of AMPK
activation in mitochondrial diseases have remained mostly unclear.
Recently, Mackenzie et al. [78] observed that AMPK was activated
in response to elevated mitochondrial ROS levels in the endothelial
cells from patients with type 2 diabetes. In one of our previous stud-
ies, we demonstrated that activation of AMPK was involved in the
regulation of metabolic shift to glycolysis, which increased the
intracellular level of NADPH that is essential for the adaptive re-
sponse to oxidative stress elicited by mitochondrial dysfunction in
the skin fibroblasts of patients with MERRF syndrome [70]. These
findings have substantiated the notion that AMPK plays a crucial
role in the defense of human cells against oxidative stress. Indeed, it
was reported that AMPK can directly phosphorylate the forkhead
transcription factor 3a (FOXO3a) and thereby promote the forma-
tion of subsequent transcription activation complex in the nucleus
[79]. The activation of the AMPK-FOXO3a pathway can reduce
oxidant-induced ROS production by upregulation of the gene ex-
pression of thioredoxin, peroxiredoxin, and catalase [79, 80]. It was
reported that the induction of the AMPK-FOXO3a pathway can be
regulated by oxidative stress but independent of the change in the
intracellular AMP [81]. In addition, the activation of AMPK is also
involved in the upregulation of the expression of mitochondrial
uncoupling protein 2 (UCP2) in endothelial cells and thereby sup-
presses the production of superoxide anions in the mitochondria
[82]. The above-mentioned responses were observed mostly in
studies using endothelial cells, skeletal muscle cells, cardio-
myoblasts, and neuronal cells, respectively. On the other hand,
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there was an in vivo study of the mouse showing that deletion of the
AMPK gene could cause an elevation of oxidative stress and result
in a shortened life span of erythrocytes, increased RBC hemolysis,
and anemia due to the down-regulation of the expression of anti-
oxidant enzyme including catalase, Mn-SOD, and GPx-1 [83]. In
light of these findings and our previous observation that the activa-
tion of AMPK was more pronounced in skin fibroblasts of MERRF
patients [70], it is imperative to elucidate the mechanism by which
AMPK activation contributes to the up-regulation of antioxidant
enzymes in the primary cultures of skin fibroblasts from patients
with mitochondrial diseases [84]. Therefore, pharmacological acti-
vation of AMPK may be beneficial for the affected tissue cells to
survive under oxidative stress, which provides a new avenue for the
development of effective treatment of patients with mitochondrial
diseases.

5. SIGNALING PATHWAYS IN THE COMPENSATORY
INDUCTION OF MITOCHONDRIAL BIOGENESIS IN MI-
TOCHONDRIAL DISEASES

It has been well documented that mitochondrial biogenesis was
induced in affected tissue cells of patients with mitochondrial dis-
eases as a compensatory adaptation to bioenergetic dysfunction due
to defects in the OXPHOS system [61, 63,85]. The density of mito-
chondria in a human cell is tightly controlled by a number of regu-
latory factors involved in mitochondrial biogenesis, by which cell
can cope with different physiological or environmental conditions
under energy demand via specific signaling pathways. Recently, the
term of “mitochondrial retrograde signaling”, a pathway of com-
munication from mitochondria to the nucleus was observed in af-
fected cells with mitochondrial dysfunction under pathological
conditions [86]. Most of the information regarding the regulation of
the retrograde signaling has been obtained from the budding yeast.
Much less is known about the downstream signaling pathways of
the retrograde effectors. In mammalian cells, these signaling path-
ways are believed to be modulated by metabolites, Ca’* ion, ROS,
and the ADP/ATP and NAD'/NADH ratios [87, 88]. Alteration of
the cellular Ca*", redox and energetic homeostasis in response to
mitochondrial stress may modulate the key signaling pathways,
which in turn activate a host of transcriptional factors and co-
regulators. Through the retrograde signaling multiple nuclear genes
coding for polypeptides constituting the respiratory enzymes and
other genes involved in the maintenance of mtDNA and mitochon-
drial biogenesis are activated to boost mitochondrial function.
Among these transcriptional responses, Ca?* signaling has been
documented to affect a variety of transcription factors, including
CREB, TORC, NFAT, NF-xB and MEF2, through activation of
calcineurin and Ca®*-dependent kinases under elevated concentra-
tion of cytosolic Ca®** ion [89]. It has been shown that Ca®-
responsive CREB and TORC can regulate mitochondrial function
by activating PGC-1a (proliferator-activated receptor gamma co-
activator 1a) [90]. PGC-1a is a pivotal transcriptional co-activator,
which plays a key role in the regulation of the expression of Mn-
SOD, polypeptides constituting respiratory enzymes, and enzymes
involved in B-oxidation of fatty acids [90, 91]. The activation of
PGC-latranscription by CREB was reported to be responsible for
the induction of mitochondrial biogenesis-related transcription fac-
tors including NRF1/NRF2 (nuclear respiratory factor 1 and 2), and
mtTFA (mitochondrial transcription factor A) in response to mito-
chondrial dysfunction [91]. Abundant evidence from several lines
of studies has shown that numerous stress responsive protein kina-
ses including mTORC, PKC, MAPK and CREB are involved in the
activation of a host of transcription factors, which relay mito-
chondrial dysfunction-elicited oxidative stress to increased mito-
chondrial biogenesis in the pathophysiology of mitochondrial dis-
eases [85, 92-96]. In one of our previous studies, we showed that
PKC& was activated in the upregulation of transcription factors
related to mitochondrial biogenesis to increase the mitochondrial
mass of human cells in response to oxidative stress [95]. Increased
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expression and phosphorylation of PKC& were observed in skin
fibroblasts of the patients with MERRF and CPEO syndromes,
respectively. This was accompanied by increased gene expression
of transcription regulators involved in mitochondrial biogenesis
such as PGC-1o, NRF-1, and mtTFA [95, 97, 98]. Besides, the
regulation of PGC-1a activity is also under the control of stress
signaling via the MAPK pathway [99]. Moreover, the cellular en-
ergy status has been demonstrated that can signal to PGC-la
through facilitating its interaction with transcription factor YY1
(Yin Yang) by mTOR-mediated signaling pathway [100]. On the
other hand, PGC-1a has been shown to co-activate a number of
nuclear receptors, including PPARs, ERRa, HNF4a, and GRs (glu-
cocorticoid receptors), which contribute to the upregulation of mi-
tochondrial biogenesis and [-oxidation of fatty acids [101].
Growing evidence has demonstrated that certain hormone receptors
such steroid and thyroid, can regulate mitochondrial function by
direct translocation into mitochondria [102]. It was reported that
GRs could not only act as nucleus-localized receptors on nuclear
OXPHOS gene transcription but also enter mitochondria and regu-
late mtDNA transcription [103, 104]. Moreover, GRs have been
shown to possess a neuroprotective effect through the regulation of
mitochondrial functions during chronic stress. In response to
corticosterone, GRs can form a complex with Bcl-2 and co-
translocate into mitochondria, thus modulate mitochondrial calcium
and oxidation to rescue mitochondrial dysfunction and protect
against cell death [103].

The competence of PGC-la to co-activate the transcription
factors involved in mitochondrial biogenesis confers PGC-1a with
the ability to direct the complex program to maintain the proper
function of mitochondria. Intriguingly, recent studies showed that
PGC-1a activity is also controlled by a variety of post-translational
modifications including phosphorylation, ubiquitination and
acetylation [105-107], which can affect the function and stability of
PGC-la.and even its interaction with other protein partners. Among
the posttranslational modification events, the reversible acetylation
and phosphorylation have been demonstrated to be the key
modulators of the PGC-1low activity [105, 108]. In fact, it was
shown that AMPK was able to regulate the biogenesis of mito-
chondria through activation of PGC-1a by protein phosphory-
lation [108]. Thus, the adaptive induction and activation of
AMPK may contribute to the compensatory proliferation of mi-
tochondria in the affected tissues of patients with mitochondrial
diseases such as MERRF syndrome.

6. ROLES OF SIRTUINS IN THE REGULATION OF MITO-
CHONDRIAL FUNCTION AND METABOLIC ADAPTION
IN RESPONSE TO OXIDATIVE STRESS

6.1. Role of Sirtl in Cellular Adaption in Mitochondrial Dis-
eases

Protein lysine acetylation has emerges as a conserved mecha-
nism for metabolic regulation through functional modulation of
target proteins [109, 110]. By these protein posttranslational modi-
fications, cellular functions in the human and animals are more
efficiently executed to adapt to physiological and environmental
conditions. In mammals, protein acetylation is reversely regulated
by sirtuins, a protein family of NAD'-dependent deacetylases,
which are involved in the regulation of metabolism, energy homeo-
stasis, stress response, and longevity [111,112]. Seven sirtuins
(Sirt1-Sirt7) in mammalian cells have been found to show tissue
specificity in terms of subcellular localization, enzymatic activities,
and targets. Among them, Sirtl was demonstrated to play a critical
role in the regulation of cell metabolism and longevity through
several pathways [113]. Accumulating evidence suggests that the
beneficial effect of caloric restriction (CR) is partially mediated by
Sirtl, although the Sirtl-mediated pathway is not fully elucidated
[114]. Many studies showed that CR can activate Sirtl in different
tissues through elevation of its transcription level or increasing its
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deacetylase activity by regulation of the NAD*/NADH ratio [115].
In addition, the activation of Sirtl has also been proposed to con-
tribute to the anti-aging effect of CR through the positive regulation
of mitochondrial oxidative metabolism in various tissues of rodents
and human skeletal muscle [116, 117]. Importantly, numerous
studies have revealed that Sirtl can modulate the activities of an
array of metabolic pathways in multiple tissues via PPAR-y and
PGC-la. signaling cascades [118]. Sirtl has been shown to
deacetylate PGC-1ow to promote its transcriptional activity, and
thereby enhance mitochondrial respiration and fatty acid f-
oxidation in white adipose tissues and skeletal muscle [119-121].
Moreover, abundant evidence has substantiated that the activity of
Sirtl can be regulated in response to increased intracellular levels
of the ROS [122]. The JNK-mediated phosphorylation of Sirtl is an
example of the oxidative stress-induced activation of Sirtl, which
subsequently deacetylates its specific targets to activate the down-
stream pathways to protect cells [122]. In one of our previous
studies, we showed that the Sirtl expression in human skin
fibroblasts was increased upon treatment with mild stress (250 uM
H,0,). In addition, the Sirtl level was higher in the primary culture
of skin fibroblasts from the patients with the MERRF and CPEO
syndromes, respectively, as compared with those of normal
controls [123]. A recent study also demonstrated that the mRNA
levels of Sirtl were elevated in the skin fibroblasts of patients with
OXPHOS defect caused by a mutation in the DNA polymerase y
gene [124]. The above-mentioned findings suggest a molecular
mechanism underlying the up-regulation of Sirtl, which can
positively regulate PGC-1o via protein deacetylation under oxida-
tive stress induced by mitochondrial dysfunction and energy crisis.
This cascade could contribute to the compensatory induction of
mitochondrial biogenesis in the affected cells of patients with mito-
chondrial diseases.

On the other hand, there is abundant evidence to support that
Sirtl is involved in the regulation of metabolism and stress
tolerance in response to physiological changes under oxidative
stress [119]. Numerous studies have substantiated the notion that
Sirtl plays an important role in modulating the cellular response to
oxidative stress through stimulating the expression of antioxidant
enzymes and proteins via the FOXO-mediated pathway [125-128].
Overexpression of Sirtl has been shown to protect cells from
oxidative damage by inducing the expression of catalase and
accompanying attenuation of age-related cardiomyopathy involving
hypertrophy in animals [126]. Under oxidative stress, Sirtl can be
activated and subsequently deacetylate and activate the proteins of
FOXO family including FOXO1 and FOXO3a, which in turn
increase the gene expressions of Mn-SOD, catalase and thioredoxin
to decrease the intracellular levels of ROS [127, 128]. The FOXO
family proteins have been considered as the potential factor for the
promotion of longevity and alleviating age-related diseases in
animals. One of the recent studies showed that Sirtl can protect -
cells against oxidative stress by deacetylating and increasing the
activity of FOXO1 [126]. In addition, it was found that the
regulation of antioxidant genes by Sirtl was dependent on the
activation of both FOX0O3a and PGC-1a. in the vascular endothelial
cells [129, 130]. Moreover, several research groups have shown
that the increased expression of Sirtl in response to oxidative stress
may be related to the induction of antioxidant enzymes, which was
mediated by the Sirtl-FOXO signaling pathway to protect the
patient’s cells from oxidative damage [125-128]. However, the
induction of Sirtl seems to be unable to fully cope with the increase
of oxidative stress in affected tissue cells with mitochondrial
dysfunction. In fact, similar to the adaptive effect of Sirtl on stress
tolerance, increased number of mitochondria in the affected tissues
of patients might have little contribution to the energy need. This is
why lower ATP contents and higher ROS levels have been always
observed in affected tissues or skin fibroblasts from patients with
mitochondrial diseases. In this regard, the discrepancy between the
expression level of Sirtl and its actual enzyme activity may be one
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of the reasons for inefficient adaptive response in human cells with
mitochondrial dysfunction. It still needs to be further addressed as
to whether the increase in the expression of Sirtl induced by
mitochondrial dysfunction-elicited oxidative stress could result in
an increase of the enzyme activity of Sirtl and bring about a benefit
to the cells. It is worth noting that overexpression or increase of the
activity of Sirtl has been reported to be neuroprotective in
Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS) and
Parkinson’s disease (PD) through the upregulation of the cell
survival and antioxidant defense mechanisms [131] (Table 1).
Recently, accumulating experimental evidence suggests that Sirtl is
a potential target for the design of novel therapeutic agents to treat
neurodegenerative diseases (Table 2). Taken together, these
findings have led us to conjecture that the induction of Sirtl elicited
by oxidative stress may be responsible for metabolic
reprogramming and antioxidant defense system in the patients of
mitochondrial diseases. This also suggests that Sirtl may be
involved in the signaling pathway of the cross-talk between
defective mitochondria and the nucleus to regulate cellular
adaptation to mtDNA mutation-elicited oxidative stress. The
pharmacological interventions that target the Sirtl and its
downstream cascades may provide a novel avenue for effective
treatment of mitochondrial diseases.

6.2. Potential Role of Oxidative Stress-Induced Decline of Sirt3
in Mitochondrial Diseases

Sirt3 is the best characterized sirtuin in mitochondria and has
emerged as the major regulator of deacetylation of mitochondrial
proteins [132]. It is preferentially expressed in highly metabolic
tissues [133, 134]. Sirt3 acts on numerous targets that are involved
in many metabolic pathways, which indicates the pivotal role of
Sirt3 in the regulation of mitochondrial metabolism and energy
homeostasis. It has been reported that Sirt3-catalyzed deacetylation
is involved in the regulation of TCA cycle, B-oxidation of fatty
acids, OXPHOS, urea cycle and ketogenesis. We and other labora-
tories have shown that Sirt3 plays a crucial role in the maintenance
of energy homeostasis through the activation of mitochondrial OX-
PHOS by deacetylating polypeptides constituting respiratory en-
zyme Complexes I, I, and V [135-137]. In addition to Sirtl, Sirt3
expression was also found to be altered in the mouse as a response
to CR and other dietary interventions [138-140]. Accumulating
evidence suggests that Sirt3 may contribute to the beneficial effect
of CR due to the increased expression of Sirt3, which was observed
in liver, skeletal muscle and brown adipose tissues of mice during
fasting and CR [141-143]. On the other hand, Sirt3 is considered as
a potential regulator of the detoxification of the ROS, which attenu-
ates oxidative damage and age-related pathological changes in mice
during CR [144, 145]. It has been shown that deacetylation of Mn-
SOD by Sirt3 increases its enzymatic activity to scavenge superox-
ide anions [146, 147]. In addition, Sirt3 also activates isocitrate
dehydrogenase 2 (IDH2) to replenish the NADPH pool in mito-
chondria to enhance the antioxidant defense [146]. A number of
studies have shown a decline of Sirt3 in mice fed on the chronic
ethanol assimilation or high-fat diets [138, 139, 148], which have
been known to increase the production of ROS. Clinically, the ex-
pression level of mitochondrial Sirt3 was decreased in mice with
age or age-related diseases such as type 2 diabetes and cardiac hy-
pertrophy [146-148]. Moreover, a deficiency in Sirt3 has been
demonstrated to be associated with the occurrence of age-related
cardiac hypertrophy [149, 150]. In a recent study, it was shown that
the inherited mtDNA variation can interfere with the expression of
Sirt3 in human cybrids in response to oxidative stress [151]. Like-
wise, one of our recent studies showed that the protein level of Sirt3
was significantly decreased in the primary cultures of skin fibro-
blasts from patient with CPEO syndrome as well as in the cybrids
harboring mtDNA with the 4,977 bp deletion [136]. By treatment of
human cells with H,0, or superoxide anions generated by menadi-
one, the expression of Sirt3 was substantially suppressed and in turn



Effects of Novel Monoamine Oxidases and Cholinesterases Targeting

Current Pharmaceutical Design, 2014, Vol. 20, No. 00 7

Table1l. The beneficial effects of the activation of AMPK, Sirtl and Sirt3 in human diseases

Modulators Diseases Model Effects Reference

AMPK MERRF Human skin fibroblasts Enhanced glycolysis and redox balance [70]

HD Mouse cortical neuronal cells Stimulated mitochondrial biogenesis [74]

AD AD transgenic mice Promoted A peptide metabolism [75]

Diabetes Human endothelial cells Inhibited mitochondrial ROS production [78]

Diabetes Human endothelial cells Stimulated mitochondrial biogenesis [79]

Endothelial dysfunction Human endothelial cells Increased thioredoxin expression [80]

Cardiovascular diseases Human endothelial cells Enhanced Bcl-2 expression [229]
Sirtl Aging Rat and human cell lines Increased Ku70 activity [116, 117]
Metabolic syndrome Mouse animal model and mouse Increased PGC-1a activity [118, 119]

myoblast cells
MERRF / CPEO Human skin fibroblasts Increased response to oxidative stress [123]
Endothelial dysfunction Human endothelial cells Stimulated formation of a FOX03a/PGC-10. com- [129]
plex

Mitochondrial disease MtDNA mutator mouse Stimulated mitochondrial biogenesis [131]

Sirt3 HD Mouse cortical neuronal cells Stimulated mitochondrial biogenesis [74]

Metabolic syndrome Mouse model Increased oxidative metabolism of fatty acids [133]

OXPHOS deficiency Mouse embryonic fibroblasts Increased mitochondrial [134]

Complex | activity
CPEO Human skin fibroblasts Increased mitochondrial [136]
Complex V activity
Diabetes Mouse myoblast cells Increased response to oxidative stress [137]

Abbreviations: MERRF, myoclonic epilepsy with ragged red fibers; HD, Huntington's disease; AD, Alzheimer's disease; CPEO, chronic progressive external ophthalmoplegia;

OXPHOS, oxidative phosphorylation.

led to a decrease of the Sirt3-mediated protein deacetylation.
Moreover, we demonstrated that the 4977 bp mtDNA deletion-
elicited oxidative stress caused a decrease of Sirt3 expression and
decline of the ATP hydrolysis activity of Complex V. Taken to-
gether, we suggest that oxidative stress is involved in the decline of
Sirt3 because the above-mentioned disease models are all associ-
ated with an increase of intracellular levels of ROS.

In addition to the finding of Sirt3 deficiency in the progressive
cardiac pathology, a loss of Sirt3 has also been shown to promote
the progression of hearing loss in mice with aging [143, 152]. Some
of the patients carrying pathogenic mtDNA mutations were found
to develop cardiac hypertrophy or sensory-neural hearing loss, es-
pecially the patients with CPEO or KSS syndromes. Thus, whether
the Sirt3 deficiency could conceivably contribute to the clinical
phenotypes in CPEO or KSS patients is worth further investigation.
On the other hand, it has been documented that a portion of the
patients with mitochondrial diseases were found to be more suscep-
tible to developing type 2 diabetes and insulin resistance [153].
Particularly, a notable portion of the MELAS patients often mani-
fest the clinical features of diabetes mellitus. Interestingly, Sirt3
deficiency was also reported to be involved in the pathogenesis of
metabolic syndrome [149, 150]. These studies showed that the high
fat diet could down-regulate Sirt3 and cause hyperacetylation of
hepatic mitochondrial proteins in mice, which accelerate the devel-
opment of metabolic syndrome-related phenotype such as insulin

resistance and obesity. Therefore, whether Sirt3 deficiency caused
by mtDNA mutation-elicited oxidative stress is involved in the
onset of diabetes in patients with mitochondrial diseases warrants
further investigation.

On the other hand, in addition to OXPHOS deficiency, several
metabolic defects are also frequently observed in some of the pa-
tients with mitochondrial diseases. For example, the lipid storage
myopathy is commonly found in patients caused by a decrease in 3-
oxidation of fatty acids [154]. Besides, the defects in TCA cycle
have also been observed in some patients with mitochondrial dis-
ease, which may lead to an increase of intermediates of TCA cycle
such as o-ketoglutarate, succinate, fumarate, and malate [155].
Most importantly, Hirschey et al. [156] demonstrated that a loss of
Sirt3 could lead to a decline in the enzymatic activity of long-chain
acyl-CoA dehydrogenase (LCAD) and thereby decreasing B-
oxidation of fatty acids, which then culminates in obesity, insulin
resistance, and hyperlipidemia [133]. Therefore, Sirt3 deficiency
may be associated with the above-mentioned metabolic defects in
the affected tissues of patients with mitochondrial diseases. Addi-
tionally, the defects in pyruvate dehydrogenase complex (PDHC)
have been observed in several patients with Complex | deficiency.
The increased acetylation level of PDH was recently observed in a
rodent model of hypertensive heart failure as compared with those
of controls [157]. PDH catalyzes the conversion of pyruvate to
acetyl-CoA, thereby promoting the entry of pyruvate into TCA
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Table 2. Clinical trials of drugs for the treatment of human diseases with mitochondrial dysfunction.
Drug Disease Clinical Dosage Identifier Sponsor
trial (phase) (daily)
Resveratrol Type 2 diabetes | 500 mg NCT01677611 Kroc Teckphat Hospital,
Singapore
Friedreich ataxia 1 500 mg NCT01339884 Murdoch Childrens
Research Institute, Australia
Cardiovascular disease 1 350 mg NCT01449110 National Research Council, Spain
Obesitas/ 1l 120mg/500mg NCT01158417 Kalendar Health, USA
insulin resistance
Alzheimer's disease 1 500 mg NCT01504854 Alzheimer's disease
Cooperative Study, USA
Metabolic syndrome 1 N.A. NCT00654667 University of California, USA
SRT501 Type 2 diabetes | N.A. NCT00920803 GlaxoSmithKline, UK
SRT2104 Skeletal muscle atrophy | N.A. NCT01039909 GlaxoSmithKline, UK
Type 2 diabetes 1 N.A. NCT01018017 GlaxoSmithKline, UK
Type 2 diabetes 1 20 mg NCT00937326 GlaxoSmithKline, UK
Bezafibrate Fatty acids oxidation defect | N.A. NCT00983788 Rigshospitalt, Denmark
Ketogenic diet Epilepsy v N.A. NCT00552526 Oslo University Hospital, Denmark
Refractory status epilepti- 1 N.A. NCT01796574 Johns Hopkins University, USA
cus
ALS 1 N.A. NCT01016522 Institute of Child Health, USA
L-carnitine Heart failure 1l 19 NCT01580553 Lee's Pharmaceutical Limited, China
Skeletal muscular atrophy 1 lg NCT00227266 University of Utah, USA
CoQqo Type 2 diabetes 1 N.A. NCT00703482 Solvay Pharmace, Australia
ALS 1 279 NCT00243932 Columbus University, USA
Mitochondrial disease 1] 400 mg NCT00432744 University of Florida, USA
Metabolic syndrome v N.A. NCT01087632 Federico Il University, Italy
Huntington’s disease Il 249 NCT00608881 Massachusetts
General Hospital, USA
Parkinson’s disease 1 249 NCT00180037 Dresden University of Technology,
Germany
MitoQqo Parkinson's disease 1l 40-80 mg NCT00329056 Antipodean Pharmaceuticals, Inc., New
Zealand and Australia

NL.A. indicates not available.

cycle. PDH deficiency was reported to affect the aerobic metabo-
lism due to reduced pyruvate utilization [158]. Therefore, it needs
to be further investigated as to whether increased acetylation of
PDH impairs its enzyme activity and thereby promotes the pyruvate
accumulation in patient cells with Sirt3 deficiency. Taken together,
the above-mentioned findings support the notion that overproduc-
tion of ROS by cells in the pathological state could lead to dysregu-
lation of the acetylation of specific mitochondrial proteins and im-
pairment of the global metabolism, which may be an ultimate con-

sequence of the suppression of Sirt3 mediated by oxidative stress-
induced signaling pathways (Table 1).

7. THERAPEUTIC TARGETS FOR METABOLIC MODU-
LATORS IN MITOCHONDRIAL DISEASES

Current treatment of mitochondrial diseases varies considera-
bly. Clinical goals of mitochondrial disease therapy are to enhance
the energy yield and reduce ROS production and thus improve or
delay the symptoms of the disease. Compromised energy metabo-
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lism due to defects in the OXPHOS system plays a critical role in
the pathogenesis of mitochondrial diseases and neurodegenerative
disorders. The major therapies have focused on the way to increase
mitochondrial biogenesis and/or energy production, with an attempt
to halt disease progression and improve the function of affected
tissue cells of patients. Accumulating experimental evidence sup-
ports the strategy to treat mitochondrial diseases by enhancement of
mitochondrial  biogenesis and metabolic activity through
pharmaceutical modulation of PGC-1a.. Besides, compounds acting
on the Sirtl pathways may hold great promise for the development
of novel therapies for treatment of mitochondrial diseases. These
therapies involve the manipulation of the intake of nutrients and the
administration of compounds (e.g., resveratrol) that stimulate
mitochondrial biogenesis and/or increase the expression of Sirtl
and PGC-1o, respectively, in the targeted tissues (Table 2).

7.1. Pharmaceutical Activators of PGC-1a

Upregulation of PGC-lo. stimulates the function of the
OXPHOS system in cells harboring mtDNA mutations and may
thus provide therapeutic benefits to the patients with mitochondrial
diseases. Activation of PPARY/PGC-la-mediated pathways has
been shown to improve the clinical phenotype of mitochondrial
myopathy in mice with OXPHOS deficiency [131, 159]. Over-
expression of PGC-1o was shown to be able to prevent bioenergetic
deficiency and delay the progression of early-onset COX deficiency
in skeletal muscle of the transgenic mice [159]. The potential in the
design of compounds targeting PGC-1a.may pave a new avenue for
the development of therapeutic agents for treatment of patients with
diseases caused by mitochondrial dysfunction. Bezafibrate, a well-
known PPAR-panagonist, was found to ameliorate the muscle
pathology by increasing the ATP level and mitochondrial
biogenesis in the skeletal muscle of mitochondrial COX10 knockout
mice [160]. A recent study showed that long-term treatment of
bezafibrate could improve some of the aging phenotypes in the
mice harboring a POLG gene mutation and exhibited mitochondrial
dysfunction [131]. Bezafibrate has also been shown to increase the
expression and activity levels of mitochondrial respiratory enzymes
in human skin fibroblasts with respiratory chain deficiencies [161].
Treatment of patients with bezafibrate has shown beneficial effects
on tissues undergoing chronic degeneration or mitochondrial dys-
function, which has underscored the potential of using bezafibrate
as a promising pharmaceutical agent for treatment of diseases
caused by mitochondrial dysfunction.

7.2. Resveratrol as a Mitochondrial Nutrient and Activator

Resveratrol is a natural polyphenol primarily found in red wine,
which has been proved to have antioxidant activity and has
emerged as a probable Sirtl activator. This compound has attracted
increasing attention due to its health benefits through diverse
physiological and biochemical actions, especially its effect in the
protection against oxidative stress. Resveratrol was firstly linked to
the cardioprotective effect of red wine and was subsequently shown
to prevent or slow down the progression of several aging-related
diseases, especially neurodegenerative disorders, cardiovascular
diseases and type 2 diabetes [162-164]. The pharmacological effect
of resveratrol on the extension of life span and delay of the age-
related phenotype were demonstrated in several animal studies
[165-167]. Accumulated evidence has suggested that the beneficial
effect of resveratrol depends on the activation of Sirtl-mediated
pathway and AMPK activation, respectively [168, 169]. On the
other hand, a number of animal studies suggested that resveratrol
possesses anti-diabetic activity and that its administration to the rats
and mice can protect against metabolic diseases [170-172]. Indeed,
by the treatment of mice with resveratrol, the increase of aerobic
metabolism and mitochondrial biogenesis are related to the Sirtl-
regulated deacetylation and activation of PGC-1la. These effects
could also improve the diet-induced obesity, insulin resistance, and
diabetic phenotype [171, 172]. Since it is well known that mito-
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chondrial dysfunction is often a causative factor in insulin resis-
tance and type 2 diabetes, there have been intensive studies on the
potential use of resveratrol for the treatment of metabolic diseases
and aging-related diseases (Table 2). On the other hand, in the field
of neurodegenerative diseases, resveratrol has been shown to exert
beneficial effects in an animal model of Alzheimer's disease (AD)
[163]. Results from epidemiological studies indicate that mild
consumption of red wine can protect the human subjects from AD.
In cell-based assays, resveratrol has been validated as a
neuroprotective agent that can shield mammalian cells from diverse
toxic stimuli via its antioxidant effect. It has been shown that AD
mice given resveratrol displayed a high level of deacetylated PGC-
la, diminished hippocampus neurodegeneration and prevented
learning impairments [173]. Besides, the protective effect of
resveratrol was also observed in patients with Parkinson's disease
(PD) [174]. In addition, administration of resveratrol to the PD
mice could prevent the animal from neurotoxicity and attenuated
the loss of midbrain dopaminergic neurons, which suggests possible
therapeutical effect in the treatment of PD patients with resveratrol
[175]. Likewise, a similar neuroprotective benefit of resveratrol was
recently shown in Huntington's disease (HD) transgenic mice [176,
177]. Moreover, rodents fed with a diet supplemented with resvera-
trol were found to exhibit PGC-1o. activation and prevention
against the diseases frequently associated with mitochondrial dys-
function. In fact, a clinical trial to test the benefits of resveratrol in
AD has been registered [178]. Although no clinical trials have been
completed on patients with primary mitochondrial disorders, the
above-mentioned studies of the effects of resveratrol on OXPHOS
defect-related diseases have revealed a therapeutic potential of the
supplementation of resveratrol in the diet for the patients with mito-
chondrial diseases.

7.3. Sirtl Agonists

In light of the beneficial effect of resveratrol on laboratory ani-
mals, there has been increasing interest in the development of small
Sirtl activators as the potential therapeutical agents for treatment of
aging-related disease and metabolic diseases. Sirtl agonists contain
the natural polyphenolic compounds such as resveratrol and quer-
cetin, and the synthetic small molecules. Since natural compounds
cannot have a high induction of Sirtl activity [179], some synthe-
sized molecules are among the most represented compounds se-
lected for the activation of Sirtl. Currently, several molecular ago-
nists of Sirtl have been undergoing clinical trials, including
SRT2104, SRT501, and SRT1720 [180-182]. The therapeutic effi-
cacy of SRT1720 has been verified in the treatment of metabolic
disorders in animal models, which showed that the diabetic pheno-
type was improved [182]. The two other agonists, SRT501 and
SRT2104, have also been demonstrated to be effective in the treat-
ment of type 2 diabetes [180, 183]. SRT501 has entered phase Il
clinical trials, and the oral supplemented doses of 1.25 or 2.5 mg
per day for the human was safe and well tolerated [181]. Besides,
the phase Il clinical trial of SRT2104 in adult diabetic subjects has
been finished. Moreover, the newly synthesized dihydropyridine
derivatives were demonstrated to be able to prevent human cells
from senescence and improve mitochondrial function of C2C12
myoblasts through the activation of PGC-1o. [184]. Therefore, cur-
rent pharmacological development of active agonists of Sirtl may
lead to the development of new drugs for treatment of diseases
related to mitochondrial dysfunction.

7.4. L-Carnitine

L-Carnitine plays an important role in the metabolism involving
B-oxidation and esterification of fatty acids. It can efficiently
transfer long-chin fatty acids across the mitochondrial membrane as
acylcarnitine esters, which are oxidized to acetyl-CoA used by the
TCA cycle to generate ATP. L-Carnitine homeostasis in the human
body is maintained by the acquisition of carnitine from dietary
sources, a modest rate of endogenous carnitine biosynthesis, and



10 Current Pharmaceutical Design, 2014, Vol. 20, No. 00

efficient renal reabsorption. In the skeletal and cardiac muscles,
carnitine plays a pivotal role in the translocation of long-chain fatty
acids into the mitochondrial matrix for subsequent (-oxidation.
However, plasma levels of carnitine are frequently decreased in
patients with the primary defects of the OXPHOS system. This may
partially reflect an impairment of B-oxidation of fatty acids in some
of the patients with mitochondrial diseases [185, 186]. Therefore,
oral supplementation of carnitine for patients with mitochondrial
diseases has been a common treatment [186, 187]. Carnitine
administration has been shown to improve the bioenergetic function
and oxidative capacity of mitochondria in patients with OXPHOS
deficiency [188]. It is noteworthy that combinations of carnitine,
vitamins, and some cofactors (e.g., o-lipoic acid) have been used to
treat mitochondrial diseases [189-191]. A combination of acetyl-L-
carnitine and o-lipoid acid as dietary supplements for rats has been
proved to efficiently prevent defects of the oxidative function of
mitochondria [189].

7.5. Effects of the Ketogenic Diet

The ketogenic diet has been used for years in treating children
with seizures who are resistant to conventional antiepileptic drugs
[192, 193]. It has also been reported to be successful in the adoption
of the ketogenic diet for the control of epilepsy in the children with
mitochondrial diseases [194, 195]. This diet has also been shown to
have beneficial effect on some patients with mitochondrial
disorders by optimizing the mitochondrial function [196, 197]. A
previous study demonstrated that rats fed on a ketogenic diet can
induce mitochondrial biogenesis in the muscle through increasing
multiple respiratory enzymes and mtDNA replication and activate
B-oxidation of fatty acids. Intriguingly, these effects were found to
be associated with the upregulation of PGC-10.[198]. Accumulated
evidence revealed that the increased energy metabolism via
upregulation of mitochondrial biogenesis and induction of the
antioxidant defense are involved in the neuroprotective effect of the
ketogenic diet in mice with a large-scale deletion of mtDNA [199-
202]. In mice with late-onset progressive mitochondrial myopathy,
ketogenic diet has been shown to improve mitochondrial function in
muscle fibers and halt disease progression [203]. Since some of the
patients with mitochondrial diseases present secondary impairment
of B-oxidation of fatty acids, it warrants further investigation to
determine whether this dietary therapy is suitable for the treatment
of this group of patients.

7.6. Supplementation of Coenzyme Q9 (C0Q10)

Oxidative stress plays an important role in the pathophysiology
of most of the mitochondrial diseases. Thus, a reduction of the dele-
terious effects of ROS may have therapeutic effects for the ROS-
related mitochondrial disorders. A large body of evidence supports
the use of antioxidant supplements to dispose of the excess ROS in
the affected tissues of patients with mitochondrial diseases [204].
Coenzyme Qi (CoQqp) is endogenously synthesized in mammalian
cells, which is an integral component of mitochondrial electron
transport chain. It shuttles electrons to Complex Il from
Complexes | and Il as a mobile carrier of reducing equivalents. In
addition to its role in the OXPHOS system, CoQj, can participate in
redox shuttling as a potent scavenger of free radicals [204]. Since
the safety of CoQj has been well documented, it is one of the most
commonly recommended metabolic treatments for patients with
mitochondrial diseases. The main source of CoQq is intracellular
biosynthesis via mevalonate pathway, although a small portion is
usually acquired from the diet. However, the defects in CoQqo
biosynthesis were observed in some of mitochondrial diseases such
as Leigh syndrome [205]. It has been reported that treatment of
patients with CoQyo could reduce the ROS-induced DNA damage
and apoptotic cell death in the biopsies of patients with mitochon-
drial diseases, as well as restoring the function of the OXPHOS
system [206, 207]. Our previous studies also showed that pre-
treatment with CoQ;q can reduce the ROS production and UV- or
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H,0,-induced apoptosis in human cells harboring a pathogenic
point mutation or large-scale deletions of mtDNA [33, 34]. The
administration of CoQyq in patients with sporadic CPEO or KSS
syndrome and with mitochondrial encephalomyopathies has also
been demonstrated to be beneficial [208, 209]. In addition, the
clinical trial of CoQjq in patients with neurodegenerative disorders,
such as Alzheimer’s disease and Parkinson’s disease, showed that
CoQp was rather effective in restoring the mitochondrial function
and slowing down the progression of these diseases [210]. In clini-
cal treatment of mitochondrial diseases, CoQ1q was used at a dose
as high as 2,000 mg per day, and more than 2,400 mg was sug-
gested for the adults who have low gastrointestinal absorption [211,
212]. On the other hand, a newly developed MitoQ;q has been used
as a mitochondrial target-antioxidant to specifically remove the
ROS generated by mitochondria. By conjugating with triphenyl-
phosphonium (TPP*), the MitoQ;, molecule has been used in a
wide range of mitochondrial disease models to protect against oxi-
dative damage [213]. TPP is the lipophilic cation moiety used to
conjugate antioxidants, which can selectively target to mitochondria
[214]. It has been shown that MitoQy, is able to target to mitochon-
dria and improve mitochondrial function by efficiently scavenging
the ROS. Dietary supplement of MitoQqo in animals could protect
mitochondria from ischemia/reperfusion injury of the heart [215].
MitoQ;o was demonstrated to protect against the development of
hypertension and to reduce cardiac hypertrophy in a mouse model
[216]. Recent studies also showed that MitoQy, can block the de-
velopment of multiple features of the metabolic syndrome [217]. In
a mouse model of AD, MitoQo was shown to prevent the emer-
gence of neuropathology [218]. Several lines of evidence have sup-
ported the use of mitochondria-targeting antioxidants as a potential
therapeutic approach for the treatment of neurodegenerative dis-
eases, including AD, PD and HD [219-221]. Although MitoQ, is
now under clinical development, orally administered MitoQ can be
useful for the treatment of a wide spectrum of human diseases that
are associated with oxidative damage of mitochondria such as
mtDNA mutation-elicited mitochondrial diseases. MitoQo is a
novel compound to attenuate mitochondria-specific oxidative
damage and has the potential to become a new therapeutic agent for
the treatment of mitochondrial diseases. Notably, there has been
active research and development in the design of the Mito-vitamin
E, Mito-TEMPOL, and Mito-NAC for the treatment of human dis-
eases caused by mitochondrial dysfunction [222]. In light of the
promising progress, the development of antioxidants targeting to
mitochondria has been expected to yield productive outcome.

7.7. Nutrition Supplementation of other Redox Agents

Besides CoQy, there are other antioxidants under development
for the therapy of mitochondrial disorders. Ascorbic acid is another
important antioxidant used for the treatment of patients with mito-
chondrial diseases due to the fact that it can directly enter mito-
chondria in its oxidized form via glucose transporter 1 (Glutl) and
thus protects mitochondria from oxidative injury [223]. Treatment
of patients with MERRF or MELAS syndrome with ascorbic acid
(1 gf/twice per day) was reported to improve the medical complica-
tions and survive longer with less functional disability [224]. N-
acetylcysteine (NAC) is another interesting therapeutic option. It is
an N-acetyl derivative of cysteine and can increase the glutathione
pool and subsequent antioxidant defense. In addition, pyruvate is
one of the antioxidants that not only reduces the intracellular ROS
level, but also boosts mitochondrial function through the activation
of the pyruvate dehydrogenase complex (PDHC) by inhibiting the
PDH kinase (PDK). It was recently reported that long-term admini-
stration of sodium pyruvate could effectively improve the exercise
intolerance and restore mitochondrial function in the affected tis-
sues of several patients with Leigh’s syndrome [225]. Furthermore,
other antioxidants including vitamin E, vitamin A, and o-lipoic acid
were also shown to be effective in improving the bioenergetic func-
tion in various animal models and cultured cells from patients of
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Fig. (1). Nlustration of the molecular network involved in the regulation of cellular adaptation and response to mitochondrial dysfunction-elicited
oxidative stress. The intracellular oxidative stress is increased in cells with mitochondrial dysfunction. (i) The increased oxidative stress can cause the decline
of Sirt3 protein expression, a major regulator of mitochondrial protein deacetylation, which may further exert interference and inhibition of the mitochondrial
functions including TCA cycle, B-oxidation of fatty acids, urea cycle, ketogenesis, and the OXPHOS system. (ii) However, the up-regulation of Sirtl expres-
sion in cells is one of the responses to enhanced oxidative stress. By deacetylation and activation of FOXO1 and PGC-1a, Sirtl can substantially boost the
mitochondrial biogenesis (e.g., up-regulation of mtTFA and ATP synthase B, a subunit of mitochondrial Complex V) and increase the expression of antioxi-
dant enzymes (e.g., up-regulation of Mn-SOD and catalase), respectively. In addition, the activated Sirtl can deacetylate LKBL1 to facilitate its intracellular
translocation and ability to activate AMPK. The activated AMPK can phosphorylate PGC-1a and FOXO3a, which in turn upregulate the mitochondrial bio-
genesis and antioxidant defense system (e.g., up-regulation of the biosynthesis of thioredoxin and peroxiredoxin, respectively) in response to elevated oxida-
tive stress. (iii) The activated AMPK can also increase the glycolytic flux by activation of PFK2 so that the affected cells with mitochondrial dysfunction can
not only obtain ATP, but also replenish the intracellular NADPH pool via pentose phosphate pathway (PPP) to cope with the oxidative stress. Taken together,
we suggest that the activation of Sirtl and AMPK plays a crucial role in the upregulation of mitochondrial biogenesis, antioxidant enzymes and glycolytic
flux, respectively, in the cellular response to the oxidative stress elicited by mitochondrial dysfunction.

mitochondrial diseases. Vitamin A could be a beneficial therapeutic

option in mitochondrial disorders due to the recent finding that 8. CONCLUDING REMARKS

retinol, the most common dietary form of the vitamin, was a key
regulator of mitochondrial function in vitro [226]. However, the
clinical benefits of these micronutrients with antioxidant activity
need to be substantiated by well-designed clinical trials. Recently, a
supplemental cocktail containing vitamins, cofactors, ascorbic acid,
and CoQyp has been developed for treatment of mitochondrial dis-
eases [227]. Clinical trials of CoQ;o with other antioxidants have
been conducted to treat some of the patients with mitochondrial
diseases and neurodegenerative diseases, respectively. A recent
study showed that the capacity of ATP synthesis in the lymphocytes
from patients with diverse OXPHOS defects was significantly
increased after treatment for 12 months with a mixture of CoQq
(350 mg daily), vitamin C, L-carnitine, vitamin B complex, and
vitamin K [228].

Although compromised energy metabolism and accumulation
of ROS play critical roles in the pathophysiology of mitochondrial
diseases, the molecular mechanisms underlying the onset and pro-
gression of pathological changes in affected tissues cells caused by
the pathogenic mtDNA mutation have not been fully understood.
The mitochondrial dysfunction-elicited ROS production axis forms
a vicious cycle, which not only impairs the bioenergetic function of
mitochondria but also disturbs Ca®* homeostasis and redox status in
the affected cells harboring a pathogenic mtDNA mutation. Many
lines of evidence have supported the crucial role of mitochondrial
ROS in the regulation of adaptative cellular response to changes of
physiological and environmental conditions. In this review, we
report that oxidative stress elicited by mitochondrial dysfunction
can trigger an array of adaptive responses, which include the
upregulation of antioxidant enzymes, metabolic reprogramming,
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and abnormal mitochondrial proliferation to confer advantages for
cells to survive (Fig. 1). In addition, we summarize the recent find-
ings that AMPK and Sirtl are involved in the modulation of the
response of human cells to oxidative stress. Although human cells
can undergo metabolic switch to obtain ATP through glycolysis
when aerobic metabolism is compromised, the mitochondrial bio-
genesis is usually up-regulated as a compensatory response but the
increase in the number of mitochondria might make only little con-
tribution to the bioenergetic outcome. On the other hand, in contrast
to the response of Sirtl, Sirt3 has been shown to be down-regulated
in response to oxidative stress and consequently leads to an im-
pairment of the OXPHOS system. This decline in the expression of
Sirt3 can influence the global acetylation status of mitochondrial
enzymes, which may lead to defects of -oxidation of fatty acids
and accumulation of some metabolic intermediates in the affected
tissues of patients with mitochondrial diseases. The above-
mentioned observations suggest that a defect in this regulatory net-
work of response to oxidative stress may initiate the vicious cycle
of mitochondrial damage and contribute to the disease-related pa-
thologies in patients with mitochondrial diseases (Table 1). One of
the important advances in studies of mitochondrial diseases is the
development of natural and synthetic compounds that have been
proved to be able to improve the biogenesis or respiratory function
of mitochondria in affected cells. Most of these compounds have
antioxidant activities, and some of them have entered clinical trials,
and some trials have yielded promising results. Therefore, the find-
ings of recent studies have substantiated the idea that increasing the
efficiency of the oxidative stress response and supplementation of
mitochondria-targeting antioxidants may provide a novel strategy to
slow down the progression of diseases and to alleviate the symp-
toms of the patients (Table 2). A better understanding of the mo-
lecular mechanism underlying the oxidative response in the repro-
gramming of cellular metabolism may guide us to develop novel
therapeutic strategies using metabolic modulators for future treat-
ment of human diseases caused by mitochondrial dysfunction.

CONFLICT OF INTEREST

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

ACKNOWLEDGEMENTS

Part of this article was prepared on the basis of the findings of
our work supported by research grants (NSC97-2320-B-010-038-
MY3 and NSC100-2320-B-010-024-MY3) from the National Sci-
ence Council, the Executive Yuan, Taiwan. The authors would like
to acknowledge the support of an intramural research grant 982A01
from Mackay Medical College.

REFERENCES

[1] Koopman W), Distelmaier F, Smeitink JA, Willems PH. OXPHOS
mutations and neurodegeneration. EMBO J 2013; 32: 9-29.

[2] Schon EA, DiMauro S, Hirano M. Human mitochondrial DNA:
roles of inherited and somatic mutations. Nat Rev Genet 2012; 13:
878-90.

[3] Vafai SB, Mootha VK. Mitochondrial disorders as windows into an
ancient organelle. Nature 2012; 491: 374-83.

[4] Kann O, Kovécs R. Mitochondria and neuronal activity. Am J
Physiol Cell Physiol 2007; 292: 641-57.
[5] Mitsui T, Kawai H, Nagasawa M, et al. Oxidative damage to skele-

tal muscle DNA from patients with mitochondrial encephalomy-
opathies. J Neurol Sci 1996; 139: 111-6.

[6] Mordn M, Moreno-Lastres D, Marin-Buera L, et al.
Mitochondrial respiratory chain dysfunction: implications in neu-
rodegeneration. Free Radic Biol Med 2012; 53: 595-609.

[7] MITOMAP: a human mitochondrial genome database. Available
from http: //www.mitomap.org/MITOMAP.

[8] Folbergrova J, Kunz WS. Mitochondrial dysfunction in epilepsy.
Mitochondrion 2012; 12: 35-40.

[9] Mitsui T, Umaki Y, Nagasawa M, et al. Mitochondrial damage in
patients with long-term corticosteroid therapy: development of ocu-

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Wu et al.

loskeletal symptoms similar to mitochondrial disease. Acta Neuro-
pathol 2002; 104: 260-6.

Katayama Y, Maeda K, lizuka T, et al. Accumulation of oxidative
stress around the stroke-like lesions of MELAS patients. Mito-
chondrion 2009; 9: 306-13.

Yen MY, Kao SH, Wang AG, Wei YH. Increased 8-hydroxy-2'-
deoxyguanosine in leukocyte DNA in Leber's hereditary optic neu-
ropathy. Invest Ophthalmol Vis Sci 2004; 45: 1688-91.

Mitsui T, Kawai H, Nagasawa M, et al. Oxidative damage to skele-
tal muscle DNA from patients with mitochondrial encephalomy-
opathies. J Neurol Sci 1996; 139: 111-6.

Menzies KJ, Robinson BH, Hood DA. Effect of thyroid hormone
on mitochondrial properties and oxidative stress in cells from pa-
tients with mtDNA defects. Am J Physiol Cell Physiol 2009; 296:
355-62.

Lu CY, Wang EK, Lee HC, et al. Increased expression of manga-
nese-superoxide dismutase in fibroblasts of patients with CPEO
syndrome. Mol Genet Metab 2003; 80: 321-9.

van Eijsden RG, Eijssen LM, Lindsey PJ, et al. Termination of
damaged protein repair defines the occurrence of symptoms in car-
riers of the mt 3243 A to G tRNA"" mutation. J Med Genet 2008;
45:525-34.

Majora M, Wittkampf T, Schuermann B, et al. Functional conse-
quences of mitochondrial DNA deletions in human skin fibroblasts:
increased contractile strength in collagen lattices is due to oxidative
stress-induced lysyl oxidase activity. Am J Pathol 2009; 175: 1019-
29.

Piccolo G, Banfi P, Azan G, et al. Biological markers of oxidative
stress in mitochondrial myopathies with progressive external oph-
thalmoplegia. J Neurol Sci 1991; 105: 57-60.

Pitk&nen S, Raha S, Robinson BH. Diagnosis of complex | defi-
ciency in patients with lactic acidemia using skin fibroblast cul-
tures. Biochem Mol Med 1996; 59: 134-7.

Kroemer G, Galluzzi L, Brenner C. Mitochondrial membrane per-
meabilization in cell death. Physiol Rev 2007; 87: 99-163.

Galluzzi L, Kepp O, Trojel-Hansen C, Kroemer G.
Mitochondrial control of cellular life, stress, and death. Circ Res
2012; 111: 1198-207.

Cotan D, Cordero MD, Garrido-Maraver J, et al. Secondary Coen-
zyme Qo deficiency triggers mitochondria degradation by mito-
phagy in MELAS fibroblasts. FASEB J 2011; 25: 2669-87.

Chen CY, Chen HF, Gi SJ, et al. Decreased heat shock protein 27
expression and altered autophagy in human cells harboring
A8344G mitochondrial DNA mutation. Mitochondrion 2011; 11:
739-49.

King MP, Attadi G. Mitochondria-mediated transformation of
human rho® cells. Methods Enzymol 1996; 264: 313-34.

Yoneda M, Miyatake T, Attardi, G. Complementation of mutant
and wild-type human mitochondrial DNAs coexisting since the mu-
tation event and lack of complementation of DNAs introduced
separately into a cell within distinct organelles. Mol Cell Biol
1994; 14: 2699-712.

King MP, Attardi G. Human cells lacking mtDNA: repopulation
with exogenous mitochondria by complementation. Science 1989;
246: 500-3.

Swerdlow, RH. Mitochondria in cybrids containing mtDNA from
persons with mitochondriopathies. J Neurosci Res 2007; 85: 3416-
28.

Peng TI, Yu PR, Chen JY, et al. Visualizing common deletion of
mitochondrial DNA-augmented mitochondrial reactive oxygen
species generation and apoptosis upon oxidative stress. Biochim
Biophys Acta 2006; 1762: 241-55.

Pello R, Martin MA, Carelli V, et al. Mitochondrial DNA back-
ground modulates the assembly kinetics of OXPHOS complexes in
a cellular model of mitochondrial disease. Hum Mol Genet 2008;
17: 4001-11.

Wu SB, Ma YS, Wu YT, et al. Mitochondrial DNA mutation-
elicited oxidative stress, oxidative damage, and altered gene ex-
pression in cultured cells of patients with MERRF syndrome. Mol
Neurobiol 2010; 41: 256-66.

Ferrer 1. Altered mitochondria, energy metabolism, voltage-
dependent anion channel, and lipid rafts converge to exhaust neu-
rons in Alzheimer's disease. J Bioenerg Biomembr 2007; 41: 425-
31



Effects of Novel Monoamine Oxidases and Cholinesterases Targeting

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

Osman C, Merkwirth C, Langer T. Prohibitins and the functional
compartmentalization of mitochondrial membranes. J Cell Sci
2009; 122: 3823-30.

Liu CY, Lee CF, Wei YH. Quantitative effect of 4977 bp deletion
of mitochondrial DNA on the susceptibility of human cells to UV-
induced apoptosis. Mitochondrion 2007; 7: 89-95.

lkezoe K, Nakagawa M, Yan C, et al. Apoptosis is suspended in
muscle of mitochondrial encephalomyopathies. Acta Neuropathol
2002; 103: 531-40.

Auré K, Fayet G, Leroy JP, et al. Apoptosis in mitochondrial my-
opathies is linked to mitochondrial proliferation. Brain 2006; 129:
1249-59.

Liu CY, Lee CF, Wei YH. Activation of PKCdelta and ERK1/2 in
the sensitivity to UV-induced apoptosis of human cells harboring
4977 bp deletion of mitochondrial DNA. Biochim Biophys Acta
2009; 1792: 783-90.

Umaki Y, Mitsui T, Endo I, et al. Apoptosis-related changes in
skeletal muscles of patients with mitochondrial diseases. Acta Neu-
ropathol 2002; 103: 163-70.

Kujoth GC, Hiona A, Pugh TD, et al. Mitochondrial DNA muta-
tions, oxidative stress, and apoptosis in mammalian aging. Science
2005; 309: 481-4.

Chuang YC, Lin JW, Chen SD, et al. Preservation of mitochondrial
integrity and energy metabolism during experimental status epilep-
ticus leads to neuronal apoptotic cell death in the hippocampus of
the rat. Seizure 2009; 18: 420-8.

Feissner ~RF,  Skalska J, Gaum WE, Sheu SS.
Crosstalk signaling between mitochondrial Ca** and ROS. Front
Biosci 2009; 14: 1197-218.

Gunter TE, Yule DI, Gunter KK, et al. Calcium and mitochondria.
FEBS Lett 2004; 567: 96-102.

Nicholls DG. Mitochondria and calcium signaling. Cell Calcium
2005; 38: 311-7. Review.

Dykens JA. Isolated cerebral and cerebellar mitochondria produce
free radicals when exposed to elevated Ca?* and Na': implications
for neurodegeneration. J Neurochem 1994; 63: 584-91.

Willems PH, Valsecchi F, Distelmaier F, et al. Mitochondrial Ca**
homeostasis in human NADH: ubiginone oxidoreductase defi-
ciency. Cell Calcium 2008; 44: 123-33.

Kubota M, Kasahara T, Nakamura T, et al. Abnormal Ca*" dynam-
ics in transgenic mice with neuron-specific mitochondrial DNA de-
fects. J Neurosci 2006; 26: 12314-24.

Brini M, Pinton P, King MP, et al. A calcium signaling defect in
the pathogenesis of a mitochondrial DNA inherited oxidative phos-
phorylation deficiency. Nat Med 1999; 5: 951-4.

Moudy AM, Handran SD, Godberg MP, et al. Abnormal calcium
homeostasis and mitochondrial polarization in a human encepha-
lomyopathy. Proc Natl Acad Sci USA 1995; 92: 729-33.

Federico A, Cardaioli E, Da Pozzo P, et al. Mitochondria, oxidative
stress and neurodegeneration. J Neurol Sci 2012; 322: 254-62.
Werth JL, Thayer SA. Mitochondria buffer physiological calcium
loads in cultured rat dorsal root ganglion neurons. J Neurosci 1994;
14: 348-56.

Crawford DR, Davies KJ. Adaptive response and oxidative stress.
Environ Health Perspect 1994; 10: 25-8.

Gort AS, Imlay JA. Balance between endogenous superoxide stress
and antioxidant defenses. J Bacteriol 1998; 180: 1402-10.

Ohkoshi N, Mizusawa H, Shiraiwa N, et al. Superoxide dismutases
of muscle in mitochondrial encephalomyopathies. Muscle Nerve
1995; 18: 1265-71.

Rusanen H, Majamaa K, Hassinen IE. Increased activities of anti-
oxidant enzymes and decreased ATP concentration in cultured
myoblasts with the 3243A to G mutation in mitochondrial DNA.
Biochim Biophys Acta 2000; 1500: 10-6.

Robinson BH. The role of manganese superoxide dismutase in
health and disease. J Inherit Metab Dis 1998; 21: 598-603.

Filosto M, Tonin P, Vattemi G, et al. Antioxidant agents have a
different expression pattern in muscle fibers of patients with mito-
chondrial diseases. Acta Neuropathol 2002; 103: 215-20.

Qi X, Lewin AS, Hauswirth WW, et al. Optic neuropathy induced
by reductions in mitochondrial superoxide dismutase. Invest Oph-
thalmol Vis Sci 2003; 44: 1088-96.

Vives-Bauza C, Gonzalo R, Manfredi G, et al. Enhanced ROS
production and antioxidant defenses in cybrids harbouring muta-
tions in mtDNA. Neurosci Lett 2006: 391: 136-41.

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

Current Pharmaceutical Design, 2014, Vol. 20, No. 00 13

Brambilla L, Cairo G, Sestili P, et al. Mitochondrial respiratory
chain deficiency leads to overexpression of antioxidant enzymes.
FEBS Lett 1997; 418: 247-50.

Wei YH, Lu CY, Wei CY, et al. Oxidative stress in human aging
and mitochondrial disease-consequences of defective mitochondrial
respiration and impaired antioxidant enzyme system. Chin J
Physiol 2001; 44: 1-11.

Jazwinski SM. The retrograde response: when mitochondrial qual-
ity control is not enough. Biochim Biophys Acta 2013; 1833: 400-
9.

Cabello A, Navarro C, Ricoy JR. Morphological changes of
mitochondrial myopathies. Rev Neurol 1998; 26: S44-49.
Wojewoda M, Duszynski J, Szczepan owska J. NARP mutation
and mtDNA depletion trigger mitochondrial biogenesis which can
be modulated by selenite supplementation. Int J Biochem Cell Biol
2011; 43: 1178-86.

Heddi A, Lestienne P, Wallace DC, Stepien G. Mitochondrial DNA
expression in mitochondrial myopathies and coordinated expres-
sion of nuclear genes involved in ATP production. J Biol Chem
1993; 268: 12156-63.

Jones AW, Yao Z, Vicencio JM, et al. PGC-1 family coactivators
and cell fate: roles in cancer, neurodegeneration, cardiovascular
disease and retrograde mitochondria-nucleus signalling. Mitochon-
drion 2012; 12: 86-99.

Heddi A, Stepien G, Benke PJ, Wallace DC. Coordinate induction
of energy gene expression in tissues of mitochondrial disease pa-
tients. J Biol Chem 1999; 274: 22968-76.

Miceli MV, Jazwinski SM. Common and cell type-specific re-
sponses of human cells to mitochondrial dysfunction. Exp Cell Res
2005; 302: 270-80.

von Kleist-Retzow JC, Hornig-Do HT, Schauen M, et al. Impaired
mitochondrial Ca** homeostasis in respiratory chain-deficient cells
but efficient compensation of energetic disadvantage by enhanced
anaerobic glycolysis due to low ATP steady state levels. Exp Cell
Res 2007; 313: 3076-89.

Le Goffe C, Vallette G, Charrier L, et al. Metabolic control of
resistance of human epithelial cells to H,O, and NO stresses. Bio-
chem J 2002; 364: 349-59.

Kalinina EV, Chernov NN, Saprin AN. Involvement of thio-, per-
oxi-, and glutaredoxins in cellular redox-dependent processes. Bio-
chemistry 2008; 73: 1493-510.

Myers JM, Myers CR. The effects of hexavalent chromium on
thioredoxin reductase and peroxiredoxins in human bronchial
epithelial cells. Free Radic Biol Med 2009; 47: 1477-85.

Wu SB, Wei YH. AMPK-mediated increase of glycolysis as an
adaptive response to oxidative stress in human cells: implication of
the cell survival in mitochondrial diseases. Biochim Biophys Acta
2012; 1822: 233-47.

Kondoh H. Cellular life span and the Warburg effect. Exp Cell Res
2008; 314: 1923-8.

Cant6 C, Auwerx J. AMP-activated protein kinase and its down-
stream transcriptional pathways. Cell Mol Life Sci 2010; 67: 3407-
23.

Han Y, Wang Q, Song P, et al. Redox regulation of the AMP-
activated protein kinase. PLoS One 2010; 5: €15420.

Fu J, Jin J, Cichewicz RH, et al. Trans-(-)-e-Viniferin increases
mitochondrial sirtuin 3 (SIRT3), activates AMP-activated pro-
tein kinase (AMPK), and protects cells in models of Huntington’s
disease. J Biol Chem 2012; 287: 24460-72.

Vingtdeux V, Giliberto L, Zhao H, et al. AMP-
activated protein kinase signaling activation by resveratrol modu-
lates amyloid-beta peptide metabolism. J Biol Chem 2010; 285:
9100-13.

Vingtdeux V, Davies P, Dickson DW, Marambaud P. AMPK is
abnormally activated in tangle- and pre-tangle-bearing neurons
in Alzheimer's disease and other tauopathies. Acta Neuropathol
2011; 121: 337-49.

Salminen A, Kaarniranta K. AMP-activated protein kinase
(AMPK) controls the aging process via an integrated signaling
network. Ageing Res Rev 2012; 11: 230-41.

Mackenzie RM, Salt IP, Miller WH, et al. Mitochondrial reactive
oxygen species enhance AMP-activated protein kinase activation in
the endothelium of patients with coronary artery disease and diabe-
tes. Clin Sci (Lond) 2013; 124: 403-11.

Kukidome D, Nishikawa T, Sonoda K, et al. Activation of AMP-
activated protein kinase reduces hyperglycemia-induced mitochon-



14 Current Pharmaceutical Design, 2014, Vol. 20, No. 00

[80]

[81]

(82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

drial reactive oxygen species production and promotes mitochon-
drial biogenesis in human umbilical vein endothelial cells. Diabetes
2006; 55: 120-7.

Hou X, Song J, Li XN, et al. Metformin reduces intracellular reac-
tive oxygen species levels by upregulating expression of the anti-
oxidant thioredoxin via the AMPK-FOXO3 pathway. Biochem
Biophys Res Commun 2010; 396: 199-205.

Colombo SL, Moncada S. AMPK-alphal regulates the antioxidant
status of vascular endothelial cells. Biochem J 2009; 421: 163-9.
Calegari VC, Zoppi CC, Rezende LF, et al. Endurance training
activates AMP-activated protein kinase, increases expression of
uncoupling protein 2 and reduces insulin secretion from rat pancre-
atic islets. J Endocrinol 2011; 208: 257-64.

Wang S, Dale GL, Song P, et al. AMPKalphal deletion shortens
erythrocyte life span in mice: role of oxidative stress. J Biol Chem
2010; 285: 19976-85.

Ma YS, Chen YC, Lu CY, Liu CY, Wei YH. Upregulation of ma-
trix metalloproteinase 1 and disruption of mitochondrial network in
skin fibroblasts of patients with MERRF syndrome. Ann NY Acad
Sci 2005; 1042: 55-63.

Biswas G, Adebanjo OA, Freedman BD, et al. Retrograde Ca®
signaling in C2C12 skeletal myocytes in response to mitochondrial
genetic and metabolic stress: a novel mode of inter-organelle cros-
stalk. EMBO J 1999; 18: 522-33.

Jazwinski SM. The retrograde response: when mitochondrial qual-
ity control is not enough. Biochim Biophys Acta 2013; 1833: 400-
9.

Finley LW, Haigis MC. The coordination of nuclear and mitochon-
drial communication during aging and calorie restriction. Ageing
Res Rev 2009; 8: 173-88.

Scarpulla RC. Transcriptional paradigms in mammalian mitochon-
drial biogenesis and function. Physiol Rev 2008; 88: 611-38.
Mellstrom B, Savignac M, Gomez-Villafuertes R, Naranjo JR.
Ca®*-operated transcriptional networks: molecular mechanisms and
in vivo models. Physiol Rev 2008; 88: 421-49.

Rohas LM, St-Pierre J, Uldry M, et al. A fundamental system of
cellular energy homeostasis regulated by PGC-1lalpha. Proc Natl
Acad Sci USA 2007; 104: 7933-38.

Scarpulla, RC. Tanscriptional paradigms in mammalian mitochon-
drial biogenesis and function. Physiol Rev 2008; 88: 611-38.
Biswas G, Tang W, Sondheimer W, et al. A distinctive physiologi-
cal role for lkappaBbeta in the propagation of mitochondrial respi-
ratory stress signaling. J Biol Chem 2008; 283: 12586-94.
Amuthan G, Biswas G, Ananadatheerthavarada HK, et al. Mito-
chondrial stress-induced calcium signaling, phenotypic changes
and invasive behavior in human lung carcinoma A549 cells. Onco-
gene 2002; 2: 7839-49.

Amuthan G, Biswas G, Zhang SY, et al. Mitochondria-to-nucleus
stress signaling induces phenotypic changes, tumor progression and
cell invasion. EMBO J 2001; 20: 1910-20.

Lee CF, Chen YC, Liu CY, Wei YH. Involvement of protein kinase
C delta in the alteration of mitochondrial mass in human cells un-
der oxidative stress. Free Radic Biol Med 2006; 40: 2136-46.
Arnould T, Vankoningsloo S, Renard P, et al. CREB activation
induced by mitochondrial dysfunction is a new signaling pathway
that impairs cell proliferation. EMBO J 2002; 21: 53-63.

Wei YH, Lee CF, Lee HC, et al. Increases of mitochondrial mass
and mitochondrial genome in association with enhanced oxidative
stress in human cells harboring 4,977 bp-deleted mitochondrial
DNA. Ann NY Acad Sci 2001; 928: 97-12.

Lee HC, Yin PH, Chi CW, Wei YH. Increase in mitochondrial
mass in human fibroblasts under oxidative stress and during
replicative cell senescence. J Biomed Sci 2002; 9: 517-26.

Jones AW, Yao Z, Vicencio JM, et al. PGC-1 family coactivators
and cell fate: Roles in cancer, neurodegeneration, cardiovascular
disease and retrograde mitochondria-nucleus signaling. Mitochon-
drion 2012; 12: 86-99.

Cunningham JT, Rodgers JT, Arlow DH, et al. mTOR controls
mitochondrial oxidative function through a Y'Y1-PGC-1lalpha tran-
scriptional complex. Nature 2007; 450: 736-40.

Handschin C, Spiegelman BM. Peroxisome proliferator-activated
receptor gamma coactivator 1, energy homeostasis, and metabo-
lism. Endocr Rev 2006; 27: 728-35.

Psarra AM, Sekeris CE. Steroid and thyroid hormone receptors in
mitochondria. [UBMB Life 2008; 60: 210-23.

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]
[114]
[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Wu et al.

Lee SR, Kim HK, Song IS, et al. Glucocorticoids and their recep-
tors: Insights into specific roles in mitochondria. Prog Biophys Mol
Biol 2013; 112: 44-54.

Psarra AM, Sekeris CE. Glucocorticoids induce mitochondrial gene
transcription in HepG2 cells: role of the mitochondrial glucocorti-
coid receptor. Biochim Biophys Acta 2011; 1813: 1814-21.

Jager S, Handschin C, St-Pierre J, Spiegelman BM. AMP-activated
protein kinase (AMPK) action in skeletal muscle via direct
phosphorylation of PGC-1alpha. Proc Natl Acad Sci USA 2007;
104: 12017-22.

Olson BL, Hock MB, Ekholm-Reed S, et al. SCFCdc4 acts
antagonistically to the PGC-1lalpha transcriptional coactivator by
targeting it for ubiquitin-mediated proteolysis. Genes Dev 2008;
22:252-64.

Rodgers JT, Lerin C, Haas W, et al. Nutrient control of glucose
homeostasis through a complex of PGC-1lo and SIRT1. Nature
2005; 434: 113-8.

Suwa M, Nakano H, Kumagai S. Effects of chronic AICAR
treatment on fiber composition, enzyme activity, UCP3, and PGC-1
in rat muscles. J Appl Physiol 2003; 95: 960-8.

Polevoda B, Sherman F. The diversity of acetylated proteins.
Genome Biol 2002; 3: 1-6.

Yang XY, Grégoire S. Metabolism, cytoskeleton and cellular sig-
naling in the grip of protein N- and O-acetylation. EMBO Rep
2007; 8: 556-62.

Longo VD, Kennedy BK. Sirtuins in aging and age-related disease.
Cell 2006; 126: 257-68.

Dali-Youcef N, Lagouge M, Froelich S, et al. Sirtuins: the 'mag-
nificent seven', function, metabolism and longevity. Ann Med
2007; 39: 335-45.

Guarente L. Sirtuins as potential targets for metabolic syndrome.
Nature 2006; 444: 868-74.

Motta MC, Divecha N, Lemieux M, et al. Mammalian SIRT1 re-
presses forkhead transcription factors. Cell 2004; 116: 551-63.
Chen D, Steele AD, Lindquist S, Guarente L. Increase in activity
during calorie restriction requires Sirtl. Science 2005; 310: 1641.
Cohen HY, Miller C, Bitterman KJ, et al. Calorie restriction pro-
motes mammalian cell survival by inducing the SIRT1 deacetylase.
Science 2004; 305: 390-2.

Civitarese AE, Carling S, Heilbronn LK, et al. Calorie restriction
increases muscle mitochondrial biogenesis in healthy humans.
PLoS Med 2007; 4: e76.

Lagouge M, Argmann C, Gerhart-Hines Z. Resveratrol improves
mitochondrial function and protects against metabolic disease by
activating SIRT1 and PGC-1o.. Cell 2006; 127: 1109-22.
Gerhart-Hines Z, Rodgers JT, Bare O, et al. Metabolic control of
muscle mitochondrial function and fatty acid oxidation through
SIRT1/PGC-1la.. EMBO J 2007; 26: 1913-23.

Nemoto S, Fergusson MM, Finkel T. SIRT1 functionally interacts
with the metabolic regulator and transcriptional coactivator PGC-
1o J Biol Chem 2005; 280: 16456-60.

Bordone L, Guarente L. Calorie restriction, SIRT1 and metabolism:
understanding longevity. Nat Rev Mol Cell Biol 2005; 6: 298-305.
Nasrin N, Kaushik VK, Fortier E, et al. JNK1 phosphorylates
SIRT1 and promotes its enzymatic activity. PLoS One 2009; 4:
e8414.

Wu YT, Wu SB, Lee WY, Wei YH. Mitochondrial respiratory
dysfunction-elicited oxidative stress and posttranslational protein
modification in mitochondrial diseases. Ann NY Acad Sci 2010;
1201: 147-56.

Voets AM, Lindsey PJ, Vanherle SJ, et al. Patient-derived fibro-
blasts indicate oxidative stress status and may justify antioxidant
therapy in OXPHOS disorders. Biochim Biophys Acta 2012; 1817:
1971-8.

Brunet A, Sweeney LB, Sturgill JF, et al. Stress-dependent regula-
tion of FOXO transcription factors by the SIRT1 deacetylase. Sci-
ence 2004; 303: 2011-15.

de Oliveira RM, Pais TF, Outeiro TF. Sirtuin: Common targets in
aging and in neurodegeneration. Current Drug Targets 2010; 11:
1270-80.

Greer EL, Brunet A. FOXO transcription factors at the interface
between longevity and tumor suppression. Oncogene 2005; 24:
7410-25.

Bordone L, Motta MC, Picard F, et al. Sirtl regulates insulin secre-
tion by repressing UCP2 in pancreatic beta cells. PLoS Biol 2006;
4:e31.



Effects of Novel Monoamine Oxidases and Cholinesterases Targeting

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

Olmos Y, Sanchez-Gémez FJ, Wild B, et al. SirT1 regulation of
antioxidant genes is dependent on the formation of a
FOX03a/PGC-1o. complex. Antioxid Redox Signal 2013; 19:
1507-21.

Yun JM, Chien A, Jialal I, Devaraj S. Resveratrol up-regulates
SIRT1 and inhibits cellular oxidative stress in the diabetic milieu:
mechanistic insights. J Nutr Biochem 2012; 23: 699-705.

Dillon LM, Hida A, Garcia S, et al. Long-term bezafibrate treat-
ment improves skin and spleen phenotypes of the mtDNA mutator
mouse. PL0oS One 2012; 7: e44335.

Lombard DB, Alt FW, Cheng HL, et al. Mammalian Sir2 homolog
SIRT3 regulates global mitochondrial lysine acetylation. Mol Cell
Biol 2007; 27: 8807-14.

Hirschey MD, Shimazu T, Goetzman E, et al. SIRT3 regulates
mitochondrial fatty-acid oxidation by reversible enzyme deacetyla-
tion. Nature 2010; 464: 121-5.

Ahn BH, Kim HS, Song S, et al. A role for the mitochondrial
deacetylase Sirt3 in regulating energy homeostasis. Proc Natl Acad
Sci USA 2008; 105: 14447-52.

Finley LW, Haas W, Desquiret-Dumas V, et al. Succinate
dehydrogenase is a direct target of sirtuin 3 deacetylase activity.
PLo0S One 2011; 6: €23295.

Wu YT, Lee HC, Liao CC, Wei YH. Regulation of mitochondrial
F.F1ATPase activity by Sirt3-catalyzed deacetylation and its
deficiency in human cells harboring 4977 bp deletion of
mitochondrial DNA. Biochim Biophys Acta 2013; 1832: 216-27.
Jing E, Emanuelli B, Hirschey MD, et al. Sirtuin-3 (Sirt3) regulates
skeletal muscle metabolism and insulin signaling via altered mito-
chondrial oxidation and reactive oxygen species production. Proc
Nat Acad Sci USA 2011; 108: 14608-13.

Bhakat KK, Mokkapati SK, Boldogh I, et al. Acetylation of human
8-oxoguanine-DNA glycosylase by p300 and its role in 8-
oxoguanine repair in vivo. Mol Cell Biol 2006; 26: 1654-65.
Shulga N, Wilson-Smith R, Pastorino JG. Sirtuin-3 deacetylation of
cyclophilin D induces dissociation of hexokinase Il from the mito-
chondria. J Cell Sci 2009; 123: 894-02.

Jing E, Emanuelli B, Hirschey MD, et al. Sirtuin-3 (Sirt3) regulates
skeletal muscle metabolism and insulin signaling via altered
mitochondrial oxidation and reactive oxygen species production.
Proc Natl Acad Sci USA 2011; 108: 14608-13.

Tauriainen E, Luostarinen M, Martonen E, et al. Distinct effects of
calorie restriction and resveratrol on diet-induced obesity and fatty
liver formation. J Nutr Metab 2011; 2011: 525094.

Hallows WC, Yu W, Smith BC, et al. Sirt3 promotes the urea cycle
and fatty acid oxidation during dietary restriction. Mol Cell 2011;
41:139-49.

Someya S, Yu W, Hallows WC, et al. Sirt3 mediates reduction of
oxidative damage and prevention of age-related hearing loss under
caloric restriction. Cell 2010; 143: 802-12.

Qiu X, Brown K, Hirschey MD, et al. Calorie restriction reduces
oxidative stress by SIRT3-mediated SOD2 activation. Cell Metab
2010; 12: 662-7.

Tao R, Coleman MC, Pennington JD, et al. Sirt3-mediated
deacetylation of evolutionarily conserved lysine 122 regulates
MnSOD activity in response to stress. Mol Cell 2010; 40: 893-04.
Lanza IR, Short DK, Short KR, et al. Endurance exercise as a
countermeasure for aging. Diabetes 2008; 57: 2933-42.

Yechoor VK, Patti ME, Ueki K, et al. Distinct pathways of insulin-
regulated versus diabetes-regulated gene expression: an in vivo
analysis in MIRKO mice, Proc Natl Acad Sci USA 204; 101:
16525-30.

Sundaresan NR, Gupta M, Kim G, et al. Sirt3 blocks the cardiac
hypertrophic ~ response by augmenting Foxo3a-dependent
antioxidant defense mechanisms in mice. J Clin Invest 2009; 119:
2758-71.

Pillai VB, Sundaresan NR, Kim G, et al. Exogenous NAD" blocks
cardiac hypertrophic response via activation of the SIRT3-LJB1-
AMP-activated kinase pathway. J Biol Chem 2010; 285: 3133-44.
Pillai VB, Sundaresan NR, Jeevanandam V, Gupta MP.
Mitochondrial SIRT3 and heart disease. Cardiovasc Res 2010; 88:
250-6.

D'Aquila P, Rose G, Panno ML, et al. SIRT3 gene expression: a
link between inherited mitochondrial DNA variants and oxidative
stress. Gene 2012; 497: 323-9.

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

Current Pharmaceutical Design, 2014, Vol. 20, No. 00 15

Someya S, Xu J, Kondo K, et al. Age-related hearing loss in
C57BL/6J mice is mediated by Bak-dependent mitochondrial apop-
tosis. Proc Natl Acad Sci USA 2009; 106: 19432-7.

de Vivo DC. The expanding clinical spectrum of mitochondrial
diseases. Brain Dev 1993; 15: 1-22.

Maassen JA, van den Ouweland JM, t Hart LM, Lemkes HH. Ma-
ternally inherited diabetes and deafness: a diabetic subtype associ-
ated with a mutation in mitochondrial DNA. Horm Metab Res
1997; 29: 50-5.

Rodenburg RJ. Biochemical diagnosis of mitochondrial disorders. J
Inherit Metab Dis 2011; 34: 283-92.

Hirschey MD, Shimazu T, Jing E, et al. SIRT3 deficiency and
mitochondrial protein hyperacetylation accelerate the development
of the metabolic syndrome. Mol Cell 2011; 44: 1-14.

Choudhary C, Kumar C, Gnad F, et al. Lysine acetylation targets
protein complexes and co-regulates major cellular functions. Sci-
ence 2009; 325: 834-40.

Stacpoole PW. The pyruvate dehydrogenase complex as a thera-
peutic target for age-related diseases. Aging Cell 2012; 11: 371-7.
Wenz T, Diaz F, Spiegelman BM, Moraes CT. Activation of the
PPAR/PGC- lalpha pathway prevents a bioenergetic deficit and ef-
fectively improves a mitochondrial myopathy phenotype. Cell Me-
tab. 2008; 8: 249-56.

Yatsuga S, Suomalainen A. Effect of bezafibrate treatment on late-
onset mitochondrial myopathy in mice. Hum Mol Genet 2012; 21:
526-35.

Bastin J, Aubey F, Rétig A, et al. Activation of peroxisome prolif-
erator-activated receptor pathway stimulates the mitochondrial res-
piratory chain and can correct deficiencies in patients’ cells lacking
its components. J Clin Endocrinol Metab 2008; 93: 1433-41.

Jang M, Cai L, Udeani GO, et al. Cancer chemopreventive activity
of resveratrol, a natural product derived from grapes. Science 1997;
275: 218-20.

Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in
vivo evidence. Nat Rev Drug Discov 2006; 5: 493-506.

Wang J, Ho L, Zhao Z, et al. Moderate consumption of Cabernet
Sauvignon attenuates AP neuropathology in a mouse model of
Alzheimer's disease. FASEB J 2006; 20: 2313-20.

Kapoor VK, Dureja J, Chadha R. Synthetic drugs with anti-aging
effects. Drug Discov Today 2009; 14: 899-904.

Valenzano DR, Terzibasi E, Genade T, et al. Resveratrol prolongs
lifespan and retards the onset of age-related markers in a short-live
vertebrata. Current Biol 2006; 16: 296-300.

Pallas M, Verdaguer E, Tajes M, et al. Modulation of AirTunes:
new targets for anti-ageing. Recent Pat CNS Drug Discov 2008; 3:
61-9.

Boily G, Seifert EL, Bevilacqua L, et al. Sirtl regulates energy
metabolism and response to caloric restriction in mice. PLoS One
2008; 3: e1759.

Um JH, Park SJ, Kang H, et al. AMP-activated protein kinase-
deficient mice are resistant to the metabolic effects of resveratrol.
Diabetes 2010; 59: 554-6.

Baur JA, Pearson KJ, Price NL, et al. Resveratrol improves health
and survival of mice on a high-calorie diet. Nature 2006; 444: 337-
42.

Lagouge M, Argmann C, Gerhart-Hines Z, et al. Resveratrol im-
proves mitochondrial function and protects against metabolic dis-
ease by activating SIRT1 and PGC-1a. Cell 2006; 127: 1109-22.
Ramadori G, Gautron L, Fujikawa T, et al. Central administration
of resveratrol improves diet-induced diabetes. Endocrinology 2009;
150: 5326-33.

Kim D, Nguyen MD, Dobbin MM, et al. SIRT1 deacetylase pro-
tects against neurodegeneration in models for Alzheimer’s disease
and amyotrophic lateral sclerosis. EMBO J 2007; 26: 3169-79.

Lu KT, Ko MC, Chen BY, et al. Neuroprotective effects of res-
veratrol on MPTP-induced neuron loss mediated by free radical
scavenging. J Agric Food Chem 2008; 56: 6910-3.

Blanchett F, Longpre G, Bureau M, et al. Resveratrol, a red wine
polyphenol, protects dopaminergic neurons in MPTP-treated mice.
Prog Neuropsychopharmacol Biol Psychiatry 2008; 32: 1243-50.
Alvira D, Yeste-Velasco M, Folch J, et al. Comparative analysis of
the effects of resveratrol in two apoptotic models: inhibition of
complex | and potassium deprivation in cerebellar neurons. Neuro-
science 2007; 147: 746-56.



16 Current Pharmaceutical Design, 2014, Vol. 20, No. 00

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

Chaturvedi RK, Beal MF. Mitochondria targeted therapeutic ap-
proaches in Parkinson's and Huntington's diseases. Mol Cell Neu-
rosci 2013; 55: 101-14.

Randomized Trial of a Nutritional Supplement in Alzheimer's
Disease. Available from: http: //ClinicalTrial.gov.

Nayagam VM, Wang X, Tan YC, et al. SIRT1 modulating com-
pounds from high-throughput screening as anti-inflammatory and
insulin-sensitizing agents. J Biomol Screen 2006; 11: 959-67.

Vu CB, Bemis JE, Disch JS, et al. Discovery of imidazole [1,2-b]
thiazole derivatives as novel SIRT1 activators. J Med Chem 2009;
52:1275-83.

Shindler KS, Ventura E, Rex TS, et al. SIRT1 activation confers
neuroprotection in experimental optic neuritis. Invest Ophthalmol
Vis Sci 2007; 48: 3602-9.

Yamazaki Y, Usui |, Kanatani Y, et al. Treatment with SRT1720, a
SIRT1 activator, ameliorates fatty liver with reduced expression of
lipogenic enzymes in MSG mice. Am J Physiol Endocrinol Metab
2009; 297: 1179-86.

Tein 1. Carnitine transport: pathophysiology and metabolism of
known molecular defects. J Inherit Metab Dis 2003; 26: 147-69.
Mai A, Valente S, Meade S, et al. Study of 1,4-dihydropyridine
structural scaffold: discovery of novel sirtuin activators and inhibi-
tors. J Med Chem 2009; 52: 5496-504.

Infante JP, Huszagh VA. Secondary carnitine deficiency and im-
paired docosahexaenoic acid synthesis: a common denominator in
the pathophysiology of diseases of oxidative phosphorylation and
beta-oxidation. FEBS Lett 2000; 468: 1-5.

Hsu CC, Chuang YH, Tsai JL, et al. CPEO and carnitine deficiency
overlapping in MELAS syndrome. Acta Neurol Scand 1995; 92:
252-5.

DiMauro S, Hirano M, Schon EA. Approaches to the treatment of
mitochondrial diseases. Muscle Nerve 2006; 34: 265-83.

Marriage BJ, Clandinin MT, Macdonald IM, Glerum DM. Cofactor
treatment improves ATP synthetic capacity in patients with oxida-
tive phosphorylation disorders. Mol Genet Metab 2004; 81: 263-72.
Liu J, Head E, Gharib AM, et al. Memory loss in old rats is associ-
ated with brain mitochondrial decay and RNA/DNA oxidation: par-
tial reversal by feeding acetyl-L-carnitine and/ or R-alpha-lipoic
acid. Proc Natl Acad Sci USA 2002; 99: 2356-61.

Liu J, Killilea DW, Ames BN. Age-associated mitochondrial oxi-
dative decay: improvement of carnitine acetyltransferase substrate-
binding affinity and activity in brain by feeding old rats acetyl-L-
carnitine and/or R-alpha-lipoic acid. Proc Natl Acad Sci USA 2002;
99: 1876-81.

Matthews RT, Yang L, Browne S, et al. Coenzyme Qo administra-
tion increases brain mitochondrial concentrations and exerts neuro-
protective effects. Proc Natl Acad Sci USA 95: 8892-7.

Freeman JM, Vining EP, Pillas DJ, et al. The efficacy of the keto-
genic diet: a prospective evaluation of intervention in 150 children.
Pediatrics 1998; 102: 1358-63.

Freeman JM, Vining EP, Kossoff EH, et al. A blinded, crossover
study of the efficacy of the ketogenic diet. Epilepsia 2009; 50: 322-
5.

Kang HC, Lee YM, Kim HD, et al. Safe and effective use of the
ketogenic diet in children with epilepsy and mitochondrial respira-
tory chain complex defects. Epilepsia 2007; 48: 82-8.

Joshi CN, Greenberg CR, Mhanni AA, Salman MS. Ketogenic diet
in Alpers-Huttenlocher syndrome. Pediatr Neurol 2009; 40: 314-
16.

Roef MJ, de Meer K, Reijngoud DJ, et al. Triacylglycerol infusion
improves exercise endurance in patients with mitochondrial my-
opathy due to complex | deficiency. Am J Clin Nutr 2002; 75: 237-
44,

Bough KJ, Wetherington J, Hassel, et al. Mitochondrial biogenesis
in the anticonvulsant mechanism of the ketogenic diet. Ann Neurol
2006; 60: 223-35.

Hancock CR, Han DH, Chen M, et al. High-fat diets cause insulin
resistance despite an increase in muscle mitochondria. Proc Natl
Acad Sci USA 2008; 105: 7815-20.

Maalouf M, Rho JM, Mattson MP. The neuroprotective properties
of calorie restriction, the ketogenic diet, and ketone bodies. Brain
Res Rev 2009; 59: 293-15.

Bough KJ, Wetherington J, Hassel B, et al. Mitochondrial bio-
genesis in the anticonvulsant mechanism of the ketogenic diet. Ann
Neurol 2006; 60: 223-35.

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

Wu et al.

Maalouf M, Sullivan PG, Davis L, et al. Ketones inhibit mitochon-
drial production of reactive oxygen species production following
glutamate excitotoxicity by increasing NADH oxidation. Neurosci-
ence 2007; 145: 256-64.

Santra S, Gilkerson RW, Davidson M, Schon EA. Ketogenic treat-
ment reduces deleted mitochondrial DNAs in cultured human cells.
Ann Neurol 2004; 56: 662-9.

Ahola-Erkkila S, Carroll CJ, Peltola-Mjosund K, et al. Ketogenic
diet slows down mitochondrial myopathy progression in mice.
Hum Mol Genet 2010; 19: 1974-84.

Mancuso M, Orsucci D, Volpi L, et al. Coenzyme Qyo in neuro-
muscular and neurodegenerative disorders. Current Drug Targets
2010; 11: 111-21.

Haas RH, Parikh S, Falk MJ, et al. Mitochondrial disease: a practi-
cal approach for primary car physicians. Pediatrics 2007; 120:
1326-33.

Lee CF, Liu CY, Chen SM, et al. Attenuation of UV-induced apop-
tosis by Coenzyme Qo in human cells harboring large-scale dele-
tion of mitochondrial DNA. Ann NY Acad Sci 2005; 1042: 429-38.
Kooncumchoo P, Sharma S, Porter J, et al. Coenzyme Qy provides
neuroprotection in iron-induced apoptosis in dopaminergic neu-
rons. J Mol Neurosci 2006; 28: 125-41.

Chen RS, Huang CC, Chu NS. Coenzyme Qo treatment in mito-
chondrial encephalomyopathies. Short-term double-blind, cross-
over study. Eur Neurol 1997; 37: 212-8.

Di Giovanni S, Mirabella M, Spinazzola A, et al. Coenzyme Q1o
reverses pathological phenotype and reduces apoptosis in familial
CoQqodeficiency. Neurology 2001; 57: 515-8.

Beal MF. Mitochondrial dysfunction and oxidative damage in
Alzheimer's and Parkinson's diseases and coenzyme Qi as a poten-
tial treatment. J Bioenerg Biomembr 2004; 36: 381-6.

Ernster L, Dallner G. Biochemical, physiological and medical
aspects of ubiquinone function. Biochim Biophys Acta 1995; 1271:
195-204.

Haas RH, Parikh S, Falk MJ, et al. The in depth evaluation of sus-
pected mitochondrial disease. Mol Genet Metab 2008; 94: 16-37.
Smith RA, Porteous CM, Gane AM, et al. Delivery of bioactive
molecules to mitochondria in vivo. Proc Natl Acad Sci USA 2003,;
100: 5407-12.

Murphy MP, Smith RA. Targeting antioxidants to mitochondria by
conjugation to lipophilic cations. Annu Rev Pharmacol Toxicol
2007; 47: 629-56.

Adlam VJ, Harrison JC, Porteous CM, et al. Targeting an antioxi-
dant to mitochondria decreases cardiac ischemia-reperfusion injury.
FASEB J 2005; 19: 1088-95.

Graham D, Huynh NN, Hamilton CA, et al. Mitochondria-targeted
antioxidant MitoQy, improves endothelial function and attenuates
cardiac hypertrophy. Hypertension 2009; 54: 322-8.

Lim S, Rashid MA, Jang M, et al. Mitochondria-targeted antioxi-
dants protect pancreatic B-cells against oxidative stress and im-
prove insulin secretion in glucotoxicity and glucolipotoxicity. Cell
Physiol Biochem 2011; 28: 873-86.

Mercer JR, Yu E, Figg N, et al. The mitochondria-targeted antioxi-
dant MitoQ decreases features of the metabolic syndrome in
ATM*"and ApoE™ mice. Free Radic Biol Med 2012; 52: 841-9.
McManus MJ, Murphy MP, Franklin JL. The mitochondria-
targeted antioxidant MitoQ prevents loss of spatial memory reten-
tion and early neuropathology in a transgenic mouse model of Alz-
heimer's disease. J Neurosci 2011; 31: 15703-15.

Ghosh A, Chandran K, Kalivendi SV, et al. Neuroprotection by a
mitochondria-targeted drug in a Parkinson's disease model. Free
Radic Biol Med 2010; 49: 1674-84.

Chaturvedi RK, Beal MF. Mitochondria targeted therapeutic ap-
proaches in Parkinson's and Huntington's diseases. Mol Cell Neu-
rosci 2013; 55: 101-14.

Frantz MC, Wipf P. Mitochondria as a target in treatment. Environ
Mol Mutagen 2010; 51: 462-75.

KC S, Carcamo JM, Golde DW. Vitamin C enters mitochondria via
facilitative glucose transporter 1 (Glutl) and confers mitochondrial
protection against oxidative injury. FASEB J 2005; 19: 1657-67.
Peterson PL. The treatment of mitochondrial myopathies and en-
cephalomyopathies. Biochim Biophys Acta 1995; 1271: 275-80.
Komaki H, Nishigaki Y, Fuku N. Pyruvate therapy for Leigh syn-
drome due to cytochrome c oxidase deficiency. Biochim Biophys
Acta 2010; 1800: 313-5.



Effects of Novel Monoamine Oxidases and Cholinesterases Targeting

[226]

[227]

Acin-Perez R, Hoyos B, Zhao F, et al. Control of oxidative phos-
phorylation by vitamin A illuminates a fundamental role in mito-
chondrial energy homoeostasis. FASEB J 2010; 24: 627-36.
Goldenberg PC, Steiner RD, Merkens LS, et al. Remarkable im-
provement in adult Leigh syndrome with partial cytochrome ¢ oxi-
dase deficiency. Neurology 2003; 60: 865-8.

Received: December 18, 2013

Accepted: March 3, 2014

[228]

[229]

Current Pharmaceutical Design, 2014, Vol. 20, No. 00 17

Marriage BJ, Clandinin MT, Macdonald 1M, et al. Cofactor treat-
ment improves ATP synthetic capacity in patients with oxidative
phosphorylation disorders. Mol Genet Metab 2004; 81: 263-72.

Liu C, Liang B, Wang Q, et al. Activation of AMPK-1a alleviates
endothelial cell apoptosis by increasing the expression of anti-
apoptotic proteins Bcl-2 and survivin. J Biol Chem 2010; 285:
15346-55.


https://www.researchgate.net/publication/260644290

