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A B S T R A C T

Mitochondrial function is vital for normal cellular processes. Mitochondrial damage and oxidative stress have
been greatly implicated in the progression of aging, along with the pathogenesis of age-related neurodegen-
erative diseases (NDs), such as Alzheimer's disease, Parkinson's disease, Huntington's disease, and amyotrophic
lateral sclerosis. Although antioxidant therapy has been proposed for the prevention and treatment of age-
related NDs, unraveling the molecular mechanisms of mitochondrial dysfunction can lead to significant progress
in the development of effective treatments against such diseases. Aging is associated with the generation and
accumulation of reactive oxygen species (ROS) that are the major contributors to oxidative stress. Oxidative
stress is caused because of the imbalance between the production of ROS and their oxidation, which can affect
the mitochondrial respiratory chain function, thereby altering the membrane permeability and calcium home-
ostasis, along with increasing the heteroplasmic mtDNA and weakening the mitochondrial defense systems.
Mitochondrial dysfunction mainly affects mitochondrial biogenesis and dynamics that are prominent in several
age-related NDs. Mitochondrial dysfunction has a crucial role in the pathophysiology of age-related NDs. Several
mitochondria targeted strategies, such as enhancing the antioxidant bioavailability via novel delivery systems,
identifying unique mitochondrial proteins as specific drug targets, investigating the signaling pathways of mi-
tochondrial biogenesis and dynamics, and identifying effective natural products are potentially effective to
counteract mitochondrial dysfunction-related NDs.

1. Introduction

Mitochondria are the chief sources of energy production in eu-
karyotic cells, and play a critical role in cell growth, differentiation,
cellular signaling, apoptosis, and cell cycle control. Mitochondria are
bounded by two effectively distinct membranes; an outer and an inner
membrane that is folded into cristae and comprise about 100 proteins
clustered within specific ‘complexes’ on the inner membrane; the in-
terplay between these complexes generates adenosine triphosphate
(ATP), the universal energy currency of all cells. Most mitochondrial
proteins are transported from the cytoplasm to mitochondria through
particular protein translocator complexes [1]. The connections between
these complexes assist in bringing the outer and inner membranes of
mitochondria close together [2]. The interplay between the outer
membrane proteins (OMP) such as hexokinase, voltage-dependent
anion channel (VDAC1), and inner membrane proteins (IMP) such as
adenine nucleotide translocator (ANT) link the outer and inner mi-
tochondrial membranes together, combining cytosolic glycolysis with
mitochondrial oxidative phosphorylation, thereby facilitating cellular

energy metabolism by maintaining a proper ATP/ADP proportion [3]
(Fig. 1).

Previously, mitochondria were known to be rigid and isolated
structures; however, now they are considered to be highly dynamic
structures integrated with many cellular functions. They form a re-
ticular and highly coordinated structure under certain cellular condi-
tions. Furthermore, mitochondria move within the cell in the punctate
state or as a reticular unit for providing the foci of energy production,
such as at the nucleus during cell division, or to synapses in neuronal
cells at times of urgent information transfer. This movement occurs
along the microtubules in one direction and along the actin filaments in
the other. The transitioning of mitochondria between punctate and
reticulum states through alternating fission and fusion is now known to
be critical in maintaining the mitochondrial quality control [4,5]. Mi-
tochondria have the ability to migrate, fuse and divide, and undergo
regulated turnover. Recruitment of mitochondria to the critical com-
partments of the cell depends on the metabolic requirements of the cell.
In the cells, mitochondria are distributed near the sites where ATP and
other mitochondrial metabolites are in high demand. For example, in
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neurons, a specialized area known as the “axon hillock” exists, which is
enriched in channels and transporters that require ATP. Hence, there
are also an increased number of mitochondria in the axon hillock [6].
One of the important fitness features of mitochondria is their ability to
move in defined ways along with microtubules. Remodeling of the
microtubule structure plays a crucial role for the cell to respond to
metabolic stress [7]. Relying on these metabolic changes, mitochondria
can be redistributed in the cell via this dynamic network. As a con-
sequence, mitochondria promptly adapt to any physiological or en-
vironmental change in the cells [8].

Over 1000 proteins, most of which are encoded by the nuclear
genome are present in the mitochondria. Mitochondria are quasi-in-
dependent from the rest of the cell; they have their own DNA (mtDNA)
and encode 13 essential proteins that are translated on the mitochon-
drial ribosomes prior to assembly, which play vital roles in the reg-
ulation of cellular bioenergetics. Human mtDNA is circular in shape and
16,569 bp in length [9]. It consists of approximately 1500 genes, 37
encoded by the maternally inherited mtDNA and the remainder en-
coded by the nuclear chromosomes. Inherited mtDNA mutations have
been responsible for the etiology of several human diseases [10]. Mi-
tochondria can synthesis their own lipids, which is an essential process
for the division of mitochondria without depending on the smooth
endoplasmic reticulum (ER) [11].

Proton motive force is the action that uses the proton gradient to
drive the synthesis of ATP. Similar to man-made power plants that
produce electrical energy by using the flow of wind, water, or steam to
rotate a turbine, synthase synthesizes ATP by using the proton motive
force from one side of the inner membrane to the other to rotate protein
subunits. If there is no proton gradient, synthase subunits stop rotating,
and the cell can quickly become starved of energy and die. Therefore,
the protein complexes and small molecules that establish and maintain
this gradient play an essential role in the life of the cell [12]. There are
four protein complexes numbered I through IV in this system. Com-
plexes I, III, and IV directly pump protons from the matrix into the
intermembrane space. Complex II does not directly pump protons;
however, it promotes proton pumping in complexes III and IV. Proton
pumping requires energy, and the four protein complexes get energy by
transferring electrons through a series of coupled reactions. This linked
process of electron transport is the reason for which the four complexes

are collectively referred to as the electron transport chain (ETC)
(Fig. 2). In the absence of oxygen, the electron transfer comes to a halt,
meaning that ATP synthesis also halts. Indeed, the reason we breathe
oxygen is such that it can serve as the final electron acceptor at the end
of the ETC. Collectively, complexes I, III, and IV function as proton
pumps during ATP production, and complex II directly connects Krebs
cycle with the mitochondrial ETC, oxidizing succinate to fumarate in
Krebs cycle and reducing ubiquinone in the ETC [13]. Despite complex
II being less significant for free radical formation, a recent study sug-
gests it can generate large amounts of reactive oxygen species (ROS)
under low succinate conditions, when complexes I and III are inhibited
[14]. A schematic representation of mitochondrial metabolism and
dynamics is depicted in Fig. 3, which shows the membranes, in-
tramembranous space, and the matrix of mitochondria that coordinate
energy production and the concomitant generation of oxidative species,
fusion and fission cycles, and apoptosis.

Mitochondrial dysfunction is associated with several developmental
and age-related diseases, predominantly neurodegenerative diseases
(NDs), such as Alzheimer's disease (AD), Parkinson's disease (PD),
Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS)
[15,16]. Neurodegeneration leads to the loss of normal anatomy and
function of the neuronal system in the human body. Abnormal folding
and accumulation of proteins within the neuronal cell bodies are the
hallmarks of most neurodegenerative diseases. Such changes in the
normal protein metabolism often cause neuronal cell death and dys-
function of the affected regions of the central nervous system [17,18].
The role of mitochondrial dysfunction in the progression of neurode-
generation is intriguing. MtDNA executes several metabolic processes in
the human body, like Krebs cycle and ETC to generate energy. Often,
the circular mtDNA accumulates several mutations as a person ages.
Such mutations might lead to mitochondrial dysfunction, which can
initiate several complications in the human body, including the initia-
tion and progression of neurodegenerative diseases [19–23]. The exact
reason for mitochondrial dysfunction is unclear; however, it is docu-
mented that mtDNA mutation, oxidative damage, and/or aggregation of
mitochondrial proteins leading to abnormal mitochondrial morphology
are the main reasons for mitochondrial dysfunction. Among these,
oxidative stress is one of the critical factors, responsible for mi-
tochondrial dysfunction, because oxidative stress can damage mi-
tochondrial proteins, nucleic acids, and lipids, and can further assist in
the generation of intracellular ROS, which can lead to mtDNA muta-
tions [15].

ROS are molecules with an unpaired electron, including peroxides,
superoxide, hydroxyl radical, and singlet oxygen, and are hence very
reactive and toxic to the cells. ROS are “redox reactive” and affect
different cellular components in multiple ways. For example, ROS can
oxidize proteins and can negatively affect the active sites of the en-
zymes, thereby inhibiting proper binding of the substrate. ROS are
extremely damaging to the susceptible neurons, because they require
high energy, and have large numbers of mitochondria, high presence of
fatty acids, reduced capability of limiting glucose uptake, weak anti-
oxidant defense, and weak bioavailability to antioxidant treatment and
molecules. ROS are also known to accelerate aging and cause damage to
many cells in the body, including neurons [24].

2. Mitochondrial biogenesis

For mitochondrial biogenesis, proteins and lipids are required to be
imported and synthesized in the mitochondria. Mitochondria have the
ability to synthesize several lipids, such as phosphatidylethanolamine,
phosphatidylglycerol, and cardiolipin (CL), whereas other lipids must
be transported. Lipid synthesis occurs mainly in the ER, whose mem-
brane is connected with the outer mitochondrial membrane at sites,
called the mitochondria-associated membrane (MAM). Vesicular traffic
and lipid transfer proteins also participate in lipid transport to the
mitochondria. Mitochondrial-targeted precursor proteins pass through

Fig. 1. The interaction between hexokinase-VDAC1-ANT networks and com-
bining glycolysis with oxidative phosphorylation for maintaining a proper ATP/
ADP proportion. ETC: electron transport chain; OxPhos: oxidative phosphor-
ylation; ANT: adenine nucleotide translocase; VDAC1: voltage dependent anion
channel; HK: hexokinase.
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the membranes via “translocase of the outer membrane” (TOM), and
then, segregate into two fundamentally unique “translocases of the
inner membrane” (TIM): TIM23 and TIM22 [25]. Transport of massive
proteins requires unfolding during shuttling and refolding to native
conformers to recover function. Most of the mitochondrial proteins are
synthesized on the cytosolic ribosomes, and imported through the TOM
channel complex, and then sorted by different sorting types of ma-
chinery [26] (Fig. 4).

Due to the lack of a variable number of transfer RNA (tRNA) genes
in mtDNA, mitochondria import tRNAs. VDAC is a key regulator; hence,
TOM and TIM23 are additionally involved in this process [27]. ATP
hydrolysis is used to facilitate tRNA import. Translocation of tRNA

occurs via two broad mechanisms: first, tRNA is transported from the
cytosol to mitochondria through the protein import pathway; and the
second mechanism occurs mainly in plants and protozoans and is not
understood clearly. tRNAs are directly imported independently of cy-
tosolic soluble factors. Under in vitro conditions, both yeast and human
tRNA Lys have been found to be transported into human mitochondria
under specific circumstances, thereby proposing a potential way to deal
with treating some mitochondriopathies related to dysfunctional mi-
tochondrial tRNA mutations [28].

Mitochondrial biogenesis is regulated by numerous signaling path-
ways in response to various stimuli, and is a complicated process re-
quiring synthesis, import, and incorporation of proteins and lipids to

Fig. 2. Magnification of the inner membrane of the mitochondria and generation of ATP in the oxidative phosphorylation, as well as the interaction of CL with
oxidative phosphorylation complexes. The electrons are moved along the path shown in the figure, resulting in the reduction of oxygen to water at complex IV.
During this process, protons (H+) are pumped by complexes I, III and IV into the intermembrane space to form an electrochemical gradient, which is utilized by
F0F1-ATPase to synthesize ATP from ADP and inorganic phosphate (Pi). ATP formed is then transferred by the ADP/ATP translocase to the intermembrane space in
exchange with ADP. NAD+: Oxidized form of Nicotinamide Adenine Dinucleotide; NADH: Reduced form of Nicotinamide Adenine Dinucleotide; CL: Cardiolipin; F0-
F1: Oxysomes for ATP synthesis; ATP: Adenosine Triphosphate; ADP: Adenosine Diphosphate; Cyto c: Cytochrome c.
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the existing mitochondrial reticulum as well as mtDNA replication.
Peroxisome proliferator-activated receptor–gamma coactivator 1 alpha
(PGC-1α) is the master regulator of mitochondrial biogenesis and
function; it co-activates many transcription factors, including those
encoding peroxisome proliferator-activated receptors (PPARs), nuclear
respiratory factor (NRF-1 and -2), estrogen-related receptor-α, myocyte
enhancer factor-2, forkhead box protein O 1, and sterol regulatory
element-binding proteins 48,49, and so, becoming a crucial metabolic
node [29,30]. PGC-1α co-activation of NRF-1 and -2 promotes the ex-
pression of nuclear-encoded mitochondrial proteins and mitochondrial
transcription factor A (TFAM), which is a mtDNA-binding protein and
plays an essential role in genome maintenance. Upregulated TFAM
transcription is directly associated with increased mtDNA replication
and transcription [31,32]. PGC-1α activation is associated with in-
creased energy spending and uptake of energy substrates [29].

Activation of AMP-activated protein kinase (AMPK) plays an im-
portant role in regulating mitochondrial biogenesis, namely mi-
tochondria growth and division. Factors activating AMPK, such as
oxidative stress, exercise, and caloric restriction affect mitochondrial
biogenesis. Accordingly, mitochondrial biogenesis is absent in the mice
(dominant-negative) mutant of AMPK 55. AMPK-mediated mitochon-
drial gene expression involves the activation of PGC- 1α and PPARs
[33,34].

3. Mitochondrial dynamics and quality control: fission, fusion,
and mitophagy

In the human body, mitochondrial membrane potential of 150mV
across the 5-nm membrane produces an electric field strength of 30
million volts per meter, which is equal to the energy discharged by a
bolt of lightning in the sky. This electric energy supported the evolution
process of several structures in more diverse combinations over time
[35]. The origin of mitochondria over generations depends on the
evolutionary process called endosymbiosis or “mutually-beneficial re-
lationship”. The integration of tiny bacteria into the host Archaea ul-
timately led to the exchange of DNA, which became co-dependent on
each other in order to live as one organism [36]. The fitness of mi-
tochondria is the fundamental feature and the compartmentalization is
very crucial for its dependency. Mitochondrial chromosome actively
control their behavior; and so, it is highly dynamic and undergoes fis-
sion and fusion and programmed degradation (mitophagy) (Fig. 5).
Biogenesis of mitochondria is regulated by PGC-1α, which activates
NRF-1 and NRF-2, and TFAM and transcription factor B mitochondrial
(TFBM) [31,32]. Cycles of fusion [controlled by mitofusin (MFN) 1,
MFN2, and optic atrophy protein 1 (OPA1)] [37] and fission [controlled
by dynamin-related protein-1 (Drp1) and fission 1 (FIS1) form elon-
gated mitochondrial networks and smaller individual organelles,

Fig. 3. Mitochondrial Metabolism and
Dynamics. The membranes, intramembrane
space, and the matrix of mitochondria co-
ordinate the ATP production, generation of
oxidative species, fusion, fission, and
apoptosis. Pyruvate dehydrogenase (PDH),
the major regulator of oxidative metabo-
lism, is inhibited through pyruvate dehy-
drogenase kinase (PDK) or activated by in-
creased mitochondrial calcium. Glucose is
transported to the cytoplasm of the cell
through specific transporter and it's con-
verted to pyruvate which is the end product
of the glycolysis. Conversion of pyruvate to
acetyl coenzyme A (CoA) occurs in the mi-
tochondria or, if mitochondrial metabolism
is inhibited, is converted to lactate by lac-
tate dehydrogenase (LDH). Mitochondrial
pyruvate is metabolized to feed the
Tricarboxylic acid cycle (TCA), which con-
tributes electron donors NADH to pass
electrons down the ETC comprised of four
megacomplexes found in the cristae. This
results in the accumulation of H+ ions in
the intermembrane space, driving the
synthesis of ATP from ADP and inorganic
phosphate as controlled by ATP-synthase.
The electron flux also generates reactive
oxygen species (ROS), such as the super-
oxide anion (O2−), which are converted to
the diffusible redox signaling molecule hy-
drogen peroxide (H2O2) by superoxide dis-
mutase 2 (SOD2). Mitofusin protein that
regulates fusion is found in the outer
membrane. The fission mediator Dynamin-
Related Protein 1 (DRP1) is typically cyto-
solic, but upon phosphorylation of serine
616, translocates to the outer membrane.
Mitochondrial fission and nuclear division
are organized via a link between DRP1 and
the cyclin B1-cyclin-dependent kinase
(CDK). Peroxisome-proliferator-activated

receptor - coactivator 1(PGC-1) and hypoxia-inducible factor 1(HIF-1) also regulate transcriptional control of fission and fusion. Calcium, which can move from the
endoplasmic reticulum ER to the mitochondria via mitochondria-associated ER membranes (MAMs), regulates PDH activity and apoptosis. The relation between
mitochondria and the ER also create microenvironments that direct fission.
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respectively. Fission provides a mechanism to isolate the damaged
components during a normal lifespan or during increased oxidative
stress for elimination [38,39]. Mitophagy involves mitochondrial de-
polarization and a series of protein-regulated steps that ultimately
culminates in fusion with the lysosome P62, and also plays a role in
targeting cargo to the autophagosome, which is subsequently degraded
during active autophagy. Assembly of the phagosome involves beclin-1
and conjugation of microtubule-associated protein 1 light chain 3 (LC3)
onto phosphatidylethanolamine to form LC3-II [40]. They also possess
the ability to traverse at varying speeds within the cells, which is par-
ticularly crucial for the neurons with long cell processes [4].

Mitochondrial fusion occurs when the double membranes of two
neighboring mitochondria fuse. During this process, fusion controls
mitochondrial morphology, maintains mitochondrial functions, in-
cluding oxidative phosphorylation, membrane potential, and DNA re-
plication/repair, by allowing the exchange of DNA, proteins, and me-
tabolites. GTPases regulate fusion and fission; Drp1 drives fission, and
the collaboration of Mfn1 and Mfn2 on the outer membrane along with
dynamin-related protein, Opa1 and Opa3 facilitates fusion with the
inner membrane [41,42].

Mutations in OPA1 and MFN 2 cause two neurodegenerative dis-
eases: dominant optic atrophy (DOA) and Charcot Marie-Tooth type 2A,
respectively [43,44]. Degeneration of neurons is also prominent in mice
with a targeted mutation in MFN 2 [45]. Lack of mitochondrial fusion
leads to a severe defect in the respiratory capacity. The fragmented
mitochondria are a result of the imbalance in mitochondrial dynamics
(fusion < fission); it becomes functionally different, assembling het-
erogeneity in the membrane potential and mtDNA nucleoids, which

encode ETC components. These findings highlight the protective role of
mitochondrial fusion against the implications of its fission [46].

Fusion induces mixing of mitochondrial contents, including the
mixing of mitochondrial genomes, thereby allowing the dilution of
damaged mtDNA or other damaging factors to buffer/mitigate against
stresses. Mitochondrial fission plays a critical role in segregating the
dysfunctional mitochondria. During this process, an impaired daughter
organelle can be recovered by fusing with healthy mitochondria or
eliminated by autophagy [47]. Mitochondrial Fis1 and Drp1 control
and regulate fission. Upon activation, Drp1 moves from the cytosol to
the outer mitochondrial membrane, binds to adaptor proteins, and
constricts the outer and inner membranes [48]. Impairment of mi-
tochondrial fission due to a missense mutation in the dynamin-1-like
gene leads to progressive energy deficiency. Drp1 dominant mutations
have been linked to a lethal neurodegenerative condition manifesting
multiple phenotypes, including microcephaly, optic atrophy, and lactic
acidemia. Extensive studies on mouse models suggest that there are
multiple tractable models for studying the implications of these muta-
tions [49].

In addition, using knock-out mice, two groups independently found
that loss of Drp1 resulted in embryonic lethality [50]. Similar results
were reported for the “Python” mouse, in which a middle domain
mutation in Drp1 produced embryonic lethality. Specific defects in
placental cell development were observed in Drp1−/− embryos, in-
cluding a missing trophoblast giant cell layer [51].

With regards to fission, limited number of compounds are present
that specifically regulate mitochondrial fission and fusion, such as mi-
tochondrial division inhibitor (Mdivi-1) that inhibits Drp1 and 15-

Fig. 4. The mitochondrial protein import
machinery from the cytosol to the matrix.
The translocase of the outer mitochondrial
membrane (TOM) has receptors and a gen-
eral import pore (GIP) to import most of the
mitochondrial proteins. Proteins with pre-
sequences (orange) are transported to the
matrix by the translocase of the inner
membrane (TIM23) complex. This requires
the membrane potential (Δψ) and the ATP-
dependent action of mitochondrial heat-
shock protein 70 (mtHsp70). The mi-
tochondrial processing peptidase (MMP)
removes the presequence. Preproteins with
internal signals (gray) are guided by tiny
Tim proteins across the intermembrane
space to the TIM22 complex of the inner
membrane and inserted into lipid phase of
the inner membrane in a Δψ-dependent
step. (For interpretation of the references to
color in this figure legend, the reader is
referred to the web version of this article.)
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oxospiramilactone (S3), which in turn inhibit ubiquitin specific pepti-
dase 30 (USP30), a mitochondrial localized deubiquitinase [52]. These
molecules can be considered as potential drug targets owing to their
pro-fusion attributes; either they block fission (mdivi-1) or enhance
fusion (M1, S3).

Mitophagy, a form of quality control for healthy mitochondria, is
defined as the process of destruction of dysfunctional mitochondria to
maintain the cellular functions by the autophagic machinery, which can
occur during the production of mature erythrocytes, or paternal mi-
tochondria degradation or ischemia- and drug-induced tissue injury,
neurodegenerative disease or in many different cell types due to the loss
of function or damage to the mitochondria. Autophagy is a catabolic
degradation process transporting cytoplasmic components to the lyso-
some, and includes: macro-autophagy, wherein proteins are recruited to
the autophagosomes that fuse with the lysosome to degrade the se-
questered mitochondria, and micro-autophagy, wherein mitochondrial
components are directly incorporated into the lysosomes through
membrane invagination. Parkin plays a crucial role in these autophagic
mechanisms [53].

Mutations in PARK2 (Parkin) and PARK6 (PINK1) genes, key reg-
ulators of mitophagy, induce the onset of juvenile autosomal recessive
PD. Briefly, PINK1 protein accumulates on the surface of damaged
mitochondria (with reduced membrane potential), binds Parkin, and
the E3 ubiquitin ligase activity of Parkin ubiquitinates multiple mi-
tochondrial outer membrane proteins [54]. These ubiquitinated pro-
teins are recognized by specific receptors of the preautophagosome,
causing engulfment of the whole mitochondria for the eventual de-
struction in the lysosome. Mitophagy is closely linked to fusion because
mitofusin is regulated by PINK1, which acts as a receptor for Parkin,
and is ubiquitinated by Parkin to inactivate it. In addition, PINK1 and
Parkin have also been shown to regulate mitochondrial fission and

fusion [55]. Several researchers have postulated the hypothesis that in
case of PD, the weakest functioning mitochondria that are normally
excreted from the cellular pool through mitophagy, are not being ex-
creted owing to the omission of mitophagy, because of mutations in the
PINK1 and Parkin genes. This causes the accumulation of damaged
mitochondria, which ultimately leads to neuronal death in the sub-
stantia nigra (SN) [56]. For instance, loss of the mitochondrial mem-
brane protein Uth1p in yeast caused a selective defect in mitophagy and
decreased the lifespan of the organism. Mitophagy may help decrease
the production of ROS by removing dysfunctional mitochondria [57].

4. Mitochondrial heteroplasmy and threshold effect

Several copies of mtDNA are located in every human cell; on the
other hand, there are only two copies of nDNA. The mtDNA of a
mammalian cell is the only extra-chromosomal DNA of the cell and is
under the dual genetic control of both nuclear and mitochondrial
genome. Any dysfunction in the mtDNA may be because of point mu-
tations in the nuclear encoded-genes for various compartments of the
ETC or in mitochondrial tRNA or rRNA genes affecting protein ex-
pression and rearrangements of mtDNA. The vast majority of mi-
tochondrial proteins are encoded by the nDNA. Mutations in both mi-
tochondrial and non-mitochondrial nuclear genes can affect the
function of mitochondria, for example, mutations in the nuclear genes
involved in fusion and fission can cause alterations in mitochondrial
biogenesis and maintenance [58,59]. MtDNA is specifically susceptible
to mutations, which can be maternally inherited or occur sporadically
during embryogenesis. Somatic mtDNA mutations occur in old age, and
are most likely because of ROS formation. However, as most mi-
tochondrial proteins involved in mitochondrial metabolism and the
products involved in mtDNA maintenance (replication and integrity)

Fig. 5. The mitochondrial life cycle and how mitochondrial
dynamics and mitophagy contribute to quality control.
Mitofusin (MFN) 1 and 2 are regulated of outer membrane
fusion. Optic atrophy 1 (Opa1) is required for mitochondrial
inner membrane fusion. Mitochondrial fission is regulated by
dynamin-related protein 1 (Drp1). When a daughter mi-
tochondrion is dysfunctional/depolarized, it will be targeted
for elimination by recruitment of autophagosomes, which are
degraded after fusion with a lysosome.
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are encoded by nDNA, few nuclear-encoded gene mutations are asso-
ciated with mitochondriopathies [60]. The mode of mtDNA inheritance
is exclusively maternal; in contrast, inheritance of nDNA follows a
Mendelian pattern for autosomes and the X chromosome; paternal in-
heritance for the Y chromosome [58]. Homoplasmy is a state of normal
cells when all copies of mtDNA are identical or when some mutations
affect all copies of the mitochondrial genome (homoplasmic mutation).
Heteroplasmy is defined as the occurrence of a mixture of two or more
mitochondrial genotypes in the cell (healthy and mutated) (Fig. 6)
Replication of mtDNA takes place independently of cell division, and
several templates of mtDNA may replicate several times in a cell cycle.
At the time during cell division, mitochondria partition between the
cells, which may not be always haphazard, and the proportion of ab-
normal mtDNA can change in different cells. During embryogenesis,
cells proliferate and divide extensively, followed by the segregation of
replication. Such segregation leads to variations in the distribution of
mutant mtDNA among cell lineages, generating homoplasmic and het-
eroplasmic cell populations with a variable content of mutant mtDNA
[56,57]. In heteroplasmy, there is a threshold level of the mutated
mtDNA, which is significant for both the clinical manifestations of a
disease and biochemical dysfunctions. Relying on the ratio of abnormal
mtDNA and the energy requirements for a particular tissue and after a
certain phenotypic threshold, functional abnormalities may manifest.
This clinical phenotypic threshold rely not only on the proportion be-
tween mutant and normal mtDNA, but also on the ability of the cells
and tissues to compensate for dysfunctions at the translational, tran-
scriptional, enzymatic, and respiratory levels [61]. Furthermore, the
threshold varies among tissues based on different energy needs; the
brain is the most sensitive organ to mitochondrial defects followed by

the heart, skeletal muscle, endocrine system, kidney, and liver. De-
pending on the severity of the defect, the functional cell mass within a
specific organ may decrease. Some mitochondrial diseases were de-
tected in animal [62] and human models [63] characterized by meta-
bolic syndrome; for instance, lower mitochondrial mass, altered mor-
phology, reduced fatty acid oxidation, accumulation of ROS, and
reduced mitochondrial oxidative phosphorylation. Several diseases are
caused by mitochondrial dysfunction, such as neonatal fatalities,
cancer, type II diabetes, and neurodegenerative diseases [61].

5. Mitochondria as hotspots of oxidative stress

In the normal cells, mitochondria continuously function for meta-
bolizing oxygen. Electron flow through ETC is a defective process,
wherein 0.4–4% of oxygen used by the mitochondria is partially re-
duced, leading to the generation of “primary” ROS, such as the super-
oxide anion. Excessive formation of superoxide anion leads to the
generation of “secondary” ROS such as hydroxyl radicals [64], which
are highly reactive, and can attack DNA and damage purines and pyr-
imidines, deoxyribose backbone, and can induce mutation. Oxidative
stress occurs due to an imbalance in the generation and detoxification
of ROS leading to oxidation and damage to proteins, DNA, and lipids. At
low concentrations, ROS act as redox signaling molecules, which
transduce signals from the mitochondrial compartment to other com-
partments of the cell. Increased formation of ROS within the mi-
tochondria might induce an adaptive reaction, leading to increased
stress resistance and a long-term reduction of oxidative stress. Such
kind of reverse effect of the response to ROS stress is known as mi-
tochondrial hormesis or mitohormesis, and is hypothesized to be re-
sponsible for the increase in the respective lifespan and health cap-
abilities during glucose restriction and physical exercise [65]. ROS at
low concentrations are important for the activation of various genes
related to cellular stress response, such as superoxide dismutase (which
reduces O2– to H2O2), catalase, and glutathione peroxidase (which re-
duces H2O2 to H2O). In prokaryotes, it leads to the activation of SoxR,
which mediates SoxS gene transcription, resulting in an expression of
SoxS protein, thereby inducing the transcription of several other genes,
including superoxide dismutase (SOD) The OxyR protein of bacteria
acts as a transcriptional regulator of H2O2-inducible genes, and has
been proved to be directly activated by oxidation [66]. ROS are bio-
logically significant in a variety of physiological systems, including
adaptation to hypoxia, immunity, repair processes, differentiation, and
longevity. ROS also trigger autophagy/mitophagy process, with con-
sequent removal of damaged mitochondria and in turn enhances cel-
lular survival [67]. Normally, a small amount of ROS is beneficial to the
brain, which is involved in cell signaling. However, upon accumulation
of ROS because of oxidative stress, proteins and toxic wastes can be
deposited in the brain, thereby hampering the function of the brain.
Because the brain requires high energy to function, it is very active and
does not have the capacity to regenerate unlike other body parts; it is
therefore, very susceptible to injury because of oxidative stress [68–69].
Coupled with increased ROS production, decreased production of an-
tioxidant agents such as the antioxidant enzymes can further aid in cell
destruction and neurodegeneration [69] in the brains of organisms
[70]. ROS are generally produced in the mitochondria during oxidative
phosphorylation and can accumulate and damage mtDNA by inducing
mutations. The mutated mtDNA can cause more dysfunction of oxida-
tive phosphorylation and mitochondrial morphology, leading to several
complications. Once this cycle starts, it does not stop, and is known as
the vicious cycle of the mitochondria (Fig. 7), which also impairs the
defensive antioxidant system and gradually progresses neurodegen-
eration. Mitochondrial damage will ultimately bring about the deple-
tion of ATP, influx in calcium, and the opening of the mitochondrial
permeability pore, eventually leading to apoptosis. Another mechanism
of protein accumulation in the cells is through the destruction of cha-
perone and proteasomal processes, which are evolved to regulate

Fig. 6. The heteroplasmic and homoplasmic mitochondria. The nucleus is re-
presented in an orange circle, healthy mitochondrion is represented in green
color, and mutated one is represented in red color. Note the difference in the
four cases of heteroplasmy is different percentages of the mutant in their mi-
tochondria. The threshold of a mtDNA mutation is related to the degree of
heteroplasmy. High percentage of mutation in mtDNA leads to the dysfunc-
tional respiratory chain. Low levels of heteroplasmy in any cell or more gen-
erally in a subject give functional respiratory chain. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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protein turnover. ROS regulates the expression of heat-shock proteins,
which are highly conserved and facilitate correct protein folding [71].
Therefore, the timely removal of oxidatively damaged proteins is im-
portant to maintain normal cellular homeostasis and viability. Although
there is evidence suggesting that chaperone mediated autophagy is
activated during oxidative stress response [72], the proteasome re-
presents the major proteolytic machinery for the removal of oxidized
and misfolded proteins normal proteasome-dependent degradation is
essential for cells to cope with oxidative stress [73]. Chaperones func-
tion in different ways by co-operating with many different proteins,
binding to different substrates and performing changes in the structure
of proteins to achieve correct folding. Heat shock proteins (Hsps) are a
class of molecular chaperones that provide high-affinity binding plat-
forms for unfolded proteins and prevent protein aggregation, specifi-
cally during stress conditions [74]. The 26S proteasome is a multi-
catalytic protease responsible for ubiquitin/ATP dependent protein
degradation. ROS can also modulate proteasomal dysfunction that can
lead to decreased degradation of misfolded proteins, thereby resulting
in the accumulation of oxidized proteins and subsequent protein ag-
gregation. Protein aggregates can then feedback to further inhibit
proteasome activities, generate additional cellular stress, and lead to
cytotoxicity and human pathologies. Such phenomena have been im-
plicated in many oxidative stress-associated disorders [75].

6. Mitochondrial dysfunction and aging

Biological aging can be defined as the gradual deterioration of
biological functions of an organism related to resist stress, damage or
disease, and is considered as a major risk factor for many diseases. It is a
multifactorial process determined by both genetic and environmental
factors. Because of its significant value from the clinical point of view,
understanding the aging process is one of the biggest challenges for the
biomedical researchers. Several theories have been proposed to explain
the process of aging, out of which Harman's free radical/mitochondrial
theory of aging is the most widely accepted [76]. It postulates that free
radical reactions (FRRs) are the ultimate culprits in the progressive
deterioration of biological systems that accompanies aging. Because the

initiation of FRRs by mitochondria increases with age, and lifespan is
determined by the rate of free radical damage to mitochondria, the
theory was subsequently renamed as the “mitochondrial free radical
theory of aging”. According to this theory, interventions that decrease
FRRs (e.g., antioxidants such as vitamin E) or their rates of initiation
(e.g., minimizing copper, iron, and other oxidant catalysts) attenuate
oxidative stress and ultimately decelerate aging and the onset of age-
related diseases. The cumulative damage due to oxidative stress to
cellular macromolecules, such as DNA, protein, and lipids ROS during
the course of life will ultimately lead to aging. As discussed earlier,
mitochondria are the major source of ROS in the cell, and hence, the
vicious cycle between mitochondrial dysfunction and ROS production
can play crucial roles in aging and disease progression [77].

Interestingly, the modest inhibition of mitochondrial respiration in
Caenorhabditis elegans increased the lifespan of the organism [78,79]. The
study showed that clk-1 and isp-1 mutants reduce oxidative phosphor-
ylation capacity and promote longevity. Clk-1 gene is required for the
biosynthesis of ubiquinone (coenzyme Q or Q) and mutant gene affects
the electron acceptor in the respiratory ETC [78]. Mutation of isp-1
causes alteration of the encoded [Fe-S] protein, which is in complex III of
the ETC [79]. These findings prove that impairment of ETC extends the
lifespan. Alteration of mitochondrial oxidative phosphorylation promotes
aging. Consistently, mice with mildly reduced oxidative phosphorylation
exhibited improved glucose homeostasis and lived longer [80].

In fact, during the course of evolution, several defense mechanisms
have been developed in eukaryotic cells, such as enzymatic systems
comprising catalase, glutathione reductase, glutathione peroxidase and
superoxide dismutase (SOD) to convert ROS into non-toxic forms.
However, their activity decrease as cells age, leading to a net accu-
mulation of oxidative damage/ROS. Altered mitochondrial function is a
common feature seen in multiple aspects of aging. In addition, reduced
respiratory capacity and increased oxidative stress associated with
aging have been reported in several regions of the brain [24]. Despite
the wide popularity of the free radical theory of aging, evidence from
studies on diverse model organisms still continues to accumulate in
support and against its postulates. For example, over-expression of SOD
in Droshophila melanogaster was demonstrated to have beneficial effects

Fig. 7. Depicts the vicious cycle of the mitochondria and its effects on the cell. Reactive oxygen species production, mitochondrial DNA damage, mitochondrial DNA
mutagenesis and mitochondrial proteins damage lead to depletion of ATP as well as induction of apoptosis.
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and extended the life span [80]. Similarly, over-expression of the mi-
tochondrial-targeted catalase in mice demonstrated increased life span
and also exhibited a reduction in ROS levels and oxidative damage and
age-associated pathologies [81]. On the other hand, mice expressing
mitochondrial polymerase with defective proofreading activity ex-
hibited accumulation of mitochondrial mutations along with premature
aging; however, no increase in ROS generation was reported [82]. Si-
milarly, deletion of mitochondrial SOD2 extended the life span and
increased ROS generation in C. elegans [83]. According to such differ-
ential findings, low levels of mitochondrial ROS might actually have
beneficial effects, acting as signal molecules, and promoting the cells to
undergo a state of higher stress resistance with extended life span
[84–85] through mitohormesis [86]. Overall, these studies suggest a
complex relationship between aging and ROS, which need to be un-
raveled.

7. Mitochondrial dysfunction and age-related neurodegenerative
diseases

The brain is an energy-demanding organ that consumes>20% of
the total energy produced by an organism, and a mature brain re-
quires> 50% of the brain's energy consumption to maintain synaptic
homeostasis and plasticity. Given the high-energy requirement of the
brain as well as muscles, mitochondrial diseases frequently manifest
with neuromuscular abnormalities. Mitochondrial function is extremely
vital for the proper functioning of the neurons because they are meta-
bolically very active and do not have a backup system as in other cells
for energy production [87]. ROS are one of the most common agents
responsible for mitochondrial dysfunction. ROS hinder the function of
many vital mitochondrial enzymes, such as pyruvate dehydrogenase
and cytochrome oxidase [24]. ROS can harm the neuron by causing
damage to the membranes, proteins, and nucleic acids. ROS not only
cause damage to the mitochondria but also initiate apoptosis and pro-
grammed cell death. Because apoptosis is a systematic process of the
cell and occurs only when the cell loses its self-repairing ability, dys-
functional mitochondria can trigger apoptosis, particularly through the
opening of the mitochondrial permeability transition pore (MPT) lo-
cated on the inner membrane of the mitochondria. This occurs after the
opening of permeability transition pore (PTP), which contains VDAC,
ANT, cyclophilin D, and other molecules [88]. During mitochondrial
dysfunction, MPT leads to the induction of pro-apoptotic proteins,
which activate a series of caspase proteolytic enzymes. Subsequently, it
involves an increase in ROS, reduction in ATP production, and an as-
sociated rise in calcium, inducing apoptosis [89]. Mitochondrial dys-
function also stimulates necrosis, an accidental type of cell death, which
occurs in a calcium-dependent manner [90].

Other than ROS, mitochondria can become dysfunctional through
mutations accumulated over a person's lifetime. Several “large scale
deletions or point mutations” have been reported in the mtDNA that
adversely affect mitochondrial function by negatively affecting the
energy production processes [24]. Hence, less ATP will be produced as
some of the mitochondria get dysfunctional, thereby affecting oxidative
phosphorylation in the cell with fewer processes operating in the cell,
including autophagy and lysosomal degradation, which cause accu-
mulation of waste products in the cell. In addition, lack of ATP in the
cell affects the performance of the normal cell-to-cell communication
via the synapses [91]. This is a vital function of the nervous system as it
maintains the communication between the brain with the rest of the
body and the external environment. Such a loss of vital information
leads to visible signs and progressive pathology of neurodegenerative
disease. In addition, mitochondrial dysfunction elicits the accumulation
and aggregation of proteins in several ways. Studies have shown that
protein accumulation can also be induced within the mitochondria. For
example, in AD, the amyloid precursor protein has been shown to ac-
cumulate within the protein channels of the mitochondria, thereby
causing damage to the cell [92]. Similar studies have revealed an array

of proteins in various neurodegenerative diseases, demonstrating that
protein accumulation inside the mitochondria can lead to dysfunction
and eventual destruction of the neurons [93]. Hence, mitochondrial
dysfunction has been regarded as the major contributor of neuronal
degeneration [18] and is responsible for the development of several
age-related neurodegenerative diseases, such as AD, PD, HD, and ALS.
Accumulation of misfolded or damaged proteins within neurons is the
hallmark of most age-related neurodegenerative diseases [94]. The
main mitochondrial defects associated with these genes are represented
in Fig. 8.

7.1. Alzheimer's disease

AD is the most common type of dementia and is one of the most
progressive neurodegenerative diseases. AD is highly prevalent among
the old age persons (> 65 years old); with an estimated 5.7 million
people of all ages living with AD in 2018, of which, an estimated 5.5
million people of> 65 years old and approximately 200,000 in-
dividuals under age 65 exhibiting AD, though there is a certain degree
of uncertainty about the younger-onset estimate [95–96]. It is marked
by the severe loss of the neurons in the brain that leads to the loss of
memory [97]. Two major players are often involved in its progression:
plaques and tangles. Increased accumulation of extraneuronal amyloid
plaques, derived from the proteolytic processing of the amyloid pre-
cursor protein (APP) and intraneuronal neurofibrillary tangles (NFTs),
formed by hyperphosphorylated tau protein (pTau) are mostly observed
in the brain cells of AD patients [98]. Plaques consist of amyloid beta
(Aβ) fibrils that assemble from monomeric and oligomeric inter-
mediates, and are prognostic indicators of AD. In fact, the early stage of
AD is diagnosed by morphologically and functionally impaired mi-
tochondria prone to excessive formation of ROS, resulting in the de-
crease of brain energy because of the reduction of ATP [99]. Accord-
ingly, mitochondria isolated from the brain samples of AD patients
exhibit altered citric acid cycle enzyme functions, including reduced
pyruvate dehydrogenase, isocitrate dehydrogenase, and α-ketoglutarate
dehydrogenase (KGD) activity and increased succinate dehydrogenase
and malate dehydrogenase activity. Astrocytes play crucial roles in
brain energy storage and immune response [100]. Astrocytes isolated
from AD cases exhibit varied expression of mitochondrial-encoded
genes, including tRNA methyltransferase 61B, FAST kinase domains 2,
and NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 4-like 2, as
well as immune system associated genes, such as clusterin, complement
C3, and CD74. Such immune response-related genes play important
roles in amyloid-β generation [101]. Aβ, once formed, can commu-
nicate with the mitochondria and cause further mitochondrial ab-
normalities. Aβ suppresses complex IV and KGD, and binds Aβ-binding
alcohol dehydrogenase (ABAD). Both KGD and ABAD produce ROS.
Mitochondria have also been reported to contain active γ-secretase
complexes, which are involved in cleaving APP to form Aβ and contain
presenilin 1 that is encoded by PSEN 1 gene, which increases the pro-
teolytic activity of HTRA2 serine peptidase toward inhibitors of apop-
tosis (IAPs). The non-soluble APP can affect outer mitochondrial
membrane and interfere with protein shuttle import [99]. Impaired
crosstalk between ER and mitochondria also seem to play an important
role in AD pathogenesis. Upregulation of the mitochondrial-associated
ER membrane proteins, such as phosphofurin acidic cluster sorting
protein-2 and the σ1 receptor, which are important for neuronal sur-
vival, have been documented in AD [102]. In addition, mitochondrial
dysfunction and apoptosis associated with amyloid-β-mediated toxicity
have been proposed to be mediated by VDAC1 [103]. Oxidative stress
might seriously damage the brain via several interacting mechanisms,
including an increase in intracellular free Ca2+, release of excitatory
amino acids, and neurotoxicity [24]. Considerable ROS formation in-
creased by the ETC within the mitochondria under stressful conditions
and in aging constitutes a risk for developing AD. Hence, mitochondria
function as both the source and target of toxic ROS because
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mitochondrial dysfunction and oxidative stress are important in age-
related neurodegenerative diseases, particularly AD [104]. In addition,
metals such as copper is a potent mediator of highly reactive hydroxyl
radical (OH•), and can subsequently contribute to the increase in oxi-
dative stress characteristic of AD brain [105].

7.2. Parkinson's disease

PD is a neurological locomotory disorder with rigidity, bradykinesia,
and resting tremor. The incidence of PD ranges from 10 and 50/100,000
persons, and its prevalence ranges between 100 and 300/100,000

Fig. 8. The role of mitochondria in age-related neurodegenerative diseases. (A) In AD, generation of ROS (Red stars) and inhibition of energy metabolism induce the
enhancement of amyloid beta (Aβ) levels in the cells, and Aβ can alter the mitochondrial function. Aβ affects the activity of complex IV (C-IV) and α-ketoglutarate
dehydrogenase (KGD) and binds Aβ-binding alcohol dehydrogenase (ABAD). The amyloid precursor protein (APP) can also impair mitochondrial protein import and
increase the proteolytic activity of high-temperature requirement protein A2 (HTRA2), which can lead to the cleavage of IAPs (inhibitors of apoptosis) and cell death.
Outer mitochondrial membrane (OMM), intramembrane space (IMS), inner mitochondrial membrane (IMM). (B) Complex I (C-I) activity is reduced in PD. Mutations
in mtDNA-encoded complex I subunits, 12SrRNA, and polymerase γ (POLG) also cause Parkinsonism. Many proteins, including the Lewy-body associated protein α-
synuclein, the protein deglycase (DJ-1), Parkin, and the kinase (LRRK2), partially or fully localize to mitochondria and are associated with PD. (C) Increased
expression of mutant SOD1 in ALS alters the activity of ETC and decreases mitochondrial calcium-loading capacity. Mutant SOD1 promotes aberrant mitochondrial
ROS production and forms aggregates that may clog the OMM protein importation machinery or bind and sequester the antiapoptotic protein Bcl-2. (D) Complex II
activity is decreased in the HD brain. Overexpression of complex-II subunits reduces cell death in striatal neurons expressing mutant HTT. Mutant HTT can also
increase the -sensitivity to calcium induced cytochrome c release or translocate to the nucleus to affect the expression of genes associated with apoptosis.
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population. PD frequency increases sharply with age, with its incidence
and prevalence increasing progressively after age 60 [106,107]. Some
acceptable etiologies of PD are mitochondrial dysfunction, oxidative
imbalance, chronic inflammation, aberrant protein folding, and ab-
normal protein aggregation, besides certain genetic and environmental
factors. The hallmark clinical manifestation of PD is pronounced re-
duction of dopamine, because of the loss of pigmented dopaminergic
neurons in the SN [108]. Oxidative stress generated by the dopamine
neurons is thought to play an important role in dopaminergic neuro-
toxicity. Several factors could be responsible for the oxidative stress in
the dopaminergic neurons, such as DA metabolism, mitochondrial dys-
function, and neuro-inflammation, which are the manifestations of free
radical/ROS generation [109]. Among these, mitochondrial dysfunction
in case of PD is the most significant contributor and is associated with
dysfunctional complex I of the mitochondrial ETC, which was detected
accidentally upon exposure to the synthetic drug 1-methyl- 4-phenyl-1,
2, 3, 6-tetrahydropyridine (MPTP) [110]. The MPTP metabolite, 1-me-
thyl-4- phenylpyridinium (MPP+) is selectively absorbed by pigmented
dopaminergic neurons, where it suppresses NADH dehydrogenase, re-
sulting in ROS formation and leading to oxidative stress-triggered neu-
ronal death. Accordingly, rotenone is one of the complex I inhibitors
that is used to create many PD animal models [111]. Several nuclear-
encoded genes mutated in hereditary PD usually involve mitochondrial
function, and mutations in such genes may lead to mitochondrial ab-
normalities [112]. Moreover, high levels of mtDNA deletions have been
observed in SN neurons of PD patients, possibly responsible for sig-
nificant respiratory chain dysfunction. Mutations in mitochondrial Pol-γ
have been linked to mtDNA deletions in PD [113]. For examples, loss-of-
function mutations in Parkin and PINK1 have been reported to con-
tribute to mitochondrial dysfunction, neurotoxicity, and early-onset PD
[114]. Parkin associates with outer mitochondrial membrane and pro-
vides a protective effect against the release of cytochrome c. It might
also associate with TFAM and enhance mitochondrial biogenesis. Hence,
loss of Parkin leads to the impairment of such functions. The mi-
tochondrial kinase, PINK1 has a protective effect against cell death,
which is the result of PD-related mutations or kinase inactivation [114].
Several other genes associated with PD also contribute to mitochondrial
disease. α-Synuclein immunostaining was observed in degenerating
mitochondria obtained from mice overexpressing A53T α-synuclein. The
overexpression of α-synuclein negatively affects mitochondrial function
and increases the toxicity of MPTP. When oxidized, the protein degly-
case (DJ-1) translocates to mitochondria (IMS and matrix), down-
regulates the PTEN-tumor suppressor, and protects the cell from oxi-
dative-imbalance-induced cell death. Induction of permeability
transition, impaired intracellular calcium homeostasis, and oxidative
stress occur in the affected cells and lead to necrosis or apoptosis, de-
pending on the rate of consumption and depletion of ATP. Physical as-
sociations have been reported between DJ-1 and α-synuclein, DJ-1 and
parkin, and DJ-1 and PINK1; and there is genetic evidence that DJ-1,
PINK1, and parkin function sequentially in the same pathway. About
10% of leucine-rich repeat kinase 2, LRRK2 is localized in the mi-
tochondria, and PD-related mutations augment its kinase activity.
LRRK2 is a large, widely expressed, multi-domain and multifunctional
protein. LRRK2 mutations are the major cause of inherited and sporadic
PD [115]. A mutation in the mitochondrial serine peptidase high-tem-
perature requirement protein A2 (HTRA2) 2 was recorded in 1% of
sporadic PD individuals. Overexpression of the mutant altered normal
HTRA2 protease activity, and HTRA2 knockout resulted in striatal de-
generation and Parkinsonism. Furthermore, creatine, which is a ni-
trogenous guanidine compound forming high energy phosphate bonds,
and naturally found in vertebrates, serving as an energy supplier to
muscle and nerve cells, also possesses antioxidant properties and acts as
an effective inhibitor for mitochondrial permeability transition pore
opening and mitochondrial iron accumulation. Creatine successfully
restored MPTP-induced loss of dopamine and protected dopaminergic
neurons in MPTP mouse model of PD [116].

7.3. Huntington's disease

HD is a rare, inherited, and an autosomal, fatal neurodegenerative
disease with cognitive problem and motor impairment caused by the
accumulation of insoluble polyglutamine, with a prevalence rate of
2.71 per 100,000 persons [117]. Generation of oxidative stress because
of the accumulation of ROS is thought to be one of the key players of
HD pathogenesis. Transition metals (e.g. Fe, Cu, Zn), one of the com-
ponents of ROS, exhibit the dynamic property of sharing electrons ea-
sily, because of the presence of unpaired electrons in their outermost
orbital shell, and can take part in a number of physiological redox re-
actions [118]. Previous studies have suggested metal dyshomeostasis to
be a major contributor to HD pathogenesis. In particular, Fe and Cu
have been implicated as mediators of HD pathology and have been
shown to accumulate in the post-mortem brain tissues of HD patients,
R6/2 mice, and in a Drosophila model of HD [119–120]. Repeated se-
quences of cytosine-adenine-guanine (CAG) in the DNA translated into
glutamine triplet repeats in huntingtin (Htt) gene or HD gene are spe-
cifically found in HD patients [121]. A recent MRI study showed the
enhanced accumulation of FE in the basal ganglia and cortex of human
HD patients and found its correlation with the CAG repeat number and
severity of the disease pathogenesis [120]. Several studies strongly
correlated the impairment of mitochondria in HD pathogenesis [122].
Both synaptic and non-synaptic mitochondria sampled from a mouse
model of HD showed ameliorated calcium influx [123]. Mitochondrial
fission plays a crucial role in the pathogenesis of HD; the interaction of
mutated mt(Htt) with Drp1 has been found to enhance the GTPase
activity of Drp1, resulting in excessive mitochondrial fragmentation
and abnormal distribution, leading to defective axonal transport of
mitochondria and selective synaptic degeneration. Hence, Drp1 might
represent a therapeutic target to neurodegeneration in HD. Induction of
calcium stress in the striatal and cortical neurons expressing mtHtt has
been observed to reduce mitochondrial calcium uptake, increase ROS
generation, enhance mitochondrial depolarization, and induce apop-
tosis through the opening of mitochondrial permeability transition pore
(PTP) [124]. Mutant HTT also associates with the outer mitochondrial
membrane and increases the sensitivity to calcium-induced cytochrome
c release. Mutant HTT also translocates to the nucleus, where it binds
and increases the level and transcriptional activity of p53. P53 activates
the pro-apoptotic protein BAX, either directly or by increasing the ex-
pression of Bcl2 homology domain 3 (BH3)-only Bcl-2 family members,
NOXA, and PUMA [125]. Genetic elimination of PGC-1α controls the
progression of HD [126]. Activation of PPAR- γ receptors can enhance
mitochondrial dysfunction in mHtt-expressing cells that can have a
significant role in HD pathogenesis. Therefore, PPAR- γ agonist has a
protective effect against oxidative stress and attenuate mitochondrial
dysfunction in mHtt striatal cells. Thus, mitochondrial biogenesis
pathway serves as a potential therapeutic target for HD medication
[127].

7.4. Amyotrophic lateral sclerosis

ALS is the loss of upper or lower motor neurons in the spinal cord
and brain, which leads to fatal paralysis. The incidence of ALS is ap-
proximately 1–2.6 cases per 100,000 persons annually, whereas the
prevalence is approximately 6 cases per 100,000 [128]. Oxidative
stress, which occurs because of the generation and accumulation of
ROS, is one of the major contributors to ALS pathology and affects the
presynaptic transmitter releasing machinery. In ALS mouse models,
nerve terminals have been shown to be sensitive to ROS, suggesting that
oxidative stress, along with compromised mitochondria and increased
intracellular Ca2+ enhances the presynaptic decline in neuromuscular
junctions. This initial dysfunction is followed by the neurodegeneration
induced by inflammatory agents and eventual loss of trophic support
[129]. Mutation in the Cu/Zn SOD1 gene encoding the antioxidant
enzyme SOD is a major manifestation of ALS. Mutated SOD1 binds to
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the apoptotic regulator Bcl-2, alters VDAC conductivity, reduce ATP
production, and increases calcium accumulation. Such alterations lead
to elevated mitochondrial potential and enhanced oxidative species
production [130]. In ALS patients, mitochondrial impairments of the
skeletal muscle are associated with a reduction in the transcription of
PGC-1a and PGC-1b, NRF1, ERRa, Mfn1 and Mfn2, and the protein
content as well as increases in several miRNAs that are possibly in-
volved in neuromuscular junction and skeletal muscle regeneration.
These results suggest that mitochondrial dysfunction in the skeletal
muscle contributes to the pathogenesis of ALS [131]. Moreover, PPAR-
γ might be the main signaling pathway contributing to neuroin-
flammation, which is considered as one of the hallmarks of ALS. Hence,
neuroinflammation blockage might have an effective therapeutic
function on ALS patient [132]. Increase in the oxidants inside the cell
leads to protein carbonylation and tyrosine nitration. Accumulation of
damaged proteins occurs in the CNS of ALS patients. This accumulation
interferes with the axonal transport and anterograde and retrograde
transport of mitochondria to the nerve terminal, thereby reducing ATP
production and synaptic transmission by altering calcium signaling
[133]. Enhancing mitochondrial biogenesis by AMPK activation might
have a promising therapeutic approach in the mice model of ALS [134].
Recently, it was also reported that the activation of SIRT1 enhances the
survival of motor neurons by enhancing PGC-1a in the transgenic mice
model of ALS [135]. Collectively, these observations strongly indicate
that PPAR-γ transcriptional activity within the CNS may help to control
the progression of ALS [136].

8. Therapeutic strategies against mitochondrial dysfunction

The principal cause of mitochondrial disease lies in the genetic
range and clinical complexity owing to mutation(s), heteroplasmy
(concurrent presence of normal and mutant genes), age, and the en-
vironment. These reasons have pushed the researchers to develop
compounds/processes for targeting the crucial pathways that regulate
mitochondrial biogenesis, fission and fusion, mitochondrial autophagy
(mitophagy), heteroplasmy shift, and induction of antioxidant me-
chanisms. Some of the compounds and approaches used for targeting
mitochondria are discussed below:

8.1. Lifestyle interventions

8.1.1. Exercise
Exercise enhances the physical capacity and quality of life in in-

dividuals by improving mitochondrial function, and getting rid of un-
healthy mitochondria. Continuous exercise triggers various signaling
pathways related to biogenesis of mitochondria, dynamics, and meta-
bolism. During exercise, skeletal muscles generate free radicals and ROS
owing to vigorous activity. Muscle fibers, such as type I and type II
skeletal muscle fibers possess unique properties that promote mi-
tochondrial ROS production [137]. However, several other tissues such
as the heart, lungs, or white blood cells might significantly contribute to
the total ROS generation within the body under certain circumstances.
Studies have documented that the normal metabolic changes, such as
the increased release of catecholamines during exercise might play an
important role in increased ROS formation. Exceptionally, heavy to
very heavy exercise might induce muscle damage, thereby, leading to
inflammatory processes that can eventually lead to the excessive pro-
duction of free radicals/ROS. Thus, moderate exercise will assist in
controlling the level of ROS generation, and can hence render better
health characteristics [138]. Several studies have also reported that
lifestyle routine assists in maintaining the youth and prolong the de-
velopment of age-related diseases. Exercise therapy improves mi-
tochondrial function by enhancing oxidative phosphorylation activity
[139]. Wenz et al. reported the benefit of exercise in COX10 knockout
mice, which exhibited delay in disease onset, increased ATP levels,
oxidative phosphorylation activity, and life expectancy [140]. Because

aging is accompanied with the loss of muscle mass and structural
changes in neuromuscular components, exercise can promote beneficial
adaptations, which can prevent the progression of loss of function of
aged muscles [141].

8.1.2. Diet
Dietary intervention can lead to the improvement in the mi-

tochondrial health in different ways [142]. Caloric restriction (CR) has
been reported in the reduction of ROS and extending the longevity of
several laboratory mice, hamsters, dogs, fish, invertebrate animals, and
yeast models. CR retards aging and senescent, thereby improving the
longevity of an organism. Additionally, CR is known to enhance the
ability to repair oxidatively damaged DNA and to replace damaged
proteins [143]. On the contrary, some studies have reported that CR can
also mediate mito-hormesis, and can enhance the production of ROS,
thereby activating stress response pathways, and eventually increasing
the lifespan of organisms [144]. Researches have shown that CR mainly
activates the Nrf2/ARE pathway, which might serve as an endogenous
antioxidant system within the vasculature, thereby increasing the tol-
erance to cellular oxidative stress. Induction of quinone reductase,
NQO1 by resveratrol in human K562 cells involves the antioxidant re-
sponse element ARE and is accompanied by nuclear translocation of
transcription factor Nrf2 [145]. Several currently proposed CR mimics
are phytochemicals (resveratrol, quercetin and curcumin) that act
mainly/partly through the activation of Nrf2 pathway, and ultimately
leading to increased life-span [146]. Furthermore, proper adjustment of
the quantity and quality of calories in taken at a daily basis is important
for the patients with mitochondrial dysfunction as well as for normal
individuals. Ketogenic diet (KD), with high fat and low glucose level
enhances lipid utilization by mitochondrial beta oxidation and ketone
body production in the liver [140]. Studies also showed that KD im-
proves brain energy metabolism by stimulating mitochondrial biogen-
esis, suppressing ROS production, increasing neuron glia interaction
and enhancing ATP production [147]. Many epidemiological studies
have shown that nutritional status of an individual is one of the im-
portant factors that play an important role in aging and neurodegen-
erative diseases [148].

8.2. Pharmacological strategies

Generation of excessive ROS leads to structural and functional ab-
normalities in the mitochondria that can exacerbate mitochondrial
dysfunction, thereby leading to disease. In this context, pharmaceu-
ticals that maintain mitochondrial homeostasis could potentially im-
prove the mitochondrial health in a wide range of diseases. Many
strategies are currently being employed to limit the altered mitochon-
dria, such as targeting ROS formation, mitochondrial biogenesis, mi-
tochondrial dynamics, mitochondrial protein import, and mtDNA
import.

8.2.1. Targeting ROS
Studies have reported that the pathogenesis of mitochondrial dis-

eases is associated with altered antioxidant defense or excessive gen-
eration of ROS, resulting in irreparable damage to macromolecules.
Because neurodegenerative diseases are very complicated and have
multifactorial etiologies, wherein oxidative stress and mitochondrial
dysfunction are involved, the development of antioxidants targeting
these factors could potentially assist in the treatment of these disorders
[149]. For example, mercaptamine is proposed to increase the levels of
glutathione that acts as an antioxidant to combat ROS produced by
damaged mitochondria in mitochondrial disease patients. Similarly,
vatiquinone is also an antioxidant, which has been shown to be bene-
ficial in clinical trials [150]. RTA-308 is an antioxidant and anti-in-
flammatory agent that acts by increasing the activity of Nrf2, which in
turn enhances the expression of pro-oxidant genes and represses in-
flammatory gene expression in animal models [151]. Bendavia is a
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peptide that prevents cardiolipin from converting cytochrome c into a
peroxidase, while rendering its electron transport chain function intact
[152]. Moreover, antioxidants such as ebselen, coenzyme Q, lipoic acid,
and green tea polyphenol Epigallocatechin gallate (EGCG) were found
to exert some beneficial effects in MPTP-induced animal models of
neurodegenerative diseases [153–156]. A similar effect was observed
using melatonin, which acts as a mitochondria-targeted antioxidant and
has protective actions similar to the synthetic antioxidants [157,158].
AD patients exhibited low levels of melatonin in their ventricular
system, which was accompanied by mitochondrial damage. The me-
chanisms by which melatonin has been proposed to play beneficial roles
in AD include its antioxidant activity, anti-amyloidogenic activity, and
the inhibition of tau hyperphosphorylation [159]. Nanoparticle for-
mulations capable of encapsulating therapeutic molecules and targeting
specific transport processes in the brain vasculature are potential tools
for enhancing drug transport through blood brain barrier in neurode-
generative/ischemic disorders and targeting relevant regions in the
brain for regenerative processes. Ceria nanoparticles, which are strong
and recyclable ROS scavengers, were found to localize in the mi-
tochondria and suppress neuronal death in a 5XFAD transgenic AD
mouse model [160]. This effect was attributed to the ability of nano-
particles to mitigate reactive gliosis and morphological damage to mi-
tochondria.

8.2.1.1. MitoQ. MitoQ (mitoquinone) is a well-known, extensively used
antioxidant for targeting mitochondria. Researchers have shown that
MitoQ mainly accumulates inside the matrix-facing surface of the inner
mitochondrial membrane, with the ubiquinone component penetrating
deeply into the hydrophobic interior of the membrane [161]. MitoQ is a
promising neuroprotective compound because of its direct antioxidant
action. CoQ10 and MitoQ are promising neuroprotective compounds,
which continuously scavenge peroxyl, peroxynitrite, and superoxide,
thereby protecting the mitochondria against lipid peroxidation. MitoQ

also possess simultaneous anti-inflammatory and anti-hypoxic
properties, and owing to redox cycling of quinone and generation of
superoxide, it may become pro-oxidant and proapoptotic. Several
diseases other than neurodegenerative disease involving oxidative
stress, such as ischemia-reperfusion [162], fatty liver disease [163],
hypertension [164], kidney damage in type I diabetes [165] and sepsis
[166] are protected by MitoQ as demonstrated in animal models.

8.2.1.2. CoQ10. CoQ10 (Co-enzymeQ 10) is a neuroprotective agent.
Postmortem studies have shown that after the death of an organism,
CoQ10 (mainly oxidized CoQ10) levels in the plasma and platelets of
neurodegenerative patients significantly decreases compared to age
matched controls, thereby suggesting that intake of CoQ10 supplements
may be beneficial. In particular, paraquat- and rotenone- induced
mitochondrial dysfunction and neurodegeneration in rat
mesencephalic primary neurons were inhibited by CoQ10 [167].
Processing of neuronal cells with CoQ10 maintains the mitochondrial
membrane potential during oxidative stress and reduces the generation
of ROS by the mitochondria, which ultimately protects from disease
onset.

8.2.1.3. Antioxidant vitamins. Several vitamins act as antioxidants and
have been tested for their neuroprotective efficacy. Deficiency of
vitamin E increased MPTP-induced dopaminergic neurotoxicity [168].
Several studies in humans suggest that the administration of a
combination of high-dose of vitamin E and vitamin C supplements
was associated with the reduced progression of PD [169]. However, the
results of double-blind, randomized controlled trials are discouraging,
because they showed vitamin E has no benefits on PD. The protective
role of vitamin C in PD remains controversial because one
epidemiological study reported a decreased risk of PD in individuals
consuming vitamin C rich diet, whereas other studies showed no effects
or even an increased risk of PD upon vitamin C consumption [170].

8.2.2. Targeting mitochondrial biogenesis
8.2.2.1. Proliferator-activated receptor γ coactivator 1 (PGC1)-α. This
approach walks through the PGC1-α, which is the major
transcriptional co-activator protein regulating the expression of
nuclear mitochondrial genes. The interaction of PGC1-α with multiple
transcription factors leads to the enhanced transcription of nuclear-
encoded mitochondrial genes [171]. Multiple pathways of
mitochondrial biogenesis demonstrate the use of both genetic and
pharmacological assays in specific mouse models to target pathways
using low-molecular-weight compounds, such as resveratrol,
bezafibrate, and NAD+ precursors that target sirtuin (Sirt1) and/or
AMPK, and PPAR (Fig. 9). Overexpression of PGC1-α has been observed
in mouse models of Duchenne muscular dystrophy (DMD), ALS, and PD.
Increased mitochondrial biogenesis linked to an improvement in the
phenotype was shown in some cases [172]. Overall, studies suggest that
increasing PGC1-α activity can increase mitochondrial biogenesis that
can have therapeutic implications in mitochondrial disease. The PGC-
1α signaling pathway is related to HD pathogenesis, and common
variations in the PGC-1α gene are associated with delayed onset of HD.
Therefore, manipulating the regulatory network PGC-1α to control the
metabolic state of the mitochondria is a promising HD therapy [173].
PGC-1α might also be a therapeutic target for PD [174]. PGC-1α is also
critical for the control of cellular oxidative stress by regulating various
antioxidant enzymes, such as SOD, catalase, and glutathione peroxidase
[175]. Additionally, PGC-1α regulates ROS production via Sirt1 [176].
Therefore, the ROS scavenging activity of PGC-1α can serve as a crucial
target in many age-related neurodegenerative diseases associated with
oxidative stress-induced damage, such as AD and ALS [177].

8.2.2.2. Resveratrol. Resveratrol, proposed to be an activator of Sirt1, is
a natural stilbenoid found mainly in the skin of grapes [178]. The
expression of PGC1-α is regulated by AMPK and Sirt1 NAD+ dependent

Fig. 9. Multiple pathways showing the mitochondrial biogenesis and energy
expenditure are depleted during energy expenditure. The increase in the ADP/
ATP ratio owing to the depletion of ATP and NADH during energy expenditure
is perceived by AMPK that activates PGC-1α. Then, AMPK affects the NAD+/
NADH ratio via NAMPT (not shown), which regulates the deacetylase SIRT1
that fully activates PGC-1α. Subsequently, PGC-1α interacts with transcription
factors and enhances the transcription of nuclear-encoded and mitochondrial-
encoded mitochondrial genes; including estrogen related receptor (ERR), nu-
clear respiratory factor (NRF), and peroxisome proliferator-activating receptor
(PPAR). The compounds shown in green denote the stimulators of this pathway.
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deacetylase. Changes in the level of NAD+/NADH and AMPK regulate
the expression of Sirt1 that are required at several steps in the Krebs
cycle during oxidative phosphorylation. Although the effects of
resveratrol are well documented, there are several controversies
regarding its molecular mechanism. One of them is the indirect
regulation of Sirt1 expression by resveratrol via AMPK, further
regulating NAD+ levels which in turn controls Sirt1 activity [179].
Simultaneously, resveratrol can act directly on Sirt1 homologues in
vitro and can catalyze the deacetylation reaction of acetyl lysine [180].
Nevertheless, resveratrol increases mitochondrial biogenesis and
oxidative respiration in mouse models of obesity [181]. Resveratrol
has been tested in mouse models of Friedreich's ataxia, the mdx model
for DMD, SOD1 ALS models, and in AD, HD, and PD models for
neurological indications and mitochondrial disease [182].

8.2.2.3. Isoflavones. Isoflavone is a dietary supplement isolated from
soybeans and are well-known for their antioxidant, antimicrobial, and
anti-inflammatory health benefits. Isoflavones act as phytoestrogens
and exert pseudo-hormonal activity by binding to estrogen receptors
(ER) in mammals, in addition to possessing antioxidant, anticancer,
antimicrobial, and anti-inflammatory activities. Daidzein and genistein
are the most common isoflavones with a characteristic chemical
structure (B-ring is linked to the C3 position of the C-ring instead of
the C2 position) resembling the structure of estrogens, particularly 17-β
estradiol. Hence, isoflavones induce either a weak estrogenic
(agonistic) or anti-estrogenic (antagonistic) effect, depending on the
levels of endogenous estrogens and ER [183]. Oxidative stress-induced
apoptosis and the inhibition of cell proliferation can be prevented by
soy isoflavones via the regulation of ERβ and Bcl-2/Bax expression and
modulation of cell survival signaling pathways, such as the PI3K
pathway [184]. Isoflavones initiate mitochondrial biogenesis through
PGC1 and increased SIRT1 activity [185], and can hence act as
important players in ameliorating mitochondrial dysfunction.

8.2.2.4. Quercetin. Quercetin is an important natural polyphenolic
flavonoid that is ubiquitously present in the diet comprising a variety
of fruits and vegetables. For a long time, quercetin has been considered
as a potent antioxidant and anti-inflammatory molecule [186]. Recent
studies have suggested that quercetin might exert its beneficial effects
irrespective of its free radical-scavenging properties. Quercetin assists
in increasing the mitochondrial DNA copy number and messenger RNA
levels of four genes related to mitochondrial biogenesis (citrate synthase,
cytochrome c oxidase I, SIRT1, and PGC-1α) [187]. It also interacts with
the mitochondrial membranes and influences the function of the
mitochondrial membrane-located proteins. Although previous studies
suggest that quercetin is thought to modulate energy production,
interactions with several mitochondrial proteins, regulation of
apoptosis, and the direct free radical-scavenging activity cannot be
regarded as the major mechanism for the clinical effects of quercetin.
Overall, quercetin triggers cell death via the activation of the intrinsic
apoptotic pathway, involving the modulation of intricate cellular
signaling pathways of apoptosis in different cell lines and in vivo [186].

8.2.2.5. Bezafibrate. Bezafibrate is a PPAR agonist that was initially
developed for treating hyperlipidemia [188]. Recently, PPARs have
been shown to regulate mitochondrial biogenesis via PGC1-α [189] and
were also shown to increase the respiratory function in patient-derived
cells. In addition, bezafibrates have been tested in multiple
mitochondrial disease mice models with less success. ΔCox10 mice,
which received 0.5% w/w dietary bezafibrate, showed increased
muscle mitogenesis, delayed onset of myopathy, and extended
lifespan [190]. Further studies in the Twinkle mutant “deletor”
mouse and the Polg “mutator” mouse had different success rates. The
“deletor” mouse demonstrated reduced mtDNA deletion load and had
fewer COX-negative muscle fibers, but, at the expense of the body
weight and hepatic complications. On the other hand, the Polg

“mutator” mouse exhibited multiple beneficial phenotypes, including
delay in hair loss, reversed of an abnormal spleen, and reduced weight
loss despite not displaying an increase in mitochondrial biogenesis
during bezafibrate treatment [191]. Overall, bezafibrate was partially
successful in cellular and animal models by increasing mitochondrial
function and ameliorating mouse model phenotypes.

8.2.2.6. NAD+ precursors. NAD+ precursors are recent developmental
agents that can be used directly as therapeutic agents, in particular
nicotinamide riboside (NR). NR has been shown to improve muscle
mitochondrial performance in wild-type and high-fat diet mice. NR was
subsequently used to treat the “deletor” adult-onset mitochondrial
disease mouse in two dosing schedules representing pre- and post-
disease onset situations (400mg/kg/day), and was seen to be beneficial
in both dosing situations, increasing intracellular NAD+, increasing
mitochondrial biogenesis, and reducing the accumulation of damaged
mtDNA [192]. Therefore, increasing the concentration of NAD+ can be
of great potential for treating mitochondrial dysfunction.

8.2.3. Targeting mitochondrial dynamics
As described earlier, cells use three different strategies to deal with

mitochondrial dysfunction: (1) mitochondrial fission that segregates
damaged mitochondria to mark them for degradation, (2) mitochon-
drial fusion that allows functional mitochondria to complement dys-
functional mitochondria by diffusion and sharing of components be-
tween organelles, and (3) mitophagy that selectively degrades damaged
mitochondria. The complex interplay among these processes is im-
portant for maintaining mitochondrial homeostasis, and hence, has an
important role in many mitochondria related diseases [193].

Mitophagy can be induced by altering the mitochondrial membrane
potential utilizing mitochondrial uncouplers, such as FCCP/CCCP, or
agents that alter mitochondrial respiration, such as antimycin A and
oligomycin [194]. Moreover, iron chelators have been reported to in-
duce mitophagy in PD patients in the PINK1/Parkin-independent
manner [195]. PINK1/Parkin plays a crucial role in mitophagy; there-
fore, recent studies have focused on identifying and developing com-
pounds that enhance PINK1-Parkin function to induce cell death. Ki-
netin, a precursor of ATP analog kinetin triphosphate, which induces
the activity of wild-type and PD-related mutant PINK1, recruiting
Parkin to the damaged mitochondria and reducing mitochondria-in-
duced apoptosis that reduce excessive fission [196], assists in main-
taining mitochondrial integrity and neuronal function. Other promising
agents for maintaining mitochondrial turnover and neuronal function in
oxidative stress- and mitochondrial-related disorders are Mdivi-1, Dy-
nasore, and P110. Mdivi-1 prevents mitochondrial division by selec-
tively inhibiting dynamin, a component of the mitochondrial division
apparatus. Mdivi-1 reduces the permeability of mitochondrial outer
membrane and subsequent cytochrome c release, thereby decreasing
the rate of apoptosis [197]. Dynasore is a small molecule inhibitor of
endocytic pathways that reduces the activity of dynamin 1, dynamin 2,
and Drp1 [198]. Dynasore protects mouse cardiomyocytes by reducing
oxidative stress-induced mitochondrial fragmentation, maintaining
mitochondrial morphology, and restoring cellular ATP levels. P110 is a
peptide inhibitor of excessive mitochondrial fission that inhibits Drp1
activity and blocks the interaction between Drp1 and FIS1, another
protein involved in mitochondrial division. P110 was found to reduce
ROS generation and mitochondrial fragmentation and inhibits apop-
tosis and autophagic cell death, thus a neuroprotective effect in a PD
model [199]. Modulating mitophagy, fusion, and fission warrants fu-
ture research using appropriate disease models to further unravel their
therapeutic potential.

8.2.4. Targeting mitochondrial DNA transport
As outlined above, mtDNA mutations are associated with mi-

tochondrial dysfunction and the subsequent onset and progression of
several age-related neurodegenerative diseases. We now know that
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most mitochondrial proteins are encoded by nDNA and are imported to
mitochondria via mitochondrial membrane translocases [25]. Specific
targeting of the import of mitochondrial macromolecules to modulate
the expression of mutated mtDNA or replacing impaired proteins are
promising strategies for overcoming disorders associated with defective
mitochondrial biogenesis and function. Mitochondrial protein import
system has been typically used for introducing DNA into the mi-
tochondrial matrix. Different approaches of transferring DNA into
whole cells are shown in Fig. 10. Various attempts have been made to
employ alternatives for the protein import pathway to import exo-
genous DNA into the mitochondrial matrix, such as “protofection”,
wherein the combination of a protein transduction domain (PTD) with a
mitochondrial targeting sequence (MTS) are fused to the TFAM mi-
tochondrial transcription factor, for yielding a carrier called mi-
tochondrial-targeting domain-TFAM. In such a system, PTD ensures
transduction into the cells, MTS promotes mitochondrial targeting and
import, and TFAM transports DNA [200,201]. Using this assay, the
mitochondria-deficient phenotype of PD cybrids was reportedly res-
cued. However, the strategy suffers because of the lack of direct mo-
lecular evidence, confirming the delivery of DNA into the organelles.
Alternative approaches to delivering DNA into the mitochondrial ma-
trix include the cationic carrier DQAsome [202], liposome-based carrier
MITO-Porter [203] and mitochondrial presequence polyethylenimine
conjugates [204]. Transporting antisense RNA that can hybridize spe-
cifically to a mutated region into the mitochondrial matrix is a pro-
mising way to prevent replication of mutated DNA. Sequence specific
peptide nucleic acids (PNAs), which have high stability and affinity
toward the complementary sequences of DNA, are molecules of interest
in modern gene therapy. PNA fused to a mitochondrial presequence
penetrates cellular and mitochondrial membranes, and specifically in-
hibits the replication of mutated DNA [205]. However, subcellular

trafficking and cellular uptake efficiency are the major obstacles in
actively applying PNAs in gene therapy [206]. Conjugating PNAs with
the lipophilic phosphonium cation is beneficial for overcoming these
obstacles. This conjugate can successfully enter cells and can be
transported into the mitochondrial matrix, where it selectively inhibits
the replication of a DNA region with an A8344G point mutation that
causes mitochondrial disease, myoclonic epilepsy, and ragged red fibers
syndrome. Electroporation can be used to deliver DNA constructs in
isolated mitochondria [207]; however, the conditions necessary for
successful electroporation damage the structural integrity of these or-
ganelles. By contrast, exogenous linear DNA can be incorporated
naturally into the matrix through mitochondrial VDACs and can serve
as a template for DNA replication or promoter-mediated transcription.
Overall, the approaches for delivering DNA on the mitochondria exhibit
great promise for studying normal mitochondrial genome functions and
mitochondria-related disease pathologies.

8.3. Mitochondrial replacement and stem cell therapy

Mitochondrial replacement therapy is a recent intervention with
tremendous potential for treating mitochondrial pathologies, particu-
larly those associated with mtDNA mutation. Unlike nDNA mutations
that are generally transmitted in an autosomal recessive manner,
mtDNA mutations are more severe, because they are transmitted to
progeny solely from the maternal line [208]. As the name suggests,
mitochondrial replacement can be achieved by transferring the nuclear
genome of a cell with affected mitochondria. For example, a nucleus
can be transferred from an affected oocyte into another oocyte with
healthy cytoplasmic components. This therapy gives rise to a cell with
healthy mitochondria without changing the nuclear genome [209],
effectively avoiding the genetic transference of mtDNA mutations to the
progeny. Mitochondrial replacement techniques (MRTs) include ma-
ternal spindle transfer and pronuclear transfer [208]. MRT can also be
used to generate homologous stem cells corrected for mtDNA muta-
tions. The generation of embryonic stem cells from healthy oocytes with
replaced mtDNA using MRT and their subsequent differentiation into
different cell types with healthy mitochondria can lead to paradigm
shift in the treatment of maternally heritable mitochondria-related
disorders [210]. However, the implementation of MRT for human use is
still a matter concern worldwide because of safety and ethical issues
related to germline modification. MRT along with stem cell therapy has
the potential to be used as a crucial therapy for neurodegenerative
disorders in spite of the complexity of these techniques.

9. Conclusion

Mitochondria are vital organelles of the cell. Any dysfunction in the
mitochondrial leads to the pathogenesis of various disorders.
Impairment and abnormality in mitochondrial biogenesis and dy-
namics, such as reduction of fusion and enhancement of fission are
important players associated with mitochondrial dysfunction, and
neurodegenerative diseases, including Alzheimer's disease, Parkinson's
disease, Huntington's disease, and amyotrophic lateral sclerosis. Electron
transport chain (ETC) is not only the primary source of ATP and ROS
but also associated with improved lifespan in many models. Under
normal physiological conditions, the cellular machinery is able to re-
move damaged mitochondria from the cells or induce cell death to
maintain homeostasis. Altered ETC leads to the overproduction of ROS,
reduction of ATP concentration, and excessive accumulation of cal-
cium. Therefore, mitochondria are considered as potential targets for
the development of therapeutic interventions targeting crucial path-
ways regulating mitochondrial biogenesis, fission and fusion, mi-
tochondrial autophagy, genomic integrity, heteroplasmy shift, and an-
tioxidant defense mechanisms to combat the progression of age-related
neurodegenerative diseases. This review comprehensively character-
ized the different etiologies and specific therapeutic measures of

Fig. 10. Different approaches of transferring DNA into mitochondria in whole
cells. DNA can be (a) annealed to a peptide nucleic acid (PNA) moiety con-
jugated to a mitochondrial-targeting sequence (MTS), (b) complexed with
polyethylenimine (PEI) conjugated to a MTS, (c) loaded on the TFAM factor
fused to a MTS and transduction domain (TD), (d) incorporated into adeno-
associated virus particles carrying MTS. TFAM: transcription factor A mi-
tochondrial, mRNA: messenger RNA, ssDNA: single-stranded DNA.
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mitochondrial dysfunction in context to age-related neurodegenerative
diseases. Furthermore, this review suggests the implementation of
specific strategies, such as enhancing the antioxidant bioavailability via
new delivery systems, identifying unique mitochondrial proteins as
specific targets for the newly developed drugs, exploring the signaling
pathways involved in the regulation of mitochondrial biogenesis and
dynamics, and identifying and determining the most effective doses of
natural products to counteract mitochondrial dysfunction-related dis-
eases. The review also warrants more studies to be conducted for as-
sessing the mechanisms of mitochondrial impairment using specific
animal models for the identification of novel mitochondria targeted
therapeutic interventions in context to age-related neurodegenerative
diseases.
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