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A B S T R A C T

Recent advances in understanding the role of mitochondrial dysfunction in neurodegenerative diseases have
expanded the opportunities for neurotherapeutics targeting mitochondria to alleviate symptoms and slow disease
progression. In this review, we offer a historical account of advances in mitochondrial biology and neurode-
generative disease. Additionally, we summarize current knowledge of the normal physiology of mitochondria and
the pathogenesis of mitochondrial dysfunction, the role of mitochondrial dysfunction in neurodegenerative dis-
ease, current therapeutics and recent therapeutic advances, as well as future directions for neurotherapeutics
targeting mitochondrial function. A focus is placed on reactive oxygen species and their role in the disruption of
telomeres and their effects on the epigenome. The effects of mitochondrial dysfunction in the etiology and pro-
gression of Alzheimer's disease, amyotrophic lateral sclerosis, Parkinson's disease, and Huntington's disease are
discussed in depth. Current clinical trials for mitochondria-targeting neurotherapeutics are discussed.
Centrality of mitochondria in neurodegeneration

Mitochondria hold a central position in the biology of cells and are
crucial to life. Eukaryotic cells contain many mitochondria, which
occupy as much as a quarter of the cytoplasmic volume [1]. The secrets of
the mitochondria's functions were not revealed until the 1950s, when
Palade and Sjostand discovered the mitochondria's complex internal
structure in electron microscopy studies. Due to the importance of
mitochondria in producing energy for cells, life ultimately depends on
their proper functioning. Mitochondrial dysfunction can lead to a variety
of neurodegenerative disorders. Neurological and neuromuscular syn-
dromes are the most frequent clinical presentations of mitochondrial
disorders [2]. Although the density of mitochondria may be lower in
neurons than it is in other cells, such as myocytes, the brain consumes
almost ten times more oxygen and glucose compared to other tissues [3].
A resting cortical neuron consumes 4.7 billion ATP molecules per second
4], highlighting the dependence of the nervous system on mitochondria
for its proper functioning. Mitochondria get transported across the
neuron by miniature motors along tubular tracks to produce ATP where
it's needed most. The highest demand for ATP in a neuron is usually in
synapses, although some remain in basic housekeeping locations [4].
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Structure and function of mitochondria

Mitochondria are independent organelles, typically having an ellip-
soid shape. Every aspect of the mitochondria's form is linked to a highly
specialized function, with dynamic events allowing their appearance to
range from their more typically described rod shape to more complex
reticular networks [5]. A healthy cell can be judged by the shape of its
mitochondria [4]. The porous outer membrane serves as a boundary
between the inside of the mitochondria and the host cytoplasm. Its
composition is the same as the cell lipid membrane, allowing the diffu-
sion of lipid-soluble molecules into the intermembrane space. It contains
many important enzymes and receptors [6]. Its porous nature makes it
permeable to small molecules and ions. The voltage-dependent anion
channel in the outer membrane allows transport of both hydrophilic and
small proteins (less than 5000 Da). In many cases, mitochondria form a
complex reticulum that interacts with other cellular components such as
the cytoskeleton and endoplasmic reticulum (ER). Even though these
interactions are poorly understood at the molecular level, they appear to
underlie mitochondrial dynamics and replication, as well as their
involvement in processes such as calcium homeostasis [5]. Surrounding
the central matrix of the mitochondria is the inner membrane, which is
iety for Experimental NeuroTherapeutics. This is an open access article under the

mailto:bharatendu-chandra@uiowa.edu
www.sciencedirect.com/science/journal/18787479
www.sciencedirect.com/journal/neurotherapeutics
https://doi.org/10.1016/j.neurot.2023.10.002
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neurot.2023.10.002


Connection 
between 
neurodegener
ative 
disorders and 
mitochondrial 
dysfunction 
discovered in 
Parkinson’s

Connection 
between 
mitochondrial 
dysfunction and 
Alzheimer’s 
discovered

281 pathogenic 
mtDNA
mutations have 
been identified 
through 
sequencing

Mutations of 
COQ10 likely 
associated with 
encephalomyopat
hic syndromes. 

Confirmed age 
related 
accumulation of 
somatic and 
clonal mtDNA
deletions in 
substantia nigra 
that showed that 
neurons with 
high mutation 
loads were 
COX-negative. 

Mitochondrial 
theory of 
aging. Somatic 
mtDNA
mutations 
generate 
excessive 
ROS and 
these further 
damage 
mtDNA. 

Correlation between 
formation of mtROS 
and nitrogen 
species (RNOS) and 
rates of 
neurodegeneration 
in brain and retina, 
and maximum 
lifespan potentials in 
five different 
mammalian species.   

The following proteins 
have implications on 
sporadic Parkinson's 
disease: PARK2 
(encodes parkin), 
PINK1 (encodes 
PTEN-inducing putative 
kinase 1), PARK7 
(encodes DJ-1), SNCA
(encodes 
alpha-synuclein), 
LRRK2 (encodes 
dardarin), HTRA2 
(encodes Omi/HTRA2). 

Autosomal recessive 
parkinsonism is not 
uncommon in 
patients with PEO 
and mutations in 
POLG, and can be 
seen even in young 
patients without PEO. 

 Mutant HTT impairs 
mitochondrial function 
by repressing PGC-1 
alpha-regulated gene 
transcription of many 
nucleus encoded 
mitochondrial genes. 

1980s 1988 20182006 200711972 200419991919978 1992

 HTT binds to huntingtin interacting protein 
1 (HAP1), a cytosolic protein that 
associated with microtubules and other 
membranous compartments of cell, 
including mitochondria. HAP1 interacts with 
p150Glued subunit of dynactin 
(DYNC1LI2). Interactions may explain why 
microtubules destabilized in HD. 

 Reported 
respiratory 
chain 
abnormalities 
in spinal cord 
of sporadic 
ALS patients. 

1981985

Large scale 
mtDNA deletions 
identified in 
muscle biopsies 
from patients with 
mitochondrial 
myopathies

Mitochondrial 
metabolic 
enzyme 
deficiency in 
AD 

20% of those with 
familiar ALS have 
mutations in Cu,Zn 
superoxide 
dismutase 1 (SOD1) 
gene, present in 
both the cytosol and 
intermembrane 
space.

192 1993

Three genes identified in 
Alzheimers in the familiar 
form: amyloid precursor 
protein (APP), presenilin 1 
(PS1, gene PSEN1), and 
presenlin 2 (PSN2, gene 
PSEN2). Variations of 2 
predispose people to 
spontaneous alzheimers: 
apolipoprotein E isoform 4 
(APOE4) and SORL1. 

Respiratory 
chain 
deficiency in 
AD 

Different mtDNA
haplotypes may 
modulate 
oxidative 
phosphorylation, 
possibly 
predisposing 
them or 
protecting them 
from certain 
diseases. 

Nonglycoslylated full-length and C-terminal 
truncated APP proteims accumulates 
exclusively in the mitochondrial protein 
import channel in AD brains but not in age 
matched controls 

Huntington’s caused by abnormal 
expansion of CAG repeat in HD 
gene on chromosome 4, which 
encodes huntingtin (HTT). It is not 
a mitochondrial protein, but it leads 
to mitochondrial dysfunction. 
Decreased complex 2 and 3 
function in postmortem HD brains. 
Inhibition of complex 2 by malonate 
in experimental animals caused 
HD resembling pathogenic lesions. 
Polyglutamine accumulation 
impairs calcium handling, causing 
calcium induced permeability 
transition and cytochrome c 
release. 

Fig. 1. Timeline.
Above is a historical timeline outlining seminal discoveries linking mitochondria to neurodegenerative disorders.
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impermeable to polar molecules and ions. The inner membrane is con-
voluted and invaginated [7]. This membrane is enriched with cardiolipin
and contains more proteins than the outer membrane, including elevated
protein levels required for a variety of biochemical pathways, including
oxidative phosphorylation. The inner mitochondrial membrane is
impermeable to most small ions and molecules, including Hþ, which is
especially important in oxidative phosphorylation [7]. The intermem-
brane space is a result of the impermeability of the inner membrane and
the highly permeable outer membrane. The environment of the inter-
membrane space is like the cytoplasm but with higher specificity for
larger mitochondrial proteins. Due to its heavy impact on mitochondrial
function, it serves as a limiting factor when targeting the mitochondria
with drug therapies. There's evidence that the mitochondrial inner
membrane is a dynamic structure that's able to change its shape rapidly in
response to changes in osmotic and metabolic conditions [5].

Mitochondria contain their own genome, which is unique amongst
organelles of animal cells. However, this genome only encodes 13 pro-
teins of the respiratory chain [8]. A cell's nucleus carries just one set of
DNA, while each mammalian mitochondrion contains 2–10 copies of
mtDNA, resulting in 1000–100,000 copies in each human cell [9]. Indi-
vidual mtDNA molecules replicate at random, and if there are two or
more different types of mtDNA in a cell, any one type may replicate more
frequently than the other [9]. If one set were to not function, another
could make up for it by continuing to express that protein. However, the
number of copies of mitochondrial DNA is not the same for everyone,
with a smaller number of copies indicating reduced efficiency in the body
and brain. Because of the limited number of proteins encoded in their
DNA, mitochondria need the nucleus for the production and transport of
2

the majority of their components. Larger proteins require specific mito-
chondrial targeting sequences to access them. Two transport proteins
govern access to different compartments of the organelle: the trans-
locator of the outer membrane (TOM) and the translocator of the inner
membrane (TIM). The signal sequence is recognized by a receptor protein
in the TOM complex and inserted with adjacent polypeptides. The
polypeptide interacting with TIM can enter the matrix or move laterally
inside the inner membrane itself [8]. The mitochondrial intermembrane
space assembly (MIA) complex imports and folds many intermembrane
space proteins.[10,11]. Oxidase assembly machinery (OXA) is required
for some proteins that are synthesized on the matrix ribosomes to be
exported to the inner membrane [8].

Electron tomography analysis confirmed that cristae arise from a
distinct membrane, connecting through the intermembrane space
through tubular junctions. Depending on the conformational state,
cristae can vary from a simple tubular structure to a more complex
lamellar structure that merges with the inner boundary membrane with
28-nm tubular structures. The cristae have a large surface area for
oxidative phosphorylation and maintenance of the proton gradient,
illustrating the highly adapted mitochondria. The complexity of cristae
can vary by tissue, cell type, developmental stage, or physiological con-
dition [5]. EM chromatography strongly suggests that diffusion between
these internal compartments is highly restricted. Since oxidative phos-
phorylation relies on the rapid diffusion of ions and substrates on the
inner mitochondrial membrane, the conformation of crista junctions
could regulate rates of ATP phosphorylation. Similarly, the conformation
of cristae can be expected to regulate rates of redox reactions involving
cytochrome c by influencing its diffusion. If it's true that cristae



Fig. 2. Alzheimer's disease.
Above is a figure illustrating mitochondrial affecting pathways in Alzheimer's disease associated with Aβ, tau, Drp1, SIRT proteins, and Nrf2. Aβ and AβAD work
synergistically to increase mitochondrial ROS, inhibit the CAC, and inhibit complexes 3 and 4 of the ETC. Aβ inhibitors inhibit Aβ and inhibit this synergistic activity.
NADH and DH inhibit Aβ and AβAD synergy as well. Tau protein increases mitochondrial ROS and inhibits complexes 1, 4, and 5 of the ETC. Tau also increases the
activity of VDAC, leading to the loss of the mitochondrial membrane potential. Tau inhibitors inhibit the tau protein. Drp1 works synergistically with GTPase to
increase mitochondrial fission. Drp1 and tau inhibitors inhibit this activity. SIRT4 inhibits CAC. SIRT5 inhibits PDH while SIRT3 activates PDH. ROS activates the
Keap1, Nrf2 complex. Nrf2 dissociates and enters the nucleus, where it increases transcription for antioxidants to inhibit ROS. SOD, CAT, mGSH, and empagliflozin
also inhibit ROS.
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morphology can regulate the rate of chemiosmosis, then they may be a
key part of feedback mechanisms in response to environmental change
[5]. ATP synthase is responsible for most cell energy production, cellular
bioenergetics, and inner membrane structure [12]. Subdomains have
been identified in the cristae with many specific mitochondrial proteins,
notably OXPHOS proteins [13]. Due to its adaptive qualities, we likely
don't completely understand the crucial role that cristae play in mito-
chondrial maintenance. Mitochondria's presence in every nucleated
eukaryotic cell illustrates its necessity for a variety of functions. These
mitochondrial functions are often oversimplified, with these organelles
being referred to as the ‘powerhouses’ of the cell due to their well-known
role in ATP production via oxidative phosphorylation [14]. In addition,
mitochondria are responsible for calcium handling, apoptosis, cell
signaling, and ROS production.

Discovery of mitochondrial dysfunction in neurodegeneration: seminal
discoveries in the past three decades linking mitochondrial dysfunction to
the etiopathogenesis of neurodegenerative disorders

Mitochondrial disease was discovered by Luft and colleagues [15] in
1962 in a non-thyroidal hypermetabolism case. Major advances in both
the understanding of mitochondria and biology have been made since,
and a number of mitochondrial disorders have been recognized (Fig. 1)
3

[16]. Mitochondrial diseases arise from the dysfunction of the mito-
chondrial respiratory chain that occurs due to mutations in either the
mitochondrial or nuclear genome. They can be classified as primary
disorders, meaning they arise from mtDNA defects, or secondary disor-
ders, meaning they are caused by a failure in intergenomic signaling
leading to an accumulation in mtDNA deletion. These mtDNA defects and
respiratory chain abnormalities are linked to the pathogenesis of many
neurodegenerative disorders, including Parkinson's disease [17]. Mito-
chondrial disease is consistently linked with neurological deficits and is
often disabling [18]. There are many reasons why the central nervous
system (CNS) is particularly vulnerable to mitochondrial dysfunction.
First, the brain is highly metabolically active and therefore susceptible to
bioenergetic failure [19]. Second, the brain has fewer antioxidant de-
fenses against ROS than other tissues [20]. Third, most neurons within
the brain are post-mitotic and irreplaceable (except for the subventricular
zone, olfactory epithelium, and hippocampus) [21]. Any neuronal injury
will prove fatal to the cell if it is not alleviated in someway. Neurons have
a consistently high demand for ATP produced via mitochondrial meta-
bolism. This is reflected by the high mitochondrial mass in the neuronal
cell body, axon, presynaptic terminals, and dendritic branches [22]. To
support this metabolic demand, it's necessary for mitochondria to be
highly dynamic, where they continuously move, fuse, and divide. Mito-
chondria are essential for ATP generation, but they also play essential



Fig. 3. Amyotrophic lateral sclerosis.
Above is a figure illustrating mitochondrial affecting pathways in ALS associated with CHCHD2, CHCHD10, C9orf72, TDP-43, and SOD1. Superoxide activates the
SOD1 protein. SOD1, with hydrogen peroxide and a CHK2 ATM complex, is phosphorylated, which allows it to enter the nucleus through SOD1 nuclear translocation.
In the nucleus, it functions as a transcription factor on SBM to transcript antioxidants proteins, DNA repair proteins, and proteins for the DNA replication stress
response. Pathogenic SOD1 creating mutant RNA will produce no protein. Tofersen inhibits this process. Pathological TDP-43 leads to increased TDP-43 cleavage,
increased phosphorylation of TDP-43, decreased solubility, and increased TDP-43 ubiquitination. Pathogenic (G4C2)n inhibits the expression of normal C9orf72,
leading to the loss of function of normal C9orf72 protein. (G4C2)n C9orf72 RNA is transcribed, leading to DPRs that inhibit the proteasome and lead to mitochondrial
dysfunction. DPRs also lead to DNA damage. The (G4C2)n C9orf72 RNA can also create a complex with TDP and FUS, leading to RNA dysfunction. With hypoxic stress,
CHCHD2 will enter the nucleus and increase COX4I2 and CHCHD2. Under ER stress, CHCHD2 will enter the nucleus and increase ATSF. CHCHD2 works with AbI2k to
phosphorylate a CHCHD2, CHCHD10, Cyt c, and MICS1 complex in the ETC. Oligomerization of CHCHD2 leads to inhibition of the Bcl-xL, Bax, and Bax complex,
leading to MOMP and apoptosis. Aggregates of CHCHD2 and CHCHd10 in the mitochondria lead to mitochondrial dysfunction. A CHCHD2 and CHCHD10 complex
activate a TOM complex, creating disulfide bonds with MIA40. A complex of CHCHD2, CHCHD10, and p32 transfers the p32 to YME1L. The YME1L p32 complex
cleaves L-OPA1 to become S-OPA1 with OMA1. OMA1 is inhibited by the CHCHD2, CHCHD10, and p32 complex, decreasing mitochondrial fusion.
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roles in the production of iron-sulfur clusters, calcium handling, cell
death, and ROS signaling. All these processes, to some extent, have been
connected to neurogenerative diseases.

The mitochondrial theory of aging arose in 1972. This stated that
somatic mtDNA mutations generated excessive ROS, and these further
damagedmtDNA, creating a continuous feedforward loop of damage. It is
suggested that the maximal lifespan of a given mammalian species is
largely an expression of genetic control over the rate of oxygen utiliza-
tion, which determines the rate of damage accumulation produced by
free radicals in the mitochondria. This damage increases with an
increased rate of oxygen consumption [23]. Historically, the first
connection thought to exist between neurogenerative disorders and
mitochondrial diseases was in Parkinson's disease (PD). It was discovered
in the 1980s that exposure to the neurotoxin 1-methyl-4-phenyl-1,2,3,
6-tetrahydropyridine (MPTP) via illicit drug use led to acute parkinso-
nian syndrome that was clinically indistinguishable from PD [24]. This
4

PD-like condition was a result of an electron flow blockage in complex 1
in the mitochondrial ETC [25,26]. Reports that MPTP and other complex
1 inhibitors produce PD features in rodents strengthened the idea that
complex 1 inhibition can cause PD-like neurodegeneration [27–29].
These discoveries led investigators to assess mitochondrial respiration in
biospecimens from PD patients, where they found significant reductions
in activity in the ETC, particularly in complex 1 of the brain [30–32]. This
led to the conclusion that deficient Complex 1 function caused PD
pathogenesis. The chronic use of levodopa, a widely used anti-PD ther-
apy, was found to alter OxPhos activity in rodent brains [33]. Concur-
rently, a connection between the mitochondria and Alzheimer's emerged
with reports of mitochondrial morphological alterations in postmortem
brain sections 34,35], as well as metabolic alterations in fibroblasts from
patients, including reduced glucose and deficits in calcium homeostasis
[36]. It was hypothesized that, with these damages and neuronal
vulnerability, mitochondrial dysfunction was the cause of the behavioral



Fig. 4. Huntington's disease.
Above is a figure illustrating mitochondrial affecting pathways in Huntington's disease associated with huntingtin and HSF1. Huntingtin in the mitochondria leads to
mitochondrial dysfunction, leading to the production of ROS. Huntingtin also inhibits mitochondrial transport, inhibits PGC1α mitochondrial biogenesis, and inhibits
mitochondrial fusion. With chaperone refolding, huntingtin can inhibit the dynactin complex. This refold can also become a toxic fragment that can inhibit the
proteasome, and is also toxic to the mitochondria, leading to caspase activation. The toxic fragment can enter the mitochondria and negatively alter gene transcription,
specifically affecting genes NIMDAR, TrkB, DrD2, and BDWF. In the nucleus, the toxic fragment can further associate with more fragments and create an intranuclear
inclusion. The association of multiple toxic fragments can lead to cytoskeletal abnormalities and altered vesicle transport. These fragments can interact with proteins
and lead to caspase activation. The association of more toxic fragments creates a perinuclear aggregate. Stress in the cell causing a misfolded protein causes the
increase of HSF1. HSF1 can reassociate with Drp1 and in high GTPase conditions associate with mitochondria and lead to fragmentation. HSF1 with DRP1 allows
mtDNA deletion by SSBP1. DH1 inhibits this process. HSF1 can form an inactive complex with proteins TriC, HSP70, HSP40, and HSP90 that allows it to travel into the
nucleus where it dissociates with that complex and oligomerizes with other HSF1 proteins and is modified with PTMs for nuclear retention. With cofactors and P53,
the HSF1 oligomer actively binds to DNA and expresses target genes TriC, HSP70, HSP40, and HSP90. Inhibitory PTMs allow the HSF1 oligomer to dissociate from
DNA where it is either degraded in the cytoplasm or recycled for further synthesis of target genes.
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deficits in AD. Cytoplasmic hybrids repopulated with mitochondria from
AD patients displayed mitochondrial alterations [37]. There were also
reductions in Complex 5 activity [38], as well as Complex 1 and Complex
4 deficiencies in platelets and brain tissue [39,40]. However, it was
pointed out that although complex 4 deficiency could be behind AD
pathogenesis, similar reductions in complex 4 were observed in other
neurodegenerative diseases [41]. This implies that a deficiency in com-
plex 4 is likely a non-AD-specific change. Also, exposing isolated mito-
chondria to amyloid-B oligomers, key actors in AD, resulted in
mitochondrial dysfunction [42]. Subsequently, it was discovered that
there is a mitochondrial metabolic enzyme deficiency in Alzheimer's
disease. PDHC activity was found to be significantly reduced in Alz-
heimer's disease in the frontal cortex (98). Thereafter, it was identified
that there were deficiencies in the respiratory chain in individuals with
Alzheimer's disease. The mean cytochrome oxidase activity in Alz-
heimer's patients was found to be reduced in the frontal, temporal, and
parietal cortices compared to healthy controls.
5

A couple of decades ago, it was discovered that HTT binds to hun-
tingtin interacting protein 1 (HAP1), which is a cytosolic protein that
associates with microtubules and other membranous compartments of
the cell, including mitochondria. HAP1 interacts with the p150-glued
subunit of dynactin (DYNC1LI2) and PCM-1. Both HAP1 and
p150Glued are highly expressed in neurons. These interactions may
explain why microtubules are destabilized in Huntington's disease [43].
It was also reported that there were respiratory chain abnormalities in
the spinal cords of sporadic ALS patients. There was found to be a severe
loss of myelinated axons associated with irregularities in the myelin
sheath. Abnormalities in the myelin sheath are comparable to those re-
ported in patients with mutations located in the extracellular domain of
myelin P0, as well as in myelin protein P0-deficient mice [44]. Following
this, in 2004, it was determined that 20% of those with familial ALS have
mutations in the Cu–Zn superoxide dismutase 1 (SOD1) gene, which is
present in both the cytosol and the intermembrane space. There was a
preferential association of the mutant SOD1 with spinal cord



Fig. 5. Parkinson's disease.
Above is a figure illustrating mitochondrial affecting pathways in Parkinson's associated with α-synuclein and Parkin. Increased oxidative stress leads to mitochondrial
dysfunction, which leads to increased mitochondrial ROS and mitochondrial DNA depletion and deletion. Mitochondrial ROS activate α-synuclein, leading to
α-synuclein aggregation in the cytoplasm. These aggregates cause ER dysfunction, synaptic dysfunction, inhibition of ETC complexes 1 and 3, and the formation of
Lewy bodies. Lewy bodies cause microglial activation by increasing TNFα, IL1, and IL6, which leads to apoptosis, neuroinflammation, and neuron death. Parkin leads
to impaired mitophagy involving both Parkin and PINK1, leading to mitochondrial dysfunction. Parkin also leads to the increase of PGC1, F1GBP, and AIMP2, which
leads to neuroinflammation and neuron death.
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mitochondria [45]. With this mutation, there was increased oxidative
damage [46]. In the same year, a correlation was discovered between the
formation of mtROS, nitrogen species (RONS), rates of neuro-
degeneration in the brain and retina, and maximum lifespan potentials in
five different mammalian species. Mitochondria are the primary source
of RONS formation, and these species are involved in the intrinsic
apoptosis pathway [47]. Also in 2004, it was discovered that Hunting-
ton's disease is caused by the abnormal expansion of a CAG repeat in the
Huntington's disease gene on chromosome 4, which encodes huntingtin
(HTT). The Huntingtin protein is located on the cytosolic surface of the
outer mitochondrial membrane. The mutant huntingtin N-terminus in-
creases susceptibility to calcium-induced MPT opening, leading to
mitochondrial swelling and MPT-dependent cytochrome c release. There
was a decrease in complex 2 and complex 3 function in postmortem
Huntington's disease brains. Inhibition of complex 2 by malonate in
experimental animals caused Huntington's disease-like pathogenic le-
sions [48]. In 2006, it was confirmed by the age-related accumulation of
somatic and clonal mtDNA deletions in the substantia nigra that neurons
with high mutation loads were COX-negative. These mutations cause
respiratory chain deficiency. This was true for both older controls and
individuals with Parkinson's disease. This suggests that somatic mtDNA
deletions are important in the selective neuronal loss observed in both
brain aging and Parkinson's disease [49]. In the same year, it was also
determined that different mtDNA haplotypes may modulate oxidative
phosphorylation, possibly predisposing them to or protecting them from
certain diseases [50]. Also this year, the following proteins were found to
have implications for sporadic Parkinson's disease: PARK2 (encodes
parkin), PINK1 (encodes PTEN-inducing putative kinase 1), PARK7 (en-
codes DJ-1), SNCA (encodes alpha-synuclein), LRRK2 (encodes dar-
darin), and HTRA2 (encodes Omi/HTRA2) [51]. Also, in relation to
Parkinson's, it was determined that autosomal recessive parkinsonism is
not uncommon in patients with PEO and mutations in POLG and can be
seen even in young patients without PEO [52]. In addition, it was also
found that nonglycosylated full-length C-terminal truncated APP proteins
6

accumulate exclusively in the mitochondrial protein import channel in
Alzheimer's brains but not in age-related controls. Interactions between
various mitochondrial translocating proteins are expected to be transient.
In contrast, the interactions between APP and mitochondrial translocases
are stable and persistent in the Alzheimer's brain. The accumulation of
APP in mitochondrial protein channels may inhibit the import of proteins
essential for normal mitochondrial function. Consistent with this possi-
bility, it was found that accumulation of APP in import channels
inhibited the import of cytochrome c oxidase subunits 4 and 5b, which
caused a decrease in cytochrome c oxidase activity and mitochondrial
dysfunction [53]. In 2007, it was reported that mutant HTT impairs
mitochondrial function by repressing PGC-1-regulated gene transcription
of many nuclei-encoded mitochondrial genes, including subunits of the
ETC. Expression is repressed through promoter binding and interference
with CREB-dependent transcription. Cells that do not express PGC-1 have
an impaired ROS defense system because PGC-1-regulated antioxidant
systems are reduced. Overexpression of PGC-1 improves atrophy of
striatal neurons in transgenic mice with Huntington's [54]. Also in 2007,
it was found that mutations in CoQ10 are likely associated with ence-
phalomyopathic syndromes. Of the 9 genes involved in CoQ10 biosyn-
thesis and suspected of causing primary CoQ10 deficiency, 3 have been
found to do so: PDSS1, PDSS2, and COQ2. Some of these patients may be
helped by the timely administration of high-dose CoQ10 [55]. The
sequencing of mtDNA has uncovered innumerable pathogenic mutations,
reaching 281 in 2018 [56,57].

Mechanistic insights to mitochondrial dysfunction in
neurodegeneration

Electron transport chain and oxidative phosphorylation

The energy demands of the cell are reflected in the number of mito-
chondria it contains. Energy-demanding tissues such as muscle, car-
diomyocytes, and neurons tend to have more mitochondria. Energy is
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harnessed by first transporting electrons between a chain of inner
mitochondrial membrane proteins encoded in both mitochondrial and
nuclear genomes. Recent data suggests complexes 1, 3, and 4, can be
organized into supercomplexes, supporting more efficient substrate
movement [58,59].

Complex 1 is the first and largest complex of the electron transport
chain, composed of over 40 subunits with a combined molecular weight
of 908 kDa [60,61]. Seven subunits are encoded in the mitochondrial
genome (MT-ND1-6 and MT-ND4L) and the rest are encoded in the nu-
cleus [60,61]. Complex 1 catalyzes the oxidation of NADH from the citric
acid cycle, yielding two electrons that first pass to a flavin mono-
nucleotide, and then through a series of iron-sulfur clusters to reduce
ubiquinone to ubiquinol. Electron transfer in the ETC is coupled with the
translocation of four protons across the inner mitochondrial membrane.
Complex 2 is a succinate/ubiquinone oxidoreductase, which oxidizes
succinate to fumarate in the citric acid cycle. It consists of only 4 proteins
all encoded from the nuclear genome [2]. Resulting electrons reduce
ubiquinone in the ETC. Complex 2 is the smallest complex in the ETC and
is encoded entirely by the nuclear genome. Protons are not translocated
through this complex [62].

The reoxidation of ubiquinone is catalyzed by ubiquinol/cytochrome
c oxidoreductase in complex 3, which is composed of 11 subunits entirely
encoded by the nucleus except for cytochrome b. Ubiquinol oxidation
releases the two electrons given from complexes 1 and 2. The electron
transfer from ubiquinol to cytochrome c consists of 2 steps. First, one
electron is transferred to the iron-sulfur cluster, then to cytochrome c via
cytochrome cl. The second electron is recycled to ubiquinol in a reaction
called the Q-cycle. In this reaction, two ubiquinols are oxidized by two
electron transfers, reducing one ubiquinone. In this whole process, each
electron transferred results in 2 proton translocations [1].

Finally, electrons reach complex 4 (cytochrome c oxidase), which
contains 13 subunits, 3 encoded by the mitochondrial genome (COX1, 2,
3), and the other 10 encoded by nuclear [2]. The substrate for this
complex is cytochrome c, transferring electrons between complexes 3 and
4. Cytochrome c is a hemoprotein, and the key enzyme in the overall
regulation of the ETC [2]. It works by transferring electrons one by one in
different ‘states’ to complex 4. Each electron transfer results in one
proton translocation across the membrane, totaling 8 proton trans-
locations as electrons as passed to oxygen, generating a proton gradient.
This proton gradient is utilized by the final complex of oxidative complex
machinery to generate ATP [63].

Complex 5, or ATP synthase, is a large multi-subunit complex con-
taining two subunits encoded by the mitochondrial genome (ATPases 6
and 8), and 11 subunits encoded by nuclear DNA [2]. It has 2 main do-
mains: F0, which is embedded in the inner mitochondrial membrane, and
F1, the catalytic domain, which lies on the matrix side of the inner
membrane in regions of high membrane curvature [14,64,65]. ATP
synthase is a dimer, and there is a strong dependence on cristae structure
and ATP synthase supercomplex formation [14]. Because of the proton
gradient, protons can diffuse across the inner membrane from the inner
membrane space, promoting the rotation of subunit F1. The B subunits of
F1 transform between 3 conformational states, and one proton is required
for each subunit state. Energy harnessed during the rotation of F1 is used
to synthesize ATP, which is released in the following rotation. Each ATP
requires the movement of 3 protons [64,65].

ATP generation through oxidative phosphorylation is an extremely
efficient method of aerobic respiration, which is the heart of energy
metabolism for animals, plants, and most microbial life forms. It is much
more efficient than substrate-level phosphorylation from glycolysis
alone. Therefore, there's no doubt a defect that affects the ability of the
mitochondria to carry out this essential process will substantially affect
the production of ATP and be detrimental to cell functioning. The gen-
eration of ATP (phosphorylation) is tightly coupled with the proton
motive force across the inner mitochondrial membrane [14].
7

Mitochondria in cell death

Apoptosis is a form of cell death associated with the mitochondria
that is highly regulated. It is one of four forms of cell death (apoptotic,
necrotic, autophagic, parthanatos) that are all important in mitochon-
drial associated neurodegenerative disease. The least understood of these
pathways is autophagic. Although the exact mechanism of this pathway
is still to be determined, it is known that cells lost to this pathwasy show
an accumulation of autophagosomes. Recent work has suggested that
autophagy may be mediated through sodium/potassium ATPase[ 66].

Apoptosis is often the result of intracellular signaling that leads to cell
shrinkage, membrane blebbing, nuclear fragmentation, and condensa-
tion of nuclear chromatin. Following these morphological changes, the
cell will be systematically dismantled and degraded. It was originally
assumed this was controlled at the nuclear level, however, apoptosis
occurs normally in enucleated cells, meaning apoptosis must be regulated
at the cytoplasmic level [67]. The 2 main apoptotic pathways that occur
in mammalian cells are the intrinsic and extrinsic pathways, in which the
mitochondria play an essential role. The intrinsic pathway is controlled
by the Bcl-2 family, directing death signaling to the mitochondria which
facilitates the release of pro-apoptotic proteins from the intermembrane
space [68]. The extrinsic pathway activates caspase-8 along with the
formation of the death inducible signaling complex, which initiates a
cascade of protein interactions leading to the permeabilization of the
mitochondrial outer membrane and cytochrome c release from the
intermembrane space [68,69]. The main effectors of apoptosis are anti-
apoptotic Bcl-2 proteins, proapoptotic Bcl-2 inhibitor BH3 proteins, and
proapoptotic BAX and BAK, which interact with the mitochondria. Bcl-2
proteins are positive and negative regulators of BAX/BAK respectively
[67]. The loss of these proteins in cells leads to resistance to apoptotic
stimuli.

Mitochondria play a crucial role in apoptosis by releasing cytochrome
c from the intermembrane space, which activates the caspases that
initiate apoptosis. Two mechanisms have been proposed for this release.
First, the opening of a high-conductance channel in the inner membrane
collapses the membrane potential, which leads to a mitochondrial
permeability transition (MPT) [4]. This leads to swelling of the matrix
and the rupture of the outer membrane. The second mechanism involves
the transport of cytochrome c across a specific yet unidentified pore in
the outer membrane [4]. Electron microscopy and tomography of mito-
chondria in a cell-free model from Xenopus eggs have suggested that
cytochrome c can be released upon characteristic apoptotic activation
(caspase activation) without swelling of the matrix or ruptures in the
outer membrane [4]. These mitochondria continued to import proteins
and did not experience a permeability transition. It's possible that MPT is
not a cause but rather a consequence of apoptosis in the mitochondria
[4].

Necrosis occurs in response to extracellular stimuli, ischemia, or
trauma, leading to cellular swelling, depletion of energy stores, and the
disruption of cellular membranes. In response to ischemic injury, such as
one that lowers pH in response to anaerobic conditions and a depletion of
ATP, calcium intake is prevented by the mitochondria, increasing intra-
cellular calcium. The changes in calcium levels trigger the opening of the
mitochondrial permeability transition pore (mPTP). The mPTP is a
channel complex composed of different proteins. The exact structure is
unknown, but some proteins identified include VDAC, ANT, and cyclo-
philin D [69–72]. When the pore opens, the permeability of the inner
mitochondrial membrane dramatically changes, which may be irrevers-
ible if prolonged. These changes in permeability deplete the mitochon-
drial membrane potential, disrupt oxidative phosphorylation, and cause
swelling of the matrix. The outer membrane ruptures, activating a hy-
drolytic enzymes, leading to necrosis. However, due to the rupture of the
mitochondria, the release of pro-apoptotic proteins will also occur, so it's
likely that the opening of mPTP will not solely lead to necrosis [69–72].
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Cells lacking most of their mitochondria are still susceptible to pro-
grammed necrosis, indicating that mitochondria or their metabolismmay
not be necessary for necrosis execution [73].

Parthanatos is mediated by poly ADP ribose polymerase-1 (PARP-1).
DNA damage, ischemic injury, and DNA-damaging agents including ROS
and ionizing radiation activates PARP-1 [74–76]. Parthanatos differs
from other forms of cell death because it occurs through the external-
ization of phosphatidylserine onto the outer cell membrane, causing a
loss of mitochondrial membrane potential and DNA fragmentation. No
cellular swelling occurs, but the membrane integrity is lost, as well as the
release of mitochondrial apoptosis-inducing factors. In addition, acti-
vated PARP-1 forms poly ADP ribose polymers from nicotinamide
adenine dinucleotide (NAD), meaning the overactivation of PARP-1 can
deplete NAD and ATP [74–76]. Pharmacologically, inhibiting or genet-
ically knocking down PARP-1 provides cytoprotection, indicating that
PARP-1 plays a significant role following cellular injury [77].

Mitochondrial dysfunction is likely one of the number of factors
involved in the cell death that's a part of neurodegeneration. What is
clear is that changes in this organelle's function will have a great impact
on the survival and functioning of these cells.

Mitochondria and calcium handling

Mitochondria play a key role in the buffering and maintenance of
cellular calcium levels. These organelles have a large capacity for calcium
through the expression of a uniporter in the inner mitochondrial mem-
brane. This uniporter allows calcium to enter the mitochondria down its
electrochemical gradient. Its modular proteins include MICU1, MICU2,
MICU3, and EMRE [78–81]. Sodium and calcium ion exchange mediate
the efflux of calcium from the mitochondria [82,83], ensuring that
equilibrium is never reached. In theory, mitochondria are consistently in
an unlimited calcium drain. Calcium transport across the outer mito-
chondrial membrane occurs through VDAC, the most abundant protein in
the outer membrane. The expression of this protein directly correlates
with the rapid influx of calcium into the mitochondria [84–86]. Calcium
ions also serve as secondary messengers in a variety of signaling path-
ways, are important in neurotransmitter release, and help regulate gene
expression [87]. It's possible that the ability of the mitochondria to take
up calcium and act as a spatial buffer in the cell [88–90] may have an
impact on spatiotemporal calcium signaling characteristics, shaping the
activation of downstream targets. Calcium transport from the cytosol to
the mitochondrial matrix is also important in energy homeostasis.
Increasing Ca2þ influx activates pyruvate isocitrate and oxoglutarate
dehydrogenase, which activate rate-limiting enzymes of the Krebs cycle.
This ultimately increases ATP production [91,92]. Both calcium
signaling and mitochondrial calcium intake are linked to apoptosis and
necrosis through the mitochondrial permeability transition pore (mPTP).
An overload of Ca2þ induces the opening of the pore, which leads to
calcium-dependent necrotic cell death. The opening of the pore causes
the collapse of the mitochondrial membrane potential, leading to bio-
energetic failure.

Reactive oxygen species and mitochondrial homeostasis

In the process of energy production, several waste products are pro-
duced such as carbon dioxide that we exhale, water that we excrete in the
urine, and free radicals, or reactive oxygen species (ROS), which are
highly corrosive [4]. In normal conditions, 1–5% of oxygen is converted
to ROS primarily from complexes 1 and 3 of the ETC [93,94]. However,
excessive ROS production damages a variety of cellular components
including proteins, lipids, and DNA. One-fifth of inspired oxygen is used
by the brain, 90 % of this being consumed by oxidative phosphorylation.
Since neurons have high oxidative metabolic activity, a non-replicative
nature, and a relatively low antioxidant capacity, they are highly sus-
ceptible to the damaging effects of ROS. ROS production is dependent on
the release of electrons out of the ETC [3], which produce superoxides.
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These can be converted to other reactive species, including hydrogen
peroxide and peroxynitrite, through superoxide dismutase 2 (SOD2) or
NO respectively. ROS may be damaging, but they also serve as important
signaling molecules for protein expression and signaling cascades. For
example, ROS signaling is important for O2 sensing during hypoxia. Su-
peroxide production increases in hypoxic conditions and the superoxide
is converted to hydrogen peroxide in the matrix before diffusion to the
cytoplasm. The hydrogen peroxide stabilizes hypoxia-inducible factor 1α
(HIF1α) to properly transcribe machinery to respond to hypoxia. Mito-
chondrial calcium uptake can also be regulated by ROS. A prolonged
elevation of ROS in the mitochondria is involved in several processes
including cell proliferation. However, overproduction of ROS or a dys-
regulation of the antioxidant system can lead to several pathologies,
including cell death and neurodegeneration [3]. It is in a feedforward
loop where mitochondrial dysfunction leads to an increase in the pro-
duction of ROS, damaging cellular components, while also causing
further mitochondrial dysfunction. ROS production induces damage to
the ETC through complexes 1 and 3, which increases the electron
reduction of oxygen to additional ROS. This is a vicious cycle of ROS
production and organelle dysregulation that ultimately leads to apoptosis
[95]. Even acute ROS exposure can also inactivate iron-sulfur clusters,
ultimately shutting down mitochondrial energy production [96]. ROS
may also promote a mitochondrial permeability transition by oxidizing
thiol groups in part of the mitochondrial permeability transition pore
[97].

Excessive ROS generation can alter calcium homeostasis by damaging
calcium transport proteins and triggering calcium release from the
mitochondria [98,99]. Elevation of calcium causes a change in mito-
chondrial potential and leads to the production of additional superoxide
ion radicals [100]. If the mitochondrial becomes overloaded with cal-
cium, it undergoes a permeability transition, resulting in a rupture of the
outer mitochondrial membrane [100]. Sustained elevations in intracel-
lular calcium can cause neurodegeneration [6]. Normally, mitochondria
are protected from oxidative damage by a network of antioxidants con-
sisting of superoxide dismutase, catalase, glutathione peroxidase, gluta-
thione reductase, α-tocopherol, and ubiquinol [93,101]. However, this
system is not perfect, and the system cannot fully neutralize ROS being
emitted from the mitochondria. Cumulative oxidative injuries to the
mitochondria cause progressive loss of efficiency, which causes a greater
proportion of oxygen to be converted to ROS, which continues to un-
dermine the defense system [102].

In the context of aging, the ROS theory suggests that over time, the
accumulation of oxidative damage overwhelms the cellular defense
mechanisms, leading to the progressive decline and dysfunction of tissues
and organs. This oxidative damage can result in impaired cellular func-
tion, increased inflammation, and DNA mutations, which can further
contribute to the aging process. In the case of neuropathology, oxidative
stress plays a significant role in the development and progression of
neurodegenerative disease. This ties together the notion that much of the
cause of aging relates back to inflammatory processes [103–105].
Furthermore, once in oversupply, ROS activates classical inflammatory
responses and promotes the production of pro-inflammatory signals,
which triggers neuroinflammation [106,107]. Neuroinflammation is
central to much of the damage associated with disease pathology and is
additive to the foldopathy contributors to the disease state [108,109].
What are the causative factors of an increase in ROS in the body over
time? One theory points to the accumulation of total amounts of iron in
the body [109,110]. The human body has limited ways to shed iron and
does an admirable job of holding onto stores of reactive metal. This
makes evolutionary sense, since the absorption of iron from the diet is
rate-limited, and the process of erythropoiesis to replace lost blood due to
injury is an iron-critical process. The ability to regenerate blood supply
was vital in a more primitive world. As civilization has reduced the
number of times a blood loss event occurs to most individuals, coupled
with a diet heavy in iron-rich/iron-fortified foods, humans show a
marked increase in total body iron in later life [111,112]. The level of
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iron leads to an increase in serum ferritin. It has been noted that neu-
rodegeneration diseases are accompanied by elevated ferritin counts, but
the amount of serum ferritin increasing with age is considered “normal”.
This itself is curious, as ferritin is primarily an intracellular protein, and
the release into the circulatory system is itself an indicator of cellular
disruption. Macrophages are tasked with the collection of poorly
chelated iron, and the presence of iron-laden macrophages is another
hallmark noted in individuals prone to neurodegenerative disease
[113–115].

Effect of ROS on telomeres
ROS has been reported to shorten telomere caps, which are special-

ized structures found at the ends of chromosomes. Telomeres play a
crucial role in maintaining genomic stability and protecting the integrity
of the DNA during cell division. They act as protective caps that prevent
the ends of chromosomes from being recognized as damaged DNA and
triggering a cellular response. Telomeres consist of repetitive DNA se-
quences and associated proteins, forming a complex structure that pre-
vents the degradation and fusion of chromosome ends. However,
telomeres naturally undergo shortening with each round of cell division,
as the DNA replication machinery cannot fully replicate the very ends of
chromosomes. This gradual telomere shortening is a normal part of the
aging process [116–118]. ROS causes telomere shortening by oxidative
damage to the DNA within telomeres. The repetitive DNA sequences that
compose telomeres are particularly susceptible to oxidative stress due to
their high guanine content. Guanine is vulnerable to oxidation, leading to
the formation of DNA lesions, such as 8-oxoguanine [119,120]. When
telomeric DNA is damaged by ROS-induced oxidative stress, it can impair
the replication and maintenance of telomeres. This oxidative damage can
accelerate telomere shortening and compromise the protective function
of telomeres. As telomeres become critically short, they may trigger
cellular senescence or apoptosis, leading to impaired tissue function and
contributing to the aging process. This senescence is particularly im-
pactful in post-mitotic cells.

Effect of ROS on the epigenome
Oxidative stress induced by ROS directly influences epigenetic mod-

ifications. As ROS oxidizes and damages DNA, it results in the formation
of DNA lesions. These DNA lesions can disrupt the normal process of DNA
methylation, which is a key epigenetic modification involved in gene
regulation. DNAmethylation patterns are altered in response to oxidative
stress, which leads to changes in gene expression and age-related dis-
eases. Further, oxidative stress (ROS) inhibits the activity of DNA
methyltransferases (DNMTs), the enzymes responsible for adding methyl
groups to DNA. This inhibition of DNMTs can lead to global DNA
hypomethylation or alterations in specific gene regions, thereby influ-
encing gene expression patterns [121,122].

DNMTs are a family of enzymes responsible for adding methyl groups
to DNA, resulting in DNA methylation. DNMT1 is involved in mainte-
nance methylation, while DNMT3A and DNMT3B are responsible for de
novo DNA methylation. Genetic factors, such as transcription factors and
signaling molecules, can activate or repress the expression or activity of
DNMTs, thereby influencing DNA methylation patterns. ROS also im-
pacts Ten-eleven Translocation (TET) enzymes that are involved in the
process of DNA demethylation. They catalyze the conversion of 5-meth-
ylcytosine (5 mC) to 5-hydroxymethylcytosine (5hmC) and further
oxidized derivatives [123]. TET enzymes are regulated by various genetic
factors, including transcription factors and signaling pathways, which
can modulate their expression and activity. ROS and oxidative stress also
impact histone modifications, another crucial component of epigenetic
regulation. Histone proteins can undergo oxidative modifications, such
as the oxidation of specific amino acids within their structure. These
oxidative modifications alter the structure and function of chromatin,
leading to changes in gene expression patterns. Additionally, oxidative
stress impacts the activity of the enzymes involved in histone modifica-
tions, further influencing the epigenetic landscape.
9

Histone modifying enzymes, including histone acetyltransferases
(HATs), histone deacetylases (HDACs), histone methyltransferases
(HMTs), and histone demethylases (HDMs), regulate the addition or
removal of various chemical groups (e.g., acetyl, methyl) on histone
proteins, influencing chromatin structure and gene expression [124]. The
activity of these enzymes can be modulated by genetic factors, such as
transcription factors and signaling pathways, that control their expres-
sion, localization, or enzymatic activity.

Mitochondrial endoplasmic reticulum contacts

In 1980, it was determined that a maximum of 80 % of the mito-
chondria is in contact with the rough ER [82]. Mitochondrial-ER contacts
(MERCs) are one of the most widespread organelle contacts. These sites
range from 14 to 20 nm for the RER and 9–16 nm for the SER. Both the ER
and mitochondria play key roles in transmitting Ca2þ signals in physio-
logical and pathological conditions. This mitochondrial-associated
membrane (MAM) between these organelles specializes in Ca2þ trans-
fer. Calcium ion efflux from the ER crosses the outer mitochondrial
membrane through VDAC channels, then reaches the inner mitochon-
drial membrane, accumulating in the matrix via the mitochondrial cal-
cium uniporter (MCU). However, excessive accumulation of Ca2þ can
activate the release of pro-apoptotic factors due to the opening of the
mitochondrial permeability transition pore (mPTP). MAM is also a
heavily involved domain in ER stress-mediated apoptosis. Both the
mitochondria and ER are sites of ROS production, and MAM is a location
where ROS exchange can occur. Many regulators of oxidative state are
located at MERCs. MAM structure requires unique protein and lipid
constituents to support formation, which is mostly made of cholesterol
and sphingolipids to increase thickness, and a diverse set of enzymes for
lipids trafficking and synthesis. MAM also contains enzymes for choles-
terol and ceramide synthesis. Lipid composition is what is responsible for
proper MAM activity. Defects in lipids metabolism, resulting in incorrect
assembly and functioning of MAM sites, can lead to the onset and pro-
gression of various human neurodegenerative disorders [82].

Reactive iron accumulation and lipid peroxidation: implications for the
aging brain

Iron is an essential nutrient involved in various cellular processes,
including energy production and neurotransmitter synthesis. However,
excessive accumulation of iron and the generation of reactive iron species
can lead to oxidative stress and brain damage. In the aging brain, there is
evidence of increased iron accumulation, particularly in regions susceptible
to neurodegenerative diseases, such as the substantia nigra in Parkinson's
disease and the hippocampus in Alzheimer's disease. This iron accumula-
tion can result from dysregulation of iron metabolism, impaired iron
transport mechanisms, or age-related changes in iron-binding proteins.
Reactive iron species can promote the generation of reactive oxygen species
(ROS) through the Fenton reaction, where iron interacts with hydrogen
peroxide. These ROS can cause oxidative damage to lipids, proteins, and
DNA, leading to cellular dysfunction and neurodegeneration. Additionally,
iron accumulation can disrupt cellular homeostasis by affecting mito-
chondrial function, impairing neurotransmitter release, promoting neuro-
inflammation, and influencing synaptic plasticity. These alterations
contribute to the aging process and increase the susceptibility to neurode-
generative disorders.

Lipid peroxidation is a process involving the oxidative degradation of
polyunsaturated fatty acids present in cell membranes. ROS, including
those generated through iron-mediated reactions, can initiate lipid per-
oxidation. This process leads to the production of lipid peroxides and
reactive aldehydes, such as malondialdehyde (MDA) and 4-hydroxynone-
nal (4-HNE). In the aging brain, lipid peroxidation levels tend to increase,
particularly in vulnerable brain regions. This oxidative damage to lipids
can disrupt the integrity and fluidity of cell membranes, impair neuro-
transmission, and compromise cellular functions. Lipid peroxidation
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products, such as 4-HNE, can also covalently modify proteins, altering
their structure and function [125]. Furthermore, lipid peroxidation can
activate inflammatory responses and promote the production of
pro-inflammatory cytokines, further exacerbating neuroinflammation.
Neuroinflammation is a common feature of aging and age-related
neurodegenerative diseases and contributes to the progression of
neuronal damage [126].

The combined effects of reactive iron accumulation and lipid perox-
idation can create a vicious cycle in the aging brain. Reactive iron species
can initiate lipid peroxidation, while lipid peroxidation products can, in
turn, promote iron release from iron-binding proteins, fueling further
oxidative stress and damage. Microglia move into the areas where this is
occurring and take up the reactive iron. Once they are loaded with he-
mosiderin, they become classically activated, initiate toxic cytokine
release, and further disrupt tissue integrity. This cycle of oxidative stress,
lipid peroxidation, and iron accumulation has profound consequences for
the aging brain, leading to neurodegeneration, cognitive decline, and
increased susceptibility to neurodegenerative diseases. Strategies aimed
at reducing iron accumulation, inhibiting lipid peroxidation.

Lipofuscin accumulation is a marker of aging brain

Another telltale sign of iron accumulation in the body is an accu-
mulation of lipofuscin. Lipofuscin, also known as age pigment, is a
yellow-brown, autofluorescent substance that accumulates in cells over
time, particularly in post-mitotic cells such as neurons and cardiac
myocytes. It is composed of heavy metals, oxidized proteins, lipids, and
other cellular components that have undergone oxidative damage and
are not effectively cleared by cellular degradation mechanisms [127].

The accumulation of lipofuscin is considered a hallmark of aging and
is often observed in various tissues, including the brain. It is believed to
be a consequence of impaired lysosomal function and the diminished
capacity of cells to degrade and remove damaged or dysfunctional
components. One reported way to rapidly induce lipofuscin deposition in
laboratory animals is to inject iron solution into the circulatory system.
While this reliably forms a material that behaves like age-related lip-
ofuscin in many respects, there is controversy with calling it “true” lip-
ofuscin since it can be cleared by the body over time and lipofuscin is, by
definition, insoluble and non-degradable [128].

In the context of the theory of aging, lipofuscin accumulation in-
tersects with several factors. First, Lipofuscin contains oxidized mole-
cules that result from the action of reactive oxygen species (ROS) on
cellular components. ROS generated during normal cellular metabolism
or due to various stressors can contribute to the accumulation of lip-
ofuscin. Lipofuscin granules themselves can also generate ROS, creating a
self-perpetuating cycle of oxidative damage [129]. Lipofuscin accumu-
lation is considered a marker of oxidative stress and a consequence of
cumulative oxidative damage over time. Oxidative stress leads to the
generation of ROS and the oxidation of cellular components, including
proteins and lipids, which can contribute to the formation of lipofuscin
[130]. Lipofuscin accumulates within lysosomes, the cellular organelles
responsible for degrading and recycling cellular waste and damaged
materials. The impaired function of lysosomes, which can occur during
aging, hinders the efficient breakdown of lipofuscin. As a result, lip-
ofuscin gradually accumulates within lysosomes, leading to their
dysfunction and further disruption of cellular homeostasis [130].

The accumulation of lipofuscin can interfere with cellular processes
and contribute to cellular dysfunction. Lipofuscin-filled lysosomes can
occupy space within the cell, potentially impairing organelle function
and disrupting intracellular transport. Moreover, the presence of lip-
ofuscin can interfere with the proper functioning of lysosomal enzymes
and impair autophagy, the process by which cells remove damaged
proteins and organelles [130,131]. While lipofuscin accumulation is
associated with aging, its precise role in cellular and organismal senes-
cence is still not fully understood. However, it is believed that the pres-
ence of lipofuscin can contribute to cellular dysfunction, oxidative
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damage, and impaired proteostasis, all of which are key features of aging
and age-related diseases. Increased lipofuscin accumulation has been
associated with impairment of autophagy and mitophagy, two critical
cellular processes involved in the degradation and removal of damaged
or dysfunctional cellular components.

Autophagy is a cellular recycling process that involves the seques-
tration and degradation of cytoplasmic components, including damaged
proteins and organelles, within specialized double-membrane structures
called autophagosomes. Lipofuscin accumulation can disrupt autophagy
through several mechanisms. First, by reduction of sequestration of
autophagic components. Lipofuscin reduces the number of active lyso-
somes, where the degradation of autophagosomes takes place. This
physical obstruction hinders the fusion between autophagosomes and
lysosomes, preventing the efficient clearance of cellular waste [132].
Second, by lysosomal dysfunction. Lipofuscin-filled lysosomes exhibit
greatly impaired enzymatic activity and altered pH, compromising their
ability to degrade cargo delivered by autophagosomes. The altered
lysosomal environment hinders the activity of lysosomal hydrolases, thus
impairing autophagic degradation [132]. Third by disruption of auto-
phagic signaling. Lipofuscin accumulation disrupts the signaling path-
ways involved in the initiation and regulation of autophagy. This
interference can lead to the dysregulation of key autophagy-related
proteins and transcription factors, resulting in impaired autophagic flux
[132,133].

Mitophagy is a specific form of autophagy that targets damaged or
dysfunctional mitochondria for degradation. Healthy mitochondria are
crucial for cellular energy production and the maintenance of cellular
homeostasis. Lipofuscin accumulation can interfere with mitophagy in
the following ways. Impaired Mitochondrial Turnover: Lipofuscin-filled
lysosomes can hinder the efficient removal of damaged mitochondria
through mitophagy. The impaired fusion between autophagosomes and
lysosomes prevents the degradation of dysfunctional mitochondria,
leading to their accumulation. Second, Oxidative Damage to Mitochon-
dria: Lipofuscin accumulation is associated with oxidative stress, and
oxidative damage can directly affect mitochondrial function and integ-
rity. Damaged mitochondria may become less recognizable or accessible
to mitophagy receptors, impairing the recognition and targeting of
damaged mitochondria for degradation. Third, Disruption of Mitophagy
Signaling: Lipofuscin accumulation can interfere with the signaling
pathways involved in the initiation and regulation of mitophagy. Dys-
regulation of key mitophagy-related proteins and transcription factors
may result in impaired clearance of damaged mitochondria [134,135].

Mitochondrial dysfunction in common neurodegenerative
disorders: recent advances in therapeutics

Mitochondrial dysfunction in Alzheimer's disease

Dementia is a group of symptoms including difficulties with memory,
language, problem-solving, and other thinking skills [136]. The most
common cause of dementia is Alzheimer's disease (AD), which is asso-
ciated with 60–80 % of all cases [136]. AD is characterized by the
accumulation of extracellular beta-amyloid (Aβ) and intracellular tau
protein neurofibrillary tangles [136,137]. Altered mitochondrial
morphology and function have also been observed in AD, however, the
temporality of association is debated [137]. Competing hypotheses of AD
progression include the amyloid cascade hypothesis, where Aβ and tau
accumulation drive mitochondrial dysfunction, and the mitochondrial
cascade hypothesis, which posits that Aβ deposition occurs secondary to
mitochondrial dysfunction, which is the initial trigger of AD [137,138].
In early-onset familial AD, protein accumulation is likely to be the first
step, however, in the more common late-onset sporadic form the debate
continues [139]. In both hypotheses, mitochondrial dysfunction plays a
central role in the etiology of AD (Fig. 2).

Both hypotheses of AD pathogenesis hold some validity because
mitochondrial dysfunction can be driven not only by the mechanisms
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discussed earlier but also by AD-specific proteins such as Aβ oligomers.
Aβ and Aβ precursor protein (APP) disrupt mitochondrial function by
altering typical mitochondrial physiology. One way this occurs is through
Aβ interaction with complexes within the mitochondria, including Aβ-
binding alcohol dehydrogenase and cyclophilin D [138]. Additionally,
APP dysfunction reduces cytochrome oxidase activity [138]. Impor-
tantly, Aβ has also been found to disrupt intracellular calcium homeo-
stasis, leading to increased cell membrane excitability and neuronal
dysfunction [138,140].

Independent of Aβ involvement, inherited mtDNA variations may
influence vulnerability to AD, however, it is likely that they are not
sufficient to cause AD on their own [141]. Additionally, ROS play a role
in the etiology and/or progression of AD. In the brain of AD patients,
mtDNA has been found to have 10-fold higher levels of oxidized bases
than nuclear DNA and, when compared to age-matched controls, AD
patients had a 3-fold increase in oxidative damage in the brain [141].

These disturbances in mitochondrial function cause disruptions in
typical function that may drive AD progression [141]. Abnormal mito-
chondria fission and fusion, abnormal mitochondrial distribution
throughout pyramidal neurons, failing mitochondrial biogenesis,
mitochondria-associated membrane dysfunction, inadequate mitophagy,
and impaired proteostasis are all hallmarks of mitochondrial dysfunction
that contribute to the progression ofAD [141].Many of these abnormalities
may be therapeutically preventable either through directly targeting the
mitochondria, such as with Drp1 inhibitors, or through targeting Aβ or tau
to inhibit any interaction with the mitochondria [141,142]. Many of the
current clinical trials for treatments to prevent AD or slow AD progression
focus on the latter method, or on introducing antioxidants to prevent ROS
from damaging mitochondria and other cellular structures.

Current clinical trials
Nicotinamide and MIB-626 (a nicotinamide precursor) are potential

therapeutics with several ongoing clinical trials listed in Table 1. The pro-
posed method of action for nicotinamide is through the conversion of
nicotinamide to NADþ, inhibiting sirtuin and reducing levels of Thr231-
Phosphotau [143]. Orally administered nicotinamide was shown to miti-
gate Aβ and tau pathologies and improve cognitive function in mice [144].
Table 1
Current clinical trials targeting mitochondrial dysfunction in neurodegenerative
diseases.

ID Treatment Phase N

Alzheimer's disease
NCT05617508 NR N/A 80
NCT04430517 NR I 50
NCT05040321 MIB-626 I/II 50
NCT04842552 Hydralazine III 424
NCT05591027 Centella asiatica product I 48
NCT04740580 Glycine, NAC I 52
NCT05081219 Insulin, empagliflozin II 60
NCT04018092 Photobiomodulation II 168
NCT04784416 Photobiomodulation II 125
Amyotrophic lateral sclerosis
NCT04820478 Beta hydroxybutyrate ester N/A 76
NCT04244630 Antioxidant supplements II 60
Huntington's disease
NCT01502046 THC and CBD II 25
Parkinson's disease
NCT04477161 Oral Ketone Esters N/A 10
NCT03840005 Ursodeoxycholic acid II 31
NCT04044131 Serine, L-carnitine, NAC, NR II 120
NCT05214287 Intermittent hypoxia therapy I, II 29
NCT04768023 Vitamin D3 N/A 50

A current list of ongoing clinical trials ascertained from ClinicalTrials.gov. The
following search terms were used: Alzheimer's Disease, Amyotrophic lateral
sclerosis, ALS, Lou Gehrig's, Huntington's Disease, Parkinson's Disease, Parkin-
sonism, mitochondria, mitochondrial, bioenergetics. Abbreviations: N – number
of participants, NR – nicotinamide riboside, NAC – N-acetylcysteine, THC –

Tetrahydrocannabinol, CBD – Cannabidiol.
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Another drug currently in clinical trial is hydralazine. Hydralazine is
an FDA-approved drug for hypertension, however, recent research sug-
gests it may also be useful for delaying or preventing oxidative stress-
related disorders such as Alzheimer's [145]. This drug activates the nu-
clear factor erythroid-derived 2-related factor (Nrf2) pathway, leading to
antioxidant gene transcription and prevention of oxidative stress [145].
Additionally, it may be useful as a scaffold molecule to prevent mis-
folding of Aβ [146]. An extract of Centella asiatica similarly activates the
Nrf2 pathway and is the focus of a separate clinical trial [147].

Glutathione is a molecule involved with the regulation of homeostasis
and metabolism in the brain [148]. Deficiency or impairment of gluta-
thione can lead to loss of neurons in the brain due to glutathione's
important role as an antioxidant, among other things [148]. One phase I
clinical trial is attempting to supplement participants' diets with glycine
and N-acetylcysteine, glutathione precursors.

Due to impaired insulin metabolism in the brain in AD, nasally
administered insulin and empagliflozin are also being examined [149] In
the past, there have been varied results with intranasal insulin – some
studies have shown improved memory and cognitive function while
others have shown no improvement [149].

The only non-drug therapeutic currently undergoing clinical trial is
transcranial photobiomodulation. Photobiomodulation involves applying
electromagnetic radiation in the visible light range and near infrared that
may activate NADH dehydrogenase, cytochrome c reductase, and cyto-
chrome c oxidase [150]. It has been shown to reduce Aβ in vitro [151].

Mitochondrial dysfunction in amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS), sometimes referred to as Lou
Gehrig's disease, is the most common type of motor neuron disease in
adults [152]. Some 5–10 % of all ALS cases are familial; the remaining
90–95 % of cases are sporadic and idiopathic [152]. Mitochondrial
dysfunction in ALS is often caused by protein aggregates and mutations
to mitochondrial protein components (Fig. 3) [153]. Mutations in genes
such as superoxide dismutase 1 (SOD1) and TAR DNA-binding protein 43
(TDP-43) impair mitochondrial calcium uptake [154]. These mutations
can also lead to proteinopathy and intensified mitochondrial dysfunc-
tion. Aggregates of TDP-43 are typically found in the neuronal cytoplasm
of ALS patients and this aggregation impairs regulation of mitochondrial
transcripts [154]. There is some evidence that TDP-43 may be a
prion-like self-propagating protein aggregate such as Aβ and tau [153].

The coiled-coil-helix-coiled-coil-helix domain containing 10
(CHCHD10) mitochondrial protein is important in the formation and
maintenance of cristae junctions [155]. Within the mitochondria, this
protein also interacts with CHCHD2, creating a complex that is required
for efficient mitochondrial respiration [155] One mutation of CHCHD10
has been shown to lead to the fragmentation of the mitochondrial
network and the loss of cristae junctions [155]. Under mitochondrial
stress, CHCHD10 moves from the mitochondria to the cytoplasm to
directly interact with TDP-43, moving TDP-43 back into the nucleus to
prevent the protein aggregates [155]. Mutations in CHCHD10 may cause
this translocation to be less efficient [155].

The SOD1 gene, identified as a cause of ALS 30 years ago, was
foundational in the study of ALS pathogenesis [156]. There are many
known SOD1 mutations, and they are responsible for 12 % of the inci-
dence of familial ALS and 1–2% of the incidence of sporadic ALS [153,
156] It should be noted that SOD1 ALS lacks the TDP-43 pathology that is
present in nearly every other ALS case. Because of this, many consider
SOD1 ALS a distinct form of the disease [156].

Another landmark event for ALS research was the discovery of a
mutation in the noncoding region of the C9orf72 gene [155]. The hap-
loinsufficiency of this gene is implicated in about 40% of familial cases of
ALS as well as many sporadic cases and provides a genetic link between
the pathogenesis of ALS and frontotemporal dementia [157,158]. We are
only beginning to understand the role of C9orf72 in the cell, but recent
advances show that it is a MIM-associated protein that plays a critical role
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in oxidative phosphorylation [157]. The loss of C9orf72 appears to be a
sufficient cause of cell death in motor neurons under the conditions of
energetic stresses [157].

New treatments and current clinical trials
The current clinical trials examining ALS therapeutics targeting

mitochondria are listed in Table 1. There are two dietary intervention
clinical trials currently ongoing. One of the studies examines the efficacy
and tolerability of β-hydroxybutyrate ester, a ketone body dietary sup-
plement, and the other studies an antioxidant supplement.

A new therapeutic, tofersen, was recently approved by the U.S. Food
and Drug Administration for the treatment of SOD1 ALS [159,160].
Tofersen is an antisense oligonucleotide. Because antisense oligonucle-
otides are unable to cross the blood-brain barrier, they must be injected
intrathecally [153,160]. Once administered, antisense oligonucleotides
reduce protein expression through either forming a duplex with target
pre-mRNA or mRNA, leading to ribonuclease H degradation, or through
interfering with target pre-mRNA or mRNA translation and/or splicing
[153]. A collection of clinical trials examining antisense oligonucleotides
for the treatment of ALS are listed in Ref. [153]. An antisense oligo-
nucleotide targeting C9orf72 ALS, WVE-004, showed promise in pre-
clinical examination, however, development was recently canceled after
a phase I/II clinical trial failed to show benefit compared to a placebo
[161,162].

Mitochondrial dysfunction in Huntington's disease

Huntington's disease (HD) is a neurodegenerative movement disorder
characterized by degeneration of the caudate nucleus and the putamen
[163]. Specific loss of efferent medium spiny neurons is also common with
HD. These cause significant symptoms including motor defects such as
chorea and coordination loss as well as psychiatric symptoms such as
depression and psychosis. HD onset is due to a mutation in the HTT gene,
which codes for huntingtin. This mutation is a dominantly inherited CAG
repeat expansion within exon 1 of the HTT gene [164]. Huntingtin is a
protein with several important physiological functions including neuro-
genesis in the embryo, acting as a scaffoldingprotein (including localization
to spindle poles during mitosis), regulating transcription (namely in the
gene that codes for brain-derived neurotrophic factor), and it plays a role in
the correct formation of synapses [163]. The presence of HTT in embryonic
stage is extremely important as mice with the HTT gene knocked out are
reported to die before birth [164]. Mutation in huntingtin can lead to
transcriptional dysfunction and damage to the mitochondria [165]. This
mitochondrial damage has a cascading effect on HD causing excitotoxic
stress, increased expression of inflammatory signals, oxidative injury, and
pro-apoptotic signals (Fig. 4). All these cascading effects lead to further
neuronal damage and eventual death that is observed inHD.Mitochondrial
dysfunction is especially drastic in neuronal cells as these cells require
exceptional metabolic capabilities to function properly. Huntingtin
dysfunction is also hypothesized to lead to improper mitochondrial fusion
and fission [166]. This is caused by huntingtin potentially influencing the
development of key mobility proteins, causing mitochondria to have
impaired trafficking and mobility.

In addition to other suggested means of pathogenesis of HD, defi-
ciency in heat shock transcription factor 1 (HSF1) could also be involved
[167]. HSF1 has roles in both the regulation of gene expression within
the nucleus and the regulation of oxidative stress within the mitochon-
dria, the means by which this is accomplished is currently unknown
[167]. Because of this, if HSF1 is missing or functions improperly,
mitochondrial function is heavily affected, as a deficit in HSF1 in the
nucleus leads to improper gene expression. HSF1 deficiency induces
oxidative stress that is already prevalent in HD as well as mitochondrial
biogenesis inhibition. Studies have shown that HSF1 accumulation
within the mitochondria results in both neurodegeneration and mito-
chondrial movement deficits. Therefore, the idea of inhibiting HSF1 in
the mitochondria to some extent as a potential therapeutic option comes
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to fruition. However, inhibiting HSF1 nonselectively can lead to further
detrimental effects and thus is not a viable option. However, other means
of accomplishing this are being studied. One example is either blocking
or inhibiting the association that exists between HSF1 and mitochondria.
This was accomplished by introducing DH1, a unique peptide inhibitor
that blocks the involvement of HSF1 in mitochondria [167]. This results
in an increase in mitochondria elongation and an increase in mitochon-
drial nucleoids, implying that DH1 treatment improves the replication of
mtDNA. The introduction of DH1 allows for slower neurodegeneration
and the restoration of mitochondrial function through competition with
HSF1 for dynamin-related protein 1 (Drp1) binding. When evoked by
HSF1, Drp1 will begin phosphorylation, inducing shortening of the
mitochondria, returning them to their normal shape. However, further
studies still need to be performed in order to determine any other po-
tential effects this may have, as well as determine the best means of
administration of the treatment. The use of osmotic pumps in mice
demonstrated that DH1 was found in the cortex and striatum, which
suggests that DH1 has the capability to cross the blood-brain barrier
[167]. The treatment with DH1 improved both neurotoxicity and
behavior in an animal model. Further studies are being conducted on the
effects of this treatment on human cerebral organoids, as the
cross-species effects of this treatment are not well understood currently.

Mitochondrial dysfunction in Parkinson's disease

Parkinson's disease (PD) is a neurodegenerative disease characterized
by key motor symptoms that include hypokinesia, bradykinesia, resting
tremor, postural instability, and rigidity [168]. Other non-motor symp-
toms are noted in PD as well, including dyssomnias, depression, de-
mentia, and autonomic dysfunction. These symptoms typically precede
the motor symptoms, but this is not the case consistently. The motor
symptoms are brought on by degeneration of the dopaminergic (DA)
neurons, specifically within the substantia nigra pars compacta (SNc).
This degeneration results in a notable lack of dopamine within the syn-
apses and deranged neuronal circuits in the target areas of dopamine,
such as the basal ganglia.

Many means of pathogenesis of PD exist. One of the most heavily
studied is Lewy bodies [169]. Mitochondrial dysfunction is also heavily
prevalent in PD [169]. There are several ways in which mitochondrial
dysfunction may contribute to the pathogenesis of PD, most notably
through a decrease in the activity of mitochondrial complex enzyme I
(Fig. 5). The decrease in activity leads to additional oxidative stress on
nigral neurons, thus harming the integrity of the neuron, and leading to
neurodegeneration. Risk factors of PD include aging, namely due to the
increased failure of cellular compensatory mechanisms in the brain as
aging progresses, and environmental factors such as toxins located in the
environment including pesticides that inhibit complex-I in the mito-
chondria or other toxins that can alter mitochondrial gene expression and
protein function.

Genetic factors play a substantial role in the pathogenesis of PD, and
there is a plethora of genes that are or could be involved. These genes
includeSNCA,PARK2,UCHL1,PINK1,DJ-1,LRRK2,ATP13A2, andHTRA2.
Mutations and dysfunctions in these genes lead to a wide range of effects
including a decrease in complex I activity, decreased integrity of the mito-
chondria, decreasedATP production, general disruption of themorphology
of the mitochondria, UPS (ubiquitin-proteasomal system) dysfunction, and
ALP (autophagy lysosomal pathway) dysfunction.More specifically, SNCA,
or theα-synucleingene, codes for aprotein that is anelement of Lewybodies
[170]. Accumulation of α-synuclein within the mitochondria will interfere
with complex I, thus increasing mitophagy. Through this method, excess
calciumcan triggermitochondrial dysfunctionvia theα-synucleinpathway.
Mutations in the mitochondria-specific kinase PTEN Induced Kinase 1
(PINK1) also share the Lewy body pathology as well as specific loss of DA
neurons [171]. PINK1 plays a large role in the repair of mitochondrial
dysfunction as itwill respond to damage to individualmitochondria. This is
accomplished by recruiting parkin and triggering mitochondrial
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autophagy. Thus, novel methods are being studied to restore PINK1 func-
tion in patients with PD, though the majority of the studies are in the early
stages [172].

Currently, PD is screened via biomarkers such as α-synuclein levels
and isoforms in blood, genetic screening, and mitochondrial complex I
measurement [169]. However, with the knowledge of mitochondrial
dysfunction in PD, other biomarkers may be present and allow for earlier
detection of the disease. Therapeutic development for PD is also further
enabled by an understanding of mitochondrial dysfunction, as targeting
the dysfunction is another means to solve the issue. This is notably
important because currently the only treatments presented to patients
with PD are primarily used to treat the symptoms, not the disease [173].
These treatments have a primary purpose of increasing the levels of
dopamine within the brain, namely areas of the midbrain. However,
these have no neuroprotective effects. One proposed therapeutic is cre-
atine supplementation, as this has been shown to have a neuroprotective
effect in mouse models [169]. However, creatine supplementation as a
therapeutic within a human model is still debated over the efficacy of the
solution, as the supplementation had little to no effect on the Unified
Parkinson's Disease Rating Scale scores [169,174]. Another proposed
therapeutic is coenzyme Q10 administration. Coenzyme Q10 is a
lipid-soluble compound that acts as an electron carrier in the electron
transport chain. When reduced, the compound forms ubiquinol, which is
an antioxidant located in the membranes of mitochondria. The efficacy of
treatment with coenzyme Q10 is still debated but protective effects of the
treatment were noted in DA neurons within a mouse model [169,175].
Another supplementary option is vitamin K2, as it was able to rescue
motor disturbances in Drosophila but failed to have any notable effects in
mammalian cells.

Future directions

Neurodegenerative disorders were initially believed to be disorders of
protein homeostasis and characterized by the presence of aberrant pro-
tein accumulation, specifically α-synuclein, tau, and amyloid protein
aggregation and deposition. However, recent research studies that spe-
cifically probed into familial variants of several neurodegenerative dis-
orders have identified numerous additional processes that may
significantly contribute to the pathogenesis of these complex clinically
heterogeneous conditions. The mechanisms encompass a wide range of
factors, including perturbations in proteostasis and lysosomal trafficking,
impairment of mitochondrial function, increased oxidative stress, and
dysregulation of calcium and iron homeostasis. Oxidative stress and
mitochondrial dysfunction are well recognized as fundamental patho-
physiological factors underlying the majority of neurodegenerative dis-
eases [176–178]. These mechanistic insights have resulted in a change in
the focus of research conducted in the last decade, with the aim of
identifying biomarkers associated with oxidative stress and mitochon-
drial dysfunction in neurodegenerative illnesses characterized by unique
phenotypes, including Alzheimer's disease (AD), Parkinson's disease
(PD), and amyotrophic lateral sclerosis (ALS). Moreover, the role of
oxidative stress due to impaired redox homeostasis resulting in the pro-
gressive loss of different subtypes of neurons has been well established,
which is further supported by the findings of elevated levels of oxidized
byproducts derived from lipids, proteins, and nucleic acids in postmor-
tem examinations of brain tissues from individuals afflicted with
neurodegenerative disorders [179,180]. There is increasing evidence
suggesting that mitochondrial dysfunction plays a significant role in the
etiopathogenesis and progression of neurodegenerative illnesses. Addi-
tionally, an imbalanced redox state may contribute to disruptions in
proteostasis, leading to the accumulation of toxic protein aggregates such
as Lewy bodies and neurofibrillary tangles [170,181,182].

Despite the progress in understanding various pathomechanisms
contributing to the development and progression of neurodegenerative
disorders, no definitive treatment option is available to delay the pro-
gression of the disease. Hence, strategies aimed at modulating oxidative
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dysfunction and redox stress are promising options for modifying the
trajectory of neurodegenerative diseases [183]. Several potential targets
have been considered, including techniques aimed at replenishing NAD
þ reserves, antioxidants such as CoQ10, and modulators of NRF2 [183].
The association between elevated levels of Protein inhibitor of activated
STAT2 (PIAS2) and neurodegeneration has been shown, because of its
interaction with the STAT and p53 pathways. Consequently, there is
ongoing research and interest in the therapeutic potential of modulating
PIAS2 [184]. Cellular energy demands dictate a delicate equilibrium
between the biogenesis and degradation of mitochondria. This intricate
interplay is governed by nuclear respiratory factors, namely NRF1 and
NRF2, working with multiple transcription regulators that span both the
mitochondrial and nuclear genomes [185,186]. This has led to an
ongoing pursuit of NRF upregulation in various clinical trials aimed at
disease-modifying strategies for individuals with neurodegenerative
disorders [187–189].

Using multipronged approaches aimed at reducing the generation of
reactive oxygen species (ROS) and regulating the processes of mito-
chondrial biogenesis and homeostasis is increasingly recognized as a
cohesive principle in the treatment of neurodegenerative diseases.
Nevertheless, these strategies' effectiveness will rely on the identification
of biomarkers associated with mitochondrial dysfunction. The primary
objective will be to detect the onset of neurodegeneration in its prodro-
mal or preclinical phases, thereby improving the therapeutic outcomes.
The clinical application of omics technology has enabled the potential for
utilizing molecular signatures to stratify individuals with neurodegen-
erative illnesses [190]. Additionally, these omics techniques could be
employed to predict the ex vivo effectiveness of mitochondrial modula-
tion therapy.
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