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Abstract: Neurodegeneration is an age-dependent progressive phenomenon with no defined cause. Aging is
the main risk factor for neurodegenerative diseases. During aging, activated microglia undergoes phenotypic
alterations that can lead to neuroinflammation, which is well accepted event in the pathogenesis of
neurodegenerative diseases. Several common mechanisms are shared by genetically or pathologically distinct
neurodegenerative diseases, such as excitotoxicity, mitochondrial deficits and oxidative stress, protein
misfolding and translational dysfunction, autophagy and microglia activation. Progressive loss of neuronal
population due to increased oxidative stress leads to neurodegenerative diseases mostly due to the
accumulation of dysfunctional mitochondria. Mitochondrial dysfunction and excessive neuroinflammatory
responses are both sufficient to induce pathology in age-dependent neurodegeneration. Therefore,
mitochondrial quality control is key determinant for the health and survival of neuronal cells in the brain.
Research has been primarily focused to demonstrate the significance of neuronal mitochondrial health, despite
the important contributions of non-neuronal cells that constitutes significant portion of the brain volume.
Moreover, mitochondrial morphology and function are distinctly diverse in different tissues; however, little is
known about their molecular diversity among cell types. Mitochondrial dynamics and quality in different cell
types markedly decides the fate of overall brain health, therefore it is not justifiable to overlook non-neuronal
cells and their significant and active contribution in facilitating overall neuronal health. In this review article,
we aim to discuss the mitochondrial quality control of different cell types in the brain and how important and
remarkable is the diversity and highly synchronized connecting property of non-neuronal cells in keeping the
neurons healthy to control neurodegeneration.
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1. Introduction

Mitochondrial dysfunction and oxidative stress are considered as the key central mechanism of
progressive cell loss in several neurodegenerative diseases. Accumulation of dysfunctional
mitochondria in neurons increases the steady-state levels of reactive oxygen species derived from the
leakage of electrons from the electron transport chain. Moreover, neurons are solely dependent on
oxidative phosphorylation to keep their energy requirements during healthy conditions. In the
nervous system, mitochondria regulate neurite branching and regeneration [1], as well as synaptic
strength, stability and signaling [2]. Therefore, mitochondrial quality control and bioenergetic
demand in the CNS (central nervous system) are important factors to keep the brain healthy.
Although, neurons are predominantly highly specialized cells in the brain due to their unique
property of transmitting, processing, and storing information, however they are entirely dependent
on supportive glial cells for their bioenergetic demand (Figure 1).
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Figure 1. Cross-talk between neurons and non-neuronal cells in the brain. Secretory factors released

from activated microglia and reactive astrocytes triggers neuroinflammatory signals in the neurons.

Oligodendrocytes support neuronal axons for smooth neurotransmission from dendritic spines. All

different types of cells are represented with different colors and specialized networks among these
cells depicts the fine tuning to support neuronal health and transmission.

Nonetheless, the effects of mitochondrial dysfunction in non-neuronal cells (astocytes, microglia
and oligodenrocytes) and its implication for neuronal homeostasis and brain function has been
largely understudied. Research within the last few decades have demonstrated the indispensable role
of the glial cells in the CNS function. Unlike neurons and oligodendrocytes, astrocytes and microglia
remain actively healthy upon the impairment of their mitochondrial function, due to their higher
antioxidant capacity than neurons primarily on account of glycolysis to produce energy. Recent
evidence highlights the role of mitochondrial metabolism and signaling in glial cell function. Non-
neuronal cells support essential brain functions such as maintenance of neurotransmitter
communication, metabolism, trophic support, formation of myelin sheath, wound healing, and
immune surveillance [3]. Astrocytes are the major secretory cells characterized by their defined
characteristic of releasing factors or transmitters (gliotransmitters) including neurotransmitters (and
their precursors), modulators, peptides, hormones, trophic (growth) factors and metabolites.
Astrocytic secreted factors are involved in synapse formation, function and plasticity, neuronal
growth, differentiation, and survival, as well as in the regulation of the vascular tone and blood flow
in the brain. Additionally, astrocytes also mediate synaptic pruning by phagocytosis [4,5]. To prevent
any inflammatory impact on neurons, microglia act as the first line of defense. Besides, microglial
activation is a dynamic event and plays a central role in neuroinflammation, which can be beneficial
or pathogenic for neuronal health. Microglia are tissue resident macrophages (innate immunity) and
universal sensors of alterations in CNS physiology. Dynamic healthy microglial mitochondria
population is the key player in neuroinflammation. In response to pathogen or damage signals,
microglia undergo rapid activation and can acquire different phenotypes exerting neuroprotection
or neurotoxicity. In an event of neuroinflammation, activated microglia and astrocytes release soluble
mediators such as cytokines, glutamate, and ROS (reactive oxygen species) that negatively affect
neuronal function and viability, and thus contribute to neurodegeneration during disease
progression. In context to pathogenesis of neurodegenerative diseases, abnormal accumulation of a-
syn (alpha-synuclein) aggregates in neurons and glial cells is widely known to be associated with PD
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(Parkinson’s disease), DLB (dementia with Lewy body) and MSA (multiple system atrophy).
Mitochondrial dysfunction in neurons and glia is known as a key feature of a-syn toxicity. Studies
aimed at understanding a-syn induced toxicity and its role in neurodegenerative diseases have
primarily focused on neurons. However, a growing body of evidence demonstrates that glial cells
such as microglia and astrocytes have been implicated in the initial pathogenesis and the progression
of synucleinopathy. Furthermore, recent studies highlight the role of mitochondrial metabolism in
the normal function of glial cells. Therefore, the complex relationship between glial mitochondria and
a-syn mediated neurodegeneration may provide a novel insight into the roles of glial cells in a-syn
associated neurodegenerative diseases [6]. Neuronal oxidative stress has been implicated in aging
and neurodegenerative disease. Mitochondrial stress related to mtDNA (mitochondrial DNA)
dysregulation can produce neuronal dysfunction and death via impaired ETC (electron transport
chain) activity, which results in deficient ATP (adenosine triphosphate) production and related
increases in mitochondrial ROS production. However, mtDNA dysregulation in post-mitotic neurons
may also produce disturbances in mitochondrial homeostasis that are known to impair neuronal
function as well. Mitochondria are key contributors to the etiology of diseases associated with
neuromuscular defects or neurodegeneration. Well-balanced mitochondrial fission and fusion
processes are essential for nervous system development. The mitochondrial anchor protein SNPH
(syntaphilin) is a key mitochondrial protein normally expressed in axons to maintain neuronal health
by positioning mitochondria along axons for metabolic needs. Mitochondrial dysfunction has been
implicated in the degeneration of dopamine neurons in PD. Selective neuronal vulnerability of
specific neuroanatomical regions such as frontal cortex and hippocampus is characteristic of age-
associated neurodegenerative diseases, however the basis of pathogenesis remains unresolved. In
neurons, cofilinl a key regulator of actin dynamics may contribute to degenerative processes through
formation of cofilin-actin rods, and through enhanced mitochondrial fission, mitochondrial
membrane permeabilization, and the release of cytochrome C. Overall, mitochondrial impairment
induced by dysfunction of actin-regulating proteins such as cofilinl emerge as important
mechanisms of neuronal death with relevance to acute brain injury and neurodegenerative diseases,
such as PD or AD (Alzheimer’s disease) [7]. Oligodendrocytes are myelinating cells of the CNS
supporting neuronal survival. Oxidants and mitochondrial dysfunction have been suggested as the
main causes of oligodendrocyte damage during neuroinflammation as observed in MS (multiple
sclerosis). NCX (Na*-Ca?" exchanger) isoforms constitute the major cellular Ca?* extruding system in
neurons and microglia. Double immunostaining studies showed that in A53T mice (expressing
human A53T variant of a-synuclein), NCX1 was exclusively co-expressed in IBA-1-positive
microglial cells in the striatum, whereas NCX3 was solely co-expressed in TH-positive neurons in
SNpc. in vivo and in vitro findings suggest that the reduction in NCX3 expression and activity in
A53T neurons from midbrain may cause mitochondrial dysfunction and neuronal death in this brain
area, whereas NCX1 overexpression in microglial cells may promote their proliferation in the
striatum [8]. Although some of these cell-type-specific functions are achieved by modulating the well-
characterized metabolic roles of mitochondria, less-expected functions emerge, for example, in
immune or redox signaling [9], and likely many more remain elusive. Accordingly, mitochondria in
different cells or cell types, or even in different parts of the same cell, can behave quite differently.

2. Astrocytic mitochondria and their contribution in neurodegeneration

Astrocytes constitute about 20-40% of the brain cells, depending on the counting methodology
and brain region. Due to their dynamic neuroinflammatory activity, astrocytes are often considered
as secondary responders to neurodegeneration and are emerging as primary drivers of several brain
diseases. Recent evidence suggests that astrocytes, which play a key role in supporting neuronal
function and metabolism, might contribute to the development of neurodegenerative diseases [10].
Under activated state, not only microglia but astrocytes also release soluble mediators such as
cytokines, glutamate, and ROS that negatively affect neuronal function and viability, and thus
contribute to neurodegeneration during disease progression [11]. Mitochondrial dysfunction in
astrocytes contributes to neuroinflammatory activation of astrocytes. Likewise, many astrocytic
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functions, including glutamate metabolism, Ca?* signaling, fatty acid metabolism, antioxidant
production, and inflammation are dependent on healthy mitochondria. Research on astrocytic
mitochondrial proteins and their importance in signaling mechanisms have been correlated with
neurodegeneration. Astrocytic projections form functionally isolated microdomains, thus facilitating
local homeostasis by redistributing ions, removing neurotransmitters, and releasing factors to
regulate blood flow and neuronal activity. Microdomains exhibit a spontaneous increase in Ca?*
ensuring local metabolic support to astrocytes for energetically demanding processes [12]. Defective
mitochondrial biogenesis and function along with increased ROS generation are important
determinants of aging. Also, there is a concomitant decline in circulating levels of IGF-1 (insulin-like
growth factor-1) that is closely associated with neuronal aging and neurodegeneration. As regulation
of astrocytic mitochondrial function and redox status by IGF-1 is essential to maintain astrocytic
function and coordinate hippocampal-dependent spatial learning, downregulation of IGF-1 receptor
expression with age is associated with diminished hippocampal-dependent learning and increased
gliosis [13]. It has been suggested that impairment of mitochondrial homeostasis in astrocytes
contributes to neurodegeneration. The m-AAA (mitochondrial AAA) proteases exerts quality control
and regulatory functions vital for mitochondrial homeostasis. AFG3L2, which encodes one of the
subunits of the m-AAA protease, is mutated in spinocerebellar ataxia and in infantile syndromes
characterized by spastic-ataxia, epilepsy and premature death. Astrocyte dysfunction amplifies both
neuroinflammation and glutamate excitotoxicity in patients carrying mutations in AFG3L2, leading
to a vicious circle that contributes to neuronal death [14]. FTD3 (Frontotemporal dementia type 3) is
amongst the most prevalent early onset dementias which is clinically, pathologically and genetically
heterogeneous. Markedly, FTD3 patient derived astrocytes demonstrated the dysregulation of
glutamate-glutamine homeostasis, impaired mitochondria function and glutamine hypermetabolism
[15]. In another study on FTD3, it was shown that a point mutation in the CHMP2B (charged
multivesicular body protein 2B), causes aberrant autophagy that in turn triggers perturbed
mitochondrial dynamics with impaired glycolysis, increased ROS and elongated mitochondrial
morphology, indicating increased mitochondrial fusion in FTD3 astrocytes. This alteration in
astrocyte homeostasis prompts a reactive astrocyte phenotype and elevated release of toxic cytokines,
which accumulate in NF-xB (nuclear factor kappa b) pathway activation leading to
neurodegeneration [16] (Figure 2).
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Figure 2. Mitochondrial dynamics in neurons, microglia, astrocytes and oligodendrocytes. Distinct
mitochondrial states, both structural as well as functional in different cell types are represented along
with key molecular events of oxidative stress and bioenergetics. Abbreviations used are: PAMPs,
pathogen-associated molecular patterns; ATP, adenosine triphosphate; DAMPs, damage-associate
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molecular patterns; Am, mitochondrial membrane potential; IL, interleukin; iNOS, inducible nitric
oxide synthase; L-Arg, L-arginine; LTCC, L-type Ca? channel; NF-kB, nuclear factor kappa B; NLR,
NOD like receptors; NLRP3, NLR family, pyrin domain containing 3; NO, nitric oxide; OXPHOS,
oxidative phosphorylation; PRR, pattern-recognition receptors; P2X7, purinergic receptor P2X7; ROS,
reactive oxygen species; TCA, tricarboxylic acid; TLR, toll-like receptors; TNF-a, tumur necrosis
factors- .

Reactive astrocytes in ALS (Amyotrophic Lateral Sclerosis) alters their molecular expression
pattern and release toxic factors contributing to neurodegeneration and microglial activation.
Replenishment of miR-146a in the cortical astrocytes of mSOD1 (symptomatic SOD1-G93A) with pre-
miR-146a or by dipeptidyl vinyl sulfone abrogates their phenotypic aberrancies and paracrine
deleterious consequences to motor neurons and microglia [17]. MNs (motor neurons) and astrocytes
are implicated in the pathogenesis of ALS. In ALS patient-specific VCP (valosin-containing protein)-
mutant MNs, a significant increase in cytoplasmic TDP-43 (TAR DNA-binding protein 43) levels and
ER (endoplasmic reticulum) stress was observed as primary pathogenic events as well as secondary
mitochondrial dysfunction and oxidative stress [18]. In an in vitro model of HD (Huntington’s
disease) i.e., 3NP (3-nitropropionic acid, a mitochondrial toxin) treatment induces secretion of soluble
neuroprotective factors in response to BDNF (brain-derived neurotrophic factor) in striatal astrocytes
that selectively protect neurons expressing mutant huntingtin [19]. Under normal physiological
conditions, astrocytes internalize and clears neuronal mitochondria in a specialized process called
trans-mitophagy. In AD mouse brains, a significant increase in internalization of neuronal
mitochondria in astrocytes and increased degradation of neuronal mitochondria by astrocytes
suggest the involvement of 5100a4 in impaired mitochondrial transfer between neurons and AD
astrocytes along with significant increase in the mitophagy regulator and ROS in aged AD astrocytes
[20]. FA (Friedreich’s ataxia) is a recessive, predominantly neurodegenerative disorder caused by
mutations in the first intron of the Fxn (frataxin) gene. Fxn is a ubiquitous mitochondrial protein
involved in iron-sulfur cluster biogenesis and a decrease in the levels of this protein is responsible
for the symptoms observed in the disease. In vitro knockdown of Fxn, leads to a decrease in both
mRNA and protein expression, along with mitochondrial superoxide production and present signs
of p53-mediated cell cycle arrest and apoptotic cell death in a non-cell autonomous neuron-glia
interaction [21]. mtDNA depletion in astrocytes attenuates their primary cilium. Oxidative
phosphorylation deficiency in astrocytes stimulates FOX]J1 and RFX transcription factors which are
known as master regulators of motile ciliogenesis. During stress, primary cilium elongates and
become remarkably distorted due to a chronic activation of the mitochondrial integrated stress
response in astrocytes that drives anabolic metabolism and promotes ciliary elongation suggesting
metabolic ciliopathy is a novel pathomechanism for mitochondria-related neurodegenerative
diseases [22].

3. Microglial mitochondria and their significance in neurodegeneration

Microglia are highly plastic brain cells and perform a distinct range of specialized functions in
CNS that require high energy demand regulated by mitochondria. Microglia are extremely
metabolically flexible and capable of reprogramming their mitochondrial function upon
inflammatory activation to meet their energy demands. Activated microglia promote a neurotoxic,
inflammatory environment in the mammalian CNS that drives the pathogenesis of
neurodegenerative diseases. Accumulation of microglial mtDNA oxidative damage during aging
and increased intracellular ROS production activates the redox-sensitive NF-kB to enhance
neuroinflammation (Figure 2). Inflammasome activation of microglia leads to increased ROS
generation with a loss of mitochondrial membrane potential and mitochondrial integrity [23].
Mitochondria-derived ROS and cathepsin B, are also necessary for the microglial cell production of
interleukin-1§3, a key inflammatory cytokine. Supporting the neuroinflammatory role of microglia in
neurodegeneration, one of the studies demonstrated an increased expression of cytokines TGFf1
(transforming growth factor-beta 1) in microglia and an exacerbated inflammatory response, Smad3
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signaling to pathological changes in aged mice [24]. In microglia, ROS are generated primarily by
NOX2 (NADPH oxidase 2) and activation of NOX2 is associated with mitochondrial DAMPs
(damage-associated molecular patterns) signalling, inflammation and amyloid plaque deposition,
especially in the cerebrovasculature. Additionally, ROS originating from both NOX and the
mitochondria may act as secondary messengers to propagate immune activation; thus intracellular
ROS signaling may underlie excessive inflammation and oxidative stress [25]. In a crosstalk study
between neuronal and non-neuronal cells, mitochondrial DAMPs have been shown to initiate
proinflammatory immune responses from non-neuronal glial cells, including microglia and
astrocytes; thereby enlightening their significant contribution to the chronic neuroinflammation and
accelerating the neurodegeneration [26]. NLRP3 (NOD-like receptor family pyrin domain-containing
3) inflammasome signaling pathway is a major contributor to the neuroinflammatory process in the
CNS. Mitochondrial impairment in microglia can amplify NLRP3 inflammasome signaling to further
augment the dopaminergic neurodegenerative process [27]. Release of fragmented and dysfunctional
microglial mitochondria has been shown to activate naive astrocytes to A1 state that triggers neuronal
death hence, causing neurodegeneration [28]. In reactive astrocytes, mitochondrial DAMPs activate
the NLRP3 inflammasome leading to the liberation of IL-1(3 and IL-18 via the gasdermin D pore, a
major pathway to enhance inflammatory responses (Figure 2). Evidence from several preclinical
models including the DBA/2] mouse, in addition to patient data, implicates both mitochondrial
damage and inflammation in glaucomatous neurodegeneration [29]. Inducible microglial
mitochondrial fission has been reported to promote NLRP3-dependent neuroinflammation in
hereditary and idiopathic PD [30]. In postnatal organotypic hippocampal slice cultures, microglia
transformed into a distinct reactive phenotype by single TLR4 (toll-like receptor 4) stimulation with
LPS (lipopolysaccharide), which varied in the pattern of inhibition of the respiratory chain in
mitochondria [31]. Mitochondrial UCP2 (uncoupling protein-2) controls mitochondrial functions and
is involved in a variety of physiological and pathological processes. LPS treatment of UCP2-silenced
microglia activates an enhanced inflammatory response characterized by a greater expression of M1
genes (inducible nitric oxide synthase and tumour necrosis factor-a), while sparing IL-4 (interleukin-
4) in inducing M2 genes (mannose receptor 1 and interleukin-10) [32].

4. Mitochondrial quality control in neurons: a promising mechanism of neurodegeneration

Neuronal health is primarily governed by the integrity and functionality of mitochondria. A
hierarchical system of cellular surveillance mechanisms protects mitochondria against stress, by
precisely monitoring the mitochondrial damage and ensuring the selective removal of dysfunctional
mitochondrial proteins or organelles through a highly specialized intracellular event termed
“mitophagy”. Neurons critically rely upon healthy mitochondrial function and oxygen supply, as
most of the neuronal ATP is produced by oxidative phosphorylation. Moreover, mitochondrial
dysfunction plays a central role in glutamate-evoked neuronal excitotoxicity, and mitochondrial
fission/fusion dynamics are crucial events for mitochondrial morphology and function. Recent
studies highlighted a novel role for actin dynamics in the regulation of mitochondrial morphology
and function, for example, through mitochondrial recruitment of Drpl (dynamin-related protein 1),
a key factor in the mitochondrial fission machinery. Neuron-specific, inducible in vivo ablation of the
mitochondrial fission protein Drpl causes ER stress, that activates integrated stress response to
inhibit neuronal expression of the cytokine Fgf21 [33]. Another study supporting inevitable role of
Drpl demonstrated that inducible Drp1 ablation in neurons of the adult mouse forebrain results in
progressive alterations of mitochondrial morphology in the hippocampal region that are less
responsive to antioxidant treatment [34]. Under stress conditions, another key mitochondrial
mechanism i.e., Mull-Mfn2 pathway maintains neuronal mitochondrial integrity, where Mull
deficiency increases Mfn2 activity that triggers the first phasic mitochondrial hyperfusion and also
acts as an ER-Mito tethering antagonist. Overall reduction in ER-Mito coupling triggers an increase
in cytoplasmic Ca? load that in turn activates calcineurin and induces the second phasic Drpl-
dependent mitochondrial fragmentation and mitophagy. Thus, by tightly regulating mitochondrial
morphology and ER-Mito contacts, Mull-Mfn2 pathway plays an early key checkpoint role in
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maintaining mitochondrial integrity [35]. Mitochondrial protein composition determines the
mitochondrial quality. In neurons, nucleoid-associated proteins are highly enriched as a major cargo
compared with other mitochondrial components. Axonal Drpl-dependent fission of nucleoid-
enriched fragments near the sites of autophagosomes augments their capture to prevent
accumulation of mtDNA in the neuron, hence mitigate activation of proinflammatory pathways
involved in neurodegeneration [36]. Mitochondrial SNPH protein helps in placing mitochondria
along axons to match metabolic needs. In contrast, dendritic SNPH toxicity involves pathologic
molecules that trigger toxic misplacement of SNPH into dendrites. Pro-inflammatory cytokines and
NMDA (N-methyl-D-aspartate) interact and converge to trigger toxic misplacement of SNPH into
dendrites, thus ameliorating diverse inflammatory and excitatory injuries in neurodegenerative
diseases [37]. Intracellular migration of mitochondria is tightly regulated to maintain energy
homeostasis and prevent oxidative stress inside the cell. Miro (an outer mitochondrial membrane
protein) helps in anchoring the mitochondria to microtubule motors and is detached to stop
mitochondrial motility as an early step in the clearance of dysfunctional mitochondria. Caspase-
cleaved tau may affect mitochondrial migration through the increase of TRAK?2 (trafficking kinesin-
binding protein 2)-mitochondria binding and reduction of ATP production available for the
movement of mitochondria [38]. Metabolic dysfunction and protein aggregation are common
characteristics that occur in age-related neurodegenerative disease. Interestingly, a-syn accumulation
has been shown to induce upregulation of Miro protein levels due to an interaction via the N-
terminus of a-syn [39]. Exposure of agrochemicals selectively triggers a deficit in mitochondrial
transport by nitrating the microtubules in neurons harboring the synuclein, SNCA-A53T mutation
thus demonstrating a gene environment interaction in PD [40]. Defective mitochondrial biogenesis is
another causal event that leads to elevated oxidative stress and neuronal death. Mfn2 ablation and
mitochondrial fragmentation in adult neurons cause neurodegeneration through oxidative stress and
neuroinflammation in vivo via both apoptosis and aberrant cell-cycle-event-dependent cell death
pathways [41]. In motor neurons, glutamate excitotoxicity induces mitochondrial dysfunction by
disrupting mitochondrial dynamics via calpain-mediated Mfn2 degradation [42]. Aberrant
mitochondrial biogenesis drive adult-onset progressive loss of dopamine neurons and motor deficits
in Drosophila models of PINK1 (PTEN induced putative kinase 1) or parkin insufficiency. Such
defects result from PARIS (a novel KRAB and zinc finger protein, substrate of Parkin) dependent
repression of dopaminergic PGC-1a (Peroxisome proliferator-activated receptor-gamma coactivator)
and its downstream transcription factors NRF1 and TFAM that cooperatively promote mitochondrial
biogenesis [43]. Selective degeneration of neurons is reasonably due to selective neuronal vulnerable
property of the brain. Regional heterogeneity in mitochondrial and other cellular functions contribute
to and protect regions such as medulla oblongata, while rendering frontal cortex and hippocampus
vulnerable to neurodegenerative diseases [44]. Chronic mitochondrial stress is apparently reported
to be associated with major neurodegenerative diseases. Mitochondrial dysfunction and oxidative
stress are major contributors to the pathophysiology of other neurodegenerative diseases including
AD and PD. Markedly, mitochondrial dysfunction is well documented during the pathogenesis of
PD, and increasingly more supportive data in this line of thought suggests abnormal mitochondrial
dynamics and quality control as important underlying mechanisms. Alterations in microtubule-
dependent transport, mitochondrial dysfunction, and autophagic pathology are involved in
neurodegeneration observed in sporadic PD. In addition, animal models of PD utilizing neurotoxins,
such as 6-hydroxydopamine and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, have shown that
these toxins disrupt mitochondprial respiration by targeting complex I of the electron transport chain,
thereby impairing dopamine neurons in these models. Age-related decline in neuronal health or
expression of disease-associated mutations in the pathway may exacerbate the slow kinetics of
neuronal mitophagy, leading to neurodegeneration [45]. Mitophagy, the selective removal of
damaged mitochondria, is thought to be indispensable to maintain neuronal homeostasis. Mutations
of proteins in the pathway cause neurodegenerative diseases, suggesting defective mitochondrial
turnover contributes to neurodegeneration. Mutations in PINK1 and parkin cause autosomal
recessive PD plausibly due to defective PINK1/Parkin mediated mitophagy [46]. Age-related motor
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dysfunction and damaged mitochondria pathology in Parkin-deficient mice suggest that impairment
of mitochondrial clearance may underlie the pathology of PD [47]. MitoPark mice with defective
mitochondria showed greater glutamate release in the dorsal striatum compared to control mice upon
KCl stimulation. In addition, glutamate uptake kinetics were slower in MitoPark mice. These findings
were coupled with reduced expression of the glutamate re-uptake transporter, GLT-1 (glutamate
transporter 1), thus providing an environment suitable for glutamate excitotoxic events, leading to
altered physiological function in these mice [48]. Several histone modifications and its mediators have
been linked to age dependent neurodegeneration. Sirtuins (SIRT, silent mating type information
regulation 2 homolog in yeast) are NAD-dependent histone deacetylases reported to be involved in
aging and longevity. Mechanistically, NAD+ metabolism is altered in sporadic PD patient-derived
cells, which contributes to Sirtuin-2 activation and subsequent decrease in acetylated-a-tubulin levels
[49]. PD-associated VPS35 (Vacuolar protein sorting ortholog 35) mutations show mitochondrial
fragmentation and cell death in cultured neurons in vitro, in mouse substantia nigra neurons in vivo
and in human fibroblasts from an individual with PD, who has the VPS35(D620N) mutation [50].
Another PD-related protein, LRRK2 (leucine rich repeat kinase 2), promotes Miro removal by forming
a complex with Miro. In contrast, pathogenic LRRK2G2019S mutant disrupts this function, thereby
delaying the arrest of damaged mitochondria and consequently slowing the initiation of mitophagy.
Additionally, Miro degradation and mitochondrial motility are also impaired in sporadic PD patients
[51]. PD-linked LRRK2 mutations have been shown to increase dendritic and mitochondrial calcium
uptake in cortical neurons and familial PD patient fibroblasts, accompanied by increased expression
of the MCU (mitochondrial calcium transporter) [52]. DJ-1 is a multifunctional protein regulating
different biological and mitochondrial function. Loss-of-function mutations in DJ-1 were found to
cause an autosomal recessive form of PD. Proteins perturbed by the loss of DJ-1 were involved in
several mitochondrial functional pathways, including the tricarboxylic acid cycle and electron
transport chain. Synaptic mitochondrial respiration showed a significant change due to DJ-1
deficiency [53]. FTD (frontotemporal dementia) is another neurodegenerative disease where
mitochondrial quality control is markedly compromised. iPSC-derived neurons from patients with
FTDP-17 (frontotemporal dementia and Parkinsonism linked to chromosome 17) present an
increased mitochondrial membrane potential, which is partially maintained by the F1Fo ATPase
working in reverse mode. Increased mitochondrial membrane potential in FTDP-17 neurons leads to
overproduction of the ROS in mitochondria, which in turn causes oxidative stress and cell death [54].
In AD, mitochondria are reportedly involved in AB (amyloid-{) deposition. Pathogenic mutation in
a Norwegian family in the mitochondrial metallopeptidase PITRM1 (Pitrilysin metallopeptidase 1) is
found to underlie a novel mitochondrial neurodegenerative phenotype associated with Af3
accumulation [55]. Mitochondrial localizing protein SIRT3 (Sirtuin 3) protects the cell against
oxidative or metabolic stress and it has been observed that SIRT3 mRNA and protein levels were
significantly decreased in AD cerebral cortex. SIRT3 downregulation leads to p53-mediated
mitochondrial and neuronal damage in AD [56]. By preserving mitochondrial function, SIRT3
protects parvalbumin and calretinin interneurons against Af-associated dysfunction and
degeneration in AppPsl AD mice, thus controlling neuronal network hyperactivity [57]. In another
pertinent study, SIRT3-knockout mice exhibited poor remote memory, impaired long-term
potentiation and decreased neuronal number in the anterior cingulate cortex, which seemed to
contribute to their memory deficiencies [58]. Apo (apolipoprotein) E4, the major genetic risk factor
for AD, alters mitochondrial function and metabolism early in AD pathogenesis. Global proteomic
analysis revealed widespread alterations in mitochondrial functions in apoE4 cells, including
reduced levels of numerous respiratory complex subunits and major disruptions to all detected
subunits in complex V (ATP synthase). In addition, protein levels linked to mitochondrial
endoplasmic reticulum-associated membranes, mitochondrial fusion/fission, mitochondrial protein
translocation, proteases, and mitochondrial ribosomal proteins were substantially altered in apoE4
cells [59]. Loss of the mitochondrial m-AAA protease results in accumulation of constitutively active
MCU-EMRE (mitochondrial calcium uniporter and essential MCU regulator) channels that leads to
mitochondrial Ca? overload, mitochondrial permeability transition pore opening, and neuronal
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death. Mutations in subunits of mitochondrial m-AAA proteases in the inner membrane cause
neurodegeneration in SCA28 (spinocerebellar ataxia) and HSP7 (hereditary spastic paraplegia) [60].
Functional studies revealed that SLC25A46 (solute carrier family 25 member 46) may play an
important role in mitochondrial dynamics. SLC25A46 deficient mice displayed severe ataxia
primarily due to degeneration of Purkinje cells, suggesting the loss of SLC25A46 causes degeneration
in neurons by affecting mitochondrial dynamics and energy production [61]. TDP-43 is an RNA-
binding protein and a major component of protein aggregates found in ALS and several other
neurodegenerative diseases. Both full-length (mitochondrial matrix form) and truncated isoforms
(mitochondrial intermembrane space protein) of TDP43 generate toxic aggregates, implying the
presence of full-length TDP-43s in the matrix is a primary cause of mitochondrial damage [62]. ALS
is an adult-onset neurodegeneration of motor neuron death. Synaptosomes from the spinal cord and
motor cortex of SOD1G93A mice (mouse model of ALS) displayed dysfunctional mitochondria
exhibiting high activity of hexokinase and phosphofructokinase, key glycolysis enzymes, and of
citrate synthase and malate dehydrogenase, key Krebs cycle enzymes [63]. C90rf72 is a mitochondrial
inner-membrane-associated protein regulating cellular energy homeostasis via its critical role in the
control of oxidative phosphorylation. In C9orf72-ALS model, loss of mitochondrial function is a key
mediator of axonal dysfunction [64]. Intriguingly, in C9orf72-linked ALS/FTD patient-derived
neurons, impairment of mitochondrial complex I function was reported [65].

5. Significance of oligodendrocytic mitochondria in axonal dysfunction and neurodegeneration

Oligodendrocytes are necessary for the maturation of excitatory domains on the axon including
nodes of Ranvier, help buffer potassium, and support neuronal energy metabolism. Disruption of the
oligodendrocyte-axon unit in traumatic injuries, AD and demyelinating diseases such as MS results
in axonal dysfunction and can ultimately lead in neurodegeneration. MS is a chronic inflammatory
demyelinating disease of the CNS and a leading cause of neurological disability worldwide. In
general, MS is a heterogeneous autoimmune disease of unknown etiology characterized by
inflammation, demyelination, and axonal degeneration that affects both the white and gray matter of
CNS. Mitochondria have been increasingly linked to the pathogenesis of MS. Recent studies suggest
a role of mitochondrial dysfunction in the neurodegenerative aspects of MS [66]. To date,
investigation of mitochondrial dysfunction in MS has focused exclusively on neurons, with no studies
exploring whether dysregulation of mitochondrial bioenergetics and/or genetics in oligodendrocytes
might be associated with the etiopathogenesis of MS and other demyelinating syndromes. Recent
large-scale epidemiological and genomic studies identified several genetic and environmental risk
factors for MS. Mitochondria-targeted antioxidants SkQ1 could be promising candidates as
components of a combined therapy for MS and related neurological disorders [67]. Oxidative stress
in oligodendrocyte’s mitochondria indicates pre-clinical sign of MS-like inflammation and
demonstrates that evolving redox and morphological changes in mitochondria accompany
oligodendrocyte dysfunction during neuroinflammation [68]. Another classical neurodegenerative
disease in context to oligodendrocytes i.e,, MSA is neuropathologically characterized by a-syn
aggregates in oligodendroglia, and clinically characterized by parkinsonism, ataxia, and autonomic
dysfunction. Since abnormal mitochondrial health due to oxidative phosphorylation are reported in
MSA, mitochondrial haplogroup background may present the risk of MSA [69]. HSP is characterized
by degeneration of CNS axons. PLP (Myelin proteolipid protein) and axon-enriched proteins are
mutated HSP proteins that are involved in mitochondrial function, SER (smooth endoplasmic
reticulum) structure, and microtubule stability/function. In HSP pathogenesis, Juxtaparanodal
mitochondrial degeneration, reduced mitochondria-SER associations and reduced ATP production
lead to axonal ovoid formation and axonal degeneration [70]. Oligodendrocyte-specific mtDNA
double-strand breaks in PLP:mtPstl mice model cause oligodendrocyte death and demyelination
associated with axonal damage and glial activation [71]. VDAC1 (Voltage-dependent anion-selective
channel 1) is a mitochondrial porin involved in the cellular metabolism and apoptotic intrinsic
pathway in many neuropathological processes. In SCI (spinal cord injury), after the primary cell
death, release of pro-inflammatory molecules triggers apoptosis, inflammation, and demyelination
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leading to the loss of motor functions [72]. In oligodendrocytes, overactivation of AMPARs (AMPA-
type ionotropic glutamate receptors) induces intracellular Ca?* overload and excitotoxic death. It has
been shown that AMPARs activation triggers Drpl mediated mitochondrial fission in
oligodendrocytes [73]. Genetically induced mitochondrial or myelin dysfunction experimentation
validates that modification in axonal mitochondrial size depends on the thickness of myelin sheath
but not vice versa [74]. Under unfavorable bioenergetic scenario, iron deficient oligodendrocytes fail
to undergo myelination, thus indicating the regulation of cell metabolism may impact cell fate
decisions and maturation [75]. Loss of MnSOD (Mn-Superoxide dismutase) in spinal cord promotes
a phenotype of demyelination, inflammation and progressive paralysis that mimics phenotypes
associated with progressive multiple sclerosis [76].

Conclusion

Mitochondria are essential for neuronal survival and mitochondrial dysfunction is a hallmark of
neurodegeneration. The loss in mitochondrial energy production, oxidative stress, and changes in
calcium handling are associated with neurodegenerative diseases; however, different sites and types
of mitochondrial dysfunction are linked to distinct neuropathologies. Understanding the causal or
correlative relationship between changes in mitochondria and neuropathology will lead to new
therapeutic strategies. Mitochondria are promising cellular targets for neuroprotective interventions:
They are among the first structures affected in many neuroinflammatory diseases, with
mitochondrial impairment ranging from impaired respiratory activity and reduced mitochondrial
membrane potential to mitochondrial oxidation and fragmentation. Therefore, the development of
neuroprotective strategies might be important in addition to treating inflammation in these diseases.
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