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Abstract

In recent years, multiple disciplines have focused on mitochondrial biology and contributed to
understanding its relevance towards adult-onset neurodegenerative disorders. These are complex
dynamic organelles that have a variety of functions in ensuring cellular health and homeostasis.

The plethora of mitochondrial functionalities confers them an intrinsic susceptibility to internal

and external stressors (such as mutation accumulation or environmental toxins), particularly so in
long-lived postmitotic cells such as neurons. Thus, it is reasonable to postulate an involvement of
mitochondria in aging-associated neurological disorders, notably neurodegenerative pathologies
including Alzheimer’s disease and Parkinson’s disease. On the other hand, biological effects resulting
from neurodegeneration can in turn affect mitochondrial health and function, promoting a feedback
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Introduction Search Strategy and Selection Criteria

Mitochondria are ubiquitous cytoplasmic organelles that form tubular
structures, organized in a cell-spanning network. As dynamic organelles,
mitochondria are under constant fission, fusion, mitophagy, and biogenesis
(Figure 1). Mitochondrial fission is a cell division process that directs
mitochondrial contents, creates heterogeneity, and contributes to the
eradication of defective mitochondria (Zhou et al., 2017). Mitochondrial
health and function are ensured by coordinated biogenesis and mitophagy (Ho
etal., 2017).

In addition to their widely described role as the primary cellular adenosine
5' triphosphate (ATP) producers, mitochondria control important cellular
events, such as Ca’* homeostasis, reactive oxygen species (ROS) signaling,
ion channel regulation, or exocytosis (Rowland and Voeltz, 2012; Trigo et
al., 2022). Mitochondrial fusion allows for the exchange of mitochondrial
material and contributes to the regulation of ROS and calcium buffering. In
fact, cellular homeostasis is directly overseen by mitochondria via modulation
of intracellular calcium levels, together with the endoplasmic reticulum or
in response to stress, by activating the unfolded protein response, primarily
accomplished through ROS signaling and immune response modulation
(Singer and Chandel, 2019; Trigo et al., 2022). Mitochondrial ATP synthesis
occurs in a well-characterized and described manner, along the mitochondrial
electron transport chain complex (Zhao et al., 2019); however, a by-
product of this process is the production of ROS. Classically associated with
cellular damage and deleterious effects (Brand, 2016), recent studies have
established important signaling roles for ROS in a physiological and healthy
state (D’Autréaux and Toledano, 2007). Indeed, these are described to be
crucial messengers in several signaling pathways (De Giusti et al., 2013), with
ROS signal transfer happening via oxidative modification of proteins, such
as receptors, kinases, phosphatases, caspases, and transcription factors (De
Giusti et al., 2013).

On the other hand, due to its plethora of cellular roles, mitochondrial stress
has important links to apoptotic, necrotic, and apoptosis-necrosis hybrid
cell death mechanisms (Fricker et al., 2018), playing an important role in the
development and progression of neurodegenerative diseases (Naumova and
Sachl, 2020). For a long time, this topic has stimulated the interest of physicians
and scientists, and the role of mitochondria in apoptosis and the toxic effects
of ROS production have been widely studied (Kausar et al., 2018); however,
the fact that most clinical attempts to modulate these processes on their own
have failed mandates a re-assessment of pathophysiology. This review explores
the various roles and therapeutic potential of mitochondria in neurological
disorders, with a focus on novel research aiming to promote mitochondria
homeostasis to restore neuronal function in pathological settings.

This review article used PubMed of the National Institute of Health (NIH),
National Library of Medicine (https://pubmed.ncbi.nIm.nih.gov/), and
Google Scholar (https://scholar.google.com/), assessed between April and
June 2022. Search strategy and selection criteria used combinations of
keywords such as mitochondria; homeostasis; mitostasis; neurodegeneration;
neuroregeneration; Alzheimer’s disease; Parkinson’s disease; glymphatic
system. There was no limit on the year of publication, affiliation, authorship,
or journal, but there was a preference for more recent research.

Mitochondria in Neurodegeneration

AgeDisruption of mitochondrial health and function is deeply related to
the etiology of several chronic neurodegenerative diseases. Among them,
the genetic optic neuropathy optic atrophy type 1 (OPA1) is caused by
mutations in the OPA1 gene, which codes for a mitochondrial dynamin-
related GTPase involved in mitochondrial architecture, fusion, and
metabolism. Another example is mutations in the mitofusin 2 (MFN2) gene,
an essential regulator of mitochondrial fusion, which result in Charcot-Marie-
Tooth disease (Chen et al., 2005). Moreover, at least 11 different missense
mutations in mitochondrial DNA (mtDNA) in select genes encoding subunits
in enzyme complexes I, lll, and IV, have been linked to Leber’s hereditary
optic neuropathy, a neurodegenerative disease that causes optic nerve
atrophy and leads to blindness in young adults (Brown et al., 1992). Of note,
inherited mitochondrial disorders are mostly caused by mutations in the
polymerase (POLG1) gene, which encodes the mtDNA polymerase catalytic
subunit, resulting in a series of neurodegenerative illnesses, including
childhood myocerebrohepatopathy spectrum diseases, Alpers’ syndrome,
ataxia neuropathy spectrum disorders, myoclonus epilepsy myopathy
sensory ataxia, and chronic progressive external ophthalmoplegia (Wong et
al., 2008).

Furthermore, a causal relation has been established between aging-
related neurodegenerative diseases and mitochondria (Matsui et al., 2021).
While the evidence of mitochondrial enrolment in more common human
neurodegenerative diseases, such as dementia, was initially considered mostly
circumstantial (Martin, 2010), recent studies appear to establish a solid
association between mitochondrial dynamics and Alzheimer’s disease (AD)
and Parkinson’s disease dementia (Grimm and Eckert, 2017; Gomez-Suaga et
al., 2018; Wong et al., 2020; Misrani et al., 2021; Sharma et al., 2021b), the
two most common neurodegenerative diseases (Nussbaum and Ellis, 2003)
(Figure 2).
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Figure 1 | The complicated lives of mitochondria.

The figure illustrates the lifecycle of mitochondria and the effect of disease-specific
protein interaction on mitochondria dynamics. Orange mitochondria represent ones,
and green mitochondria represent damaged ones (namely from oxidative damage). Blue
circles represent the Alzheimer’s disease-related peptide AB and orange circle represents
the Parkinson’s disease-related Parkin. AB: Amyloid beta.
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Figure 2 | Importance of mitochondria homeostasis in AD and PD.

The most promising mitostasis therapeutic targets in neurodegeneration are highlighted
in green. Dashed arrows represent lesser impacts in degeneration pathways and solid
arrows represent main action mechanisms. Blue boxes represent the known clinical
representations of PD and AD in mitochondria with a causational hypothesis in the
literature (Cheng and Bai, 2018). AD: Alzheimer’s disease; AB: amyloid B peptide; DJ-1:
protein/nucleic acid deglycase DJ-1; GBA: glucocerebrosidase; HSPAQ: stress-70 protein,
mitochondrial; LRRK2: leucine-rich repeat kinase 2; PD: Parkinson’s disease; PINK1:
mitochondrial serine/threonine-protein kinase; PRKN: E3 ubiquitin-protein ligase parkin;
RHOT1: mitochondrial Rho GTPase 1; tau: microtubule-associated tau protein; TRAP1:
heat shock protein 75 kDa, mitochondrial.

Mitostasis alterations in Alzheimer’s disease

AD is the most common form of dementia in the elderly population, and
although its prevalence is rising in lockstep with rising life expectancy in
modern societies, the mechanisms of neuronal degeneration in AD are
still somewhat unclear and current knowledge is partially lacking. In fact,
neurodegeneration has been hypothesized to be caused by a cumulative
number of factors, including alterations in protein metabolism and processing,
excitotoxicity, oxidative stress, and, more recently, mitochondrial dysfunction
(Nussbaum and Ellis, 2003; Guo et al., 2013; Henriques et al., 2015).

There are, however, solid data establishing a correlation between the
processing of the amyloidogenic peptide amyloid beta (AB), the principal
component of AD amyloid plaques (Gandy et al., 1993; da Cruz e Silva et al,,
2004; Henriques et al., 2015), and mitochondria health and homeostasis.
The amyloid precursor protein (APP) (Gandy et al., 1993; da Cruz e Silva et
al., 2004; Henriques et al., 2015) has a mitochondrial targeting sequence
(Pavlov et al., 2009) and interacts with mitochondrial import proteins when
overexpressed in vitro, preventing the mitochondrial import and promoting
bioenergetic deficits (Wilkins and Swerdlow, 2017). APP variants were
described to associate with mitochondria in the AD brain (Pavlov et al., 2009),
namely by interacting with outer mitochondrial membrane translocases,
such as translocase of outer mitochondrial membrane 40 (TOMM40) and
translocase of inner mitochondrial membrane 23 (TIMM23) (Cha et al.,
2012; Eldeeb et al., 2020). The brain of AD patients further shows evidence
of mitochondrial dysfunction, namely increased ROS production and
abnormalities in levels and activity of the respiratory chain subunit, mirrored
by elevated mitochondrial levels of APP (Sharma et al., 2021a). Of note, the
APP-derived AB interacts with the mitochondrial matrix protein AB-binding
alcohol dehydrogenase, which contributes to AB toxicity, believed to act via
mitochondrial dysfunction and oxidative stress (Yao et al., 2011; Figure 2).

The peptide AR has been described to affect mitochondria in several ways,
in the context of AD (Reddy, 2009; Cai and Tammineni, 2017; Cheng and Bai,
2018; Perez Ortiz and Swerdlow, 2019; Tang et al., 2019; Wong et al., 2020;
Sharma et al., 2021a). The amyloidogenic AR builds-up in mitochondrial
membranes, causing structural and functional damage and preventing
neurons from functioning normally (Reddy, 2009); additionally, oligomeric
AB has been found to increase intracellular Ca** levels and to promote its
excessive accumulation in mitochondria (Reddy, 2009). AR has also been
described to physiologically bind mitochondria in the cerebral cortex of AD
mouse models (Eckert et al., 2010) and to interact with mitochondria in the
human brain cortex (Calvo-Rodriguez and Bacskai, 2021). In both human and
mutant APP transgenic models, deletion of mitochondrial peptidyl-prolyl cis-
trans isomerase F (PPIF) gene has a neuroprotective effect in response to
oxidative and AB-induced stress (Akhter et al., 2017).

As such, although targeting mitochondrial dysfunction is becoming an
increasingly plausible therapeutic option in AD, a realistic application has not
yet been clearly established (Figure 2).

Mitostasis alterations in Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative
disorder, affecting over six million people worldwide. A mostly sporadic
progressive degenerative disease with unknown etiology, impairment
of mitochondrial respiration has long been linked with Parkinsonism
(Langston et al., 1983), and further studies have characterized the impact of
mitochondria on PD onset and progression (Grimm and Eckert, 2017; Gomez-
Suaga et al., 2018; Park et al., 2018; Magalhaes et al., 2021; Prasuhn et al,,
2021). A current promising therapeutic avenue has focused on restoring
mitochondrial dysfunction; however, trials aimed at improving mitochondrial
function in PD have not yet been successful (Park et al., 2018; Figure 2).

Impairment of mitochondrial biogenesis, mitophagy, and traffickin
disruption of the electron transport chain, increased ROS production, or Ca
imbalance, can all contribute to PD-associated mitochondrial dysfunction
(Park et al., 2018; Grinewald et al., 2019). If protective mechanisms fail, a
negative cycle will eventually elicit all these dysfunctions, leading to cellular
impairment and, eventually, neuronal death, and the role of mitochondria in
regulating cell death via apoptosis, Ca’* homeostasis, cell division control, and
growth have indeed all been described to be altered in PD (Bose and Beal,
2016).

’
1

As previously described, ROS are physiologically produced by mitochondria
at very low levels, playing signaling roles in the cell. Physiologically generated
ROS are thus regulated by mitochondrial antioxidants, such as the manganese
superoxide dismutase (MnSOD/SOD2) and glutathione, that ensure oxidative
species are kept at signaling levels, preventing their increase to pathological
concentrations (Prasuhn et al., 2021). However, these antioxidants can be
overwhelmed by excessive ROS production, resulting in uncontrolled oxidative
stress, eventually leading to macromolecule oxidative damage. High energy
requiring cells such as neurons are particularly dependent on mitochondrial
respiration and thus must tightly balance ROS production to ensure it does
not reach pathological levels, which could contribute to neurodegeneration.
Subsequently, a decrease in glutathione in the substantia nigra pars compacta
has been theorized as an early modifiable event for PD (Prasuhn et al., 2021).

Protein inhibitor of activated STAT2 (PIAS2) is an E3-type small ubiquitin-
like modifier (SUMO) ligase, stabilizing protein interaction and mediating
protein SUMOQylation. Increased levels of PIAS2 have been linked to cognitive
and motor impairments in PD mouse models, associated with decreased
mitophagy and the consequent accumulation of senescent mitochondria,
as well as oxidative stress, and modulating this pathway has been shown to
prevent neuronal damage and cognitive and motor impairments (Magalhaes
et al,, 2021). Being a transcriptional coregulator of several paramount cellular
pathways, namely the STAT pathway and the p53 pathways (Rabellino et
al., 2012), PIAS2 is one of the new therapeutic targets being explored in
neurodegenerative disorders.

Mitochondria as Neuronal Health Promotors

The nervous system is particularly reliable on mitochondria metabolism
and homeostasis, since it is the most energy-dependent system, and more
so during the process of aging, when metabolism and homeostasis are
physiologically altered, including glucose hypometabolism and reduction in
mitochondrial electron transport chain activity (reviewed elsewhere (Trigo et
al., 2022)). Consequently, several therapeutic strategies have been developed
to restore and maintain mitochondria health, not only in response to
neuronal degeneration on its own, but also to promote physiological, healthy
aging (Murphy and Hartley, 2018). A promising approach aims to restore
mitochondrial trafficking and dynamics.

Mitochondrial dynamics, the cycle of constant mitochondria fusion and
fission, is a highly complex and balanced process, where mitochondria
localization and trafficking are controlled by a wide array of molecular
mediators (Sabouny and Shutt, 2020), including the interaction with the
endoplasmic reticulum (Chan, 2020). These characteristics are not surprising,
as mitochondria movement and dynamics are widely known to be essential
for neuronal health, growth, and regeneration (Trigo et al., 2019), and
the cohesiveness and location of the intricate mitochondrial network are
of paramount relevance for healthy cellular metabolism, particularly in
the long neuronal axons (Wai and Langer, 2016). Mitochondria are highly
dynamic organelles, constantly relocating and dispersing and re-entering the
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network, which is of central importance to ensure that neuronal energetic
requirements are met, from the cellular body to the axon, dendrites and,
ultimately, the synapse (Parrado-Fernandez et al., 2018).

Recent studies further emphasized the importance of mitochondria in
the context of PD in particular, as most genetic mutations associated with
this disease have been associated with mitochondria location (such as
mitochondria-endoplasmic reticulum contact sites) (Cutillo et al., 2020), with
an impact on mitochondria dynamics (Seager et al., 2020). Recent research
has reiterated the impact of mitochondrial biogenesis (Ge et al., 2020; Kumar
et al., 2020), where it was demonstrated that defective mitophagy in Parkin-
knockout dopaminergic neurons is a consequence primarily of defects in
mitochondrial biogenesis, which results in mitochondrial dysfunction. This
work auspiciously also demonstrates that modulating Parkin activity can
modulate mitochondrial biogenesis, but although promising, further work
is required before this therapeutic strategy can be translated to a clinical
setting. Mitochondrial biogenesis is a complicated activity, akin to cellular
division, that requires the coordination of several types of cellular machinery,
confounded by the fact that mitochondria possess their own genetic material
(mtDNA); its replication, by cell-independent machinery, is also an important
factor worth considering (Chandra et al., 20193, b).

Nonetheless, restoring mitochondria homeostasis is an exceptionally
promising future therapeutic strategy in PD. Dysfunctional mitochondrial ETC
complex and increased oxidative stress are deeply interconnected with the
vast majority of mitochondrial dysfunction in PD and, as such, therapeutic
tools aiming to influence both aspects of mitochondrial homeostasis and
maintenance have been investigated in recent years, particularly derivates
from coenzyme Q10 (Negida et al., 2016; Zhu et al., 2017).

Mitochondrial complex | dysfunction increases oxidative stress and
consequent oxidative damage (Rak et al., 2016), which is prevented by
coenzyme Q10. Its mechanism of action is to bypass mitochondrial complex
I dysfunction, via the Q-cycle (sequential oxidation and reduction of the
electron carrier Coenzyme Q in the mitochondria), which directly decreases
the extent of oxidative stress (Wu et al., 2016). However, although promising
in animal studies, current clinical trials have not yet proven to be successful
(Negida et al., 2016; Zhu et al., 2017; Attia and Maklad, 2018). However, a
promising result from Drosophila models, not yet explored in mammalian
models, observed Vitamin K2 (long-chain menaquinone 7) to act in a similar
manner to coenzyme Q10 (Vos et al., 2012).

Nicotinamide (Vitamin B3) and its derivates are also being explored as
strategies to restore ATP production. In this line of investigation, Nicotinamide
has been observed to normalize redox levels, with initial studies reporting
that it may also affect metabolism-regulating sirtuins (Prasuhn et al., 2021).
Nicotinamide metabolism is highly relevant for mitochondrial complex | and
could be used to rescue ETC disturbances (Lehmann et al., 2017).

Predictive techniques, tailored patient profiles, targeted prevention, and
customization of medical services are crucial for overall medical care. In
mitochondrial-related pathologies, due to the lack of causal medications and
cures for individuals, these alterations may act as a marker for predicting and
measuring disease progress (Koklesova et al., 2022). For clinical application,
the ideas here discussed are suited for the perspectives of personalized
medicine. Recent studies discussed how specific mitochondrial impairments
may lay grounds for patient stratification strategies, implemented in the
context of 3P medicine (predictive; preventive, and personalized) (Koklesova
etal., 2021).

The usefulness of this observation in the translation for clinical and bedside
care is recently evidenced and discussed in the literature (Koklesova et al.,
2021, 2022).

Movement to and from the central nervous system: the role of
mitochondria

The brain plays a unique role in iron metabolism due to the blood-brain
barrier which restricts its access to plasma iron (Mills et al., 2010), and
understanding the process of iron release into the brain and transport
regulation could help explain the iron accumulation in the brain observed in
various neurodegenerative disorders (Singh et al., 2014; Duck and Connor,
2016). Ferrosenescence primarily affects the nervous system and is linked to
excessive iron ion accumulation in the brain (Sfera et al., 2018).

The major functional forms of iron, heme and iron-sulphur clusters, are
synthesized in the mitochondria (Ma et al., 2006), and mitochondrial iron
homeostasis must be regulated to minimize ROS production (Xu et al.,
2010). Recent studies in yeast and mammal models suggest a relationship
between impaired mitochondrial iron homeostasis and aging (Doulias et
al., 2008; Irazusta et al., 2010; Xu et al., 2010; Hughes et al., 2020). Current
research describes the disruption of mitochondrial iron transport during
aging, resulting in accumulation of mitochondrial iron and destruction of
mitochondrial structural components (Buffenstein et al., 2008; Ward and
Cloonan, 2019).

Iron content varies between brain regions and cell types, with autopsy
analyses showing the total iron concentration in the substantia nigra and
globus pallidus of the basal ganglia to rise with age (Walker et al., 2016).

While the blood-brain barrier regulates the movement of cells and
molecules from circulation into and from the central nervous system, the
brain nonetheless also requires alternative clearance means to clear away
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metabolic debris and physiological by-products. Since it lacks a conventional
lymphatic system, the relevance of this waste removal process is more

evident when considering that waste accumulation is a significant contributor
to neurodegenerative disease origin and progression (Trigo et al., 2022).

The glymphatic system is a newly described structure, through which
subarachnoid cerebral-spinal fluid enters the brain interstitium along
the outside of penetrating arteries (para-arterial influx) and mixes with
interstitial fluid (lliff et al., 2012); the resulting fluid then passes through the
interstitium, where it is drained via para-venous pathways to the meningeal
lymphatic vessels, where it reaches the cervical lymphatics (lliff et al.,
2012). Extracellular proteins, such as the amyloidogenic AB peptide, tau, or
phosphorylated tau, are cleared from the interstitium by this fluid movement
through the brain (lliff et al., 2012; Tarasoff-Conway et al., 2015). The role
played by this system is especially important in the deeper areas of the brain,
where interstitial solutes are incapable to directly reach the blood-brain
barrier, and thus require an alternative clearance pathway (Silva et al., 2021).
The glymphatic system is highly dependent on the astrocytic water channel
aquaporin-4, evidenced by reduced cerebral-spinal fluid influx and solute
clearance in the parenchymal interstitium in aquaporin-4-knock out animal
models (Silva et al., 2021). Glymphatic dysfunction has been hypothesized to
particularly contribute to aging-associated brain dysfunction due to increased
AB accumulation (Kress et al., 2014), and impaired glymphatic clearance has
in fact been described in AD animal models, associated with A deposition
(Peng et al., 2016); considering the link between AB deposition and metabolic
and mitochondrial impairment (Reddy and Beal, 2008), an obvious research
hypothesis would be to explore the correlation between mitochondria
function and glymphatic clearance in the context of neurodegenerative
disorders, but this link is yet to be convincingly established.

In fact, only recently have the pathological implications of glymphatic system
dysfunction started to be characterized. Evidence is starting to accumulate
suggesting a close association between mitochondrial and glymphatic
system function. The primarily described glymphatic role of waste removal is
intimately related with metabolic activity, and initial observations evidence
pathological mitochondrial alterations in the central nervous system, namely
in astrocytes, associated with cerebral clearance in dementia patients with
idiopathic normal pressure hydrocephalus, a syndrome characterized by
increased cerebral-spinal fluid pressure (Tan et al., 2021). This effect appears
to be related to mitostasis, as reduced mitochondria-endoplasmic reticulum
distance in neuronal soma was reported (Hasan-Olive et al., 2019; Tan et
al., 2021; Salehpour et al., 2022), but, again, causality has not yet been
established.

Although still a recently described process with many unknowns, the
glymphatic system is nonetheless starting to be studied in the context of
brain-associated pathologies, and its therapeutic potential, particularly
when combined with a focus on mitochondria function, is significant.
Photobiomodulation therapy, which promotes mitochondrial ATP metabolism
and regulates the production and dissemination of ROS (de Freitas and
Hamblin, 2016), has been explored to restore and promote glymphatic
function, and is already considered a promising neurodegenerative tool
(Salehpour et al., 2022). In other pathologies of the central nervous system,
such as ischemic stroke, the glymphatic system is being explored not only as
a therapeutic target but also as a diagnostic and prognostic asset (Lv et al.,
2021).

Future Perspectives

In sum, developing therapeutic approaches aiming not only to restore
neuronal metabolism, but also acting on mitochondrial biogenesis,
trafficking, or dynamics, are a rising concern in the clinical treatment of
neurodegenerative diseases. Predictive techniques, tailored patient profiles,
targeted prevention, and customization of medical services are crucial for
overall medical care. Mitochondrial-related alterations may act as biomarkers
to anticipate pathology onset and assess disease progression (Koklesova et
al., 2022). For clinical applications, the ideas here discussed are indicated
for personalized medicine approaches: recent studies have explored how
specific mitochondrial impairments may lay grounds for patient stratification
strategies, implemented in the context of 3P medicine (predictive; preventive,
and personalized) (Koklesova et al., 2021).

Moreover, current research is constantly unraveling new functions and
capacities for mitochondria hereto unimaginable (for instance a capacity to
act as light lenses in cone photoreceptors (Ball et al., 2022)). These and future
findings could lead to the identification of new pathological links, that only
now are starting to be considered. Moreover, although not currently capable
of restoring the healthy basal state on its own, this approach can also be a
stepping stone for drug co-delivery systems, integrating several tactics for
neuronal health.
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