
REVIEW
published: 05 January 2021

doi: 10.3389/fcell.2020.615461

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 January 2021 | Volume 8 | Article 615461

Edited by:

Kiyoung Kim,

Soonchunhyang University,

South Korea

Reviewed by:

Yanggang Yuan,

Nanjing Medical University, China

Tito Cali’,

University of Padua, Italy

*Correspondence:

Kishore R. Kumar

kkum4618@uni.sydney.edu.au

Specialty section:

This article was submitted to

Molecular Medicine,

a section of the journal

Frontiers in Cell and Developmental

Biology

Received: 09 October 2020

Accepted: 07 December 2020

Published: 05 January 2021

Citation:

Prasuhn J, Davis RL and Kumar KR

(2021) Targeting Mitochondrial

Impairment in Parkinson’s Disease:

Challenges and Opportunities.

Front. Cell Dev. Biol. 8:615461.

doi: 10.3389/fcell.2020.615461

Targeting Mitochondrial Impairment
in Parkinson’s Disease: Challenges
and Opportunities
Jannik Prasuhn 1,2,3, Ryan L. Davis 4,5 and Kishore R. Kumar 6,7*

1 Institute of Neurogenetics, University of Lübeck, Lübeck, Germany, 2Department of Neurology, University Medical Center

Schleswig-Holstein, Lübeck, Germany, 3Center for Brain, Behavior, and Metabolism, University of Lübeck, Lübeck, Germany,
4Department of Neurogenetics, Kolling Institute, University of Sydney and Northern Sydney Local Health District, Sydney,

NSW, Australia, 5Department of Neurogenetics, Faculty of Medicine and Health, University of Sydney, Sydney, NSW,

Australia, 6Molecular Medicine Laboratory and Department of Neurology, Concord Repatriation General Hospital, Faculty of

Medicine and Health, University of Sydney, Sydney, NSW, Australia, 7 Kinghorn Centre for Clinical Genomics, Garvan Institute

of Medical Research, Darlinghurst, NSW, Australia

The underlying pathophysiology of Parkinson’s disease is complex, but mitochondrial

dysfunction has an established and prominent role. This is supported by an already

large and rapidly growing body of evidence showing that the role of mitochondrial

(dys)function is central and multifaceted. However, there are clear gaps in knowledge,

including the dilemma of explaining why inherited mitochondriopathies do not usually

present with parkinsonian symptoms. Many aspects of mitochondrial function are

potential therapeutic targets, including reactive oxygen species production, mitophagy,

mitochondrial biogenesis, mitochondrial dynamics and trafficking, mitochondrial metal

ion homeostasis, sirtuins, and endoplasmic reticulum links with mitochondria. Potential

therapeutic strategies may also incorporate exercise, microRNAs, mitochondrial

transplantation, stem cell therapies, and photobiomodulation. Despite multiple studies

adopting numerous treatment strategies, clinical trials to date have generally failed to

show benefit. To overcome this hurdle, more accurate biomarkers of mitochondrial

dysfunction are required to detect subtle beneficial effects. Furthermore, selecting

study participants early in the disease course, studying them for suitable durations,

and stratifying them according to genetic and neuroimaging findings may increase

the likelihood of successful clinical trials. Moreover, treatments involving combined

approaches will likely better address the complexity of mitochondrial dysfunction in

Parkinson’s disease. Therefore, selecting the right patients, at the right time, and using

targeted combination treatments, may offer the best chance for development of an

effective novel therapy targeting mitochondrial dysfunction in Parkinson’s disease.

Keywords: Parkinson’s disease, mitochondria, therapy, mitochondrial dysfunction, neurodegeneration

INTRODUCTION

Parkinson’s disease (PD) is a common disorder, with over 6 million individuals affected
globally (Collaborators, 2019). With only symptomatic treatments available, the greatest current
challenge is to develop an effective disease-modifying therapy based on an understanding of the
underlying disease mechanisms. While the pathophysiology of PD is complex, mitochondrial
dysfunction has an established central role. A growing body of research has provided insights
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into the diversity of mechanisms governing mitochondrial
dysfunction in PD. Thus, targeting mitochondrial dysfunction is
a promising approach for the development of future therapies.
Numerous trials focused on ameliorating mitochondrial
dysfunction in PD have been conducted but overall have been
unsuccessful to date.

We will review previous efforts, the development of
new therapies and potential targets yet to be exploited for
mitochondrial dysfunction in PD. We highlight the importance
of targeting the right patients at the right time for clinical trials,
and the need for relevant and accurate biomarkers to monitor
response to therapy. We discuss how a combined approach
targeting various aspects of mitochondrial dysfunction may serve
as the best pathway forward to developing an effective treatment
in PD.

Genetic Studies of PD Have Provided
Insights Into Disease Pathophysiology
PD is a multifactorial disease with a diverse genetic, biological,
and environmental background. The majority of PD is thought
to be non-Mendelian and is termed “idiopathic PD” (IPD).
The pathophysiology underlying the vast majority of IPD
patients is complex and to date, only partially understood
(Blauwendraat et al., 2020). Monogenic forms of PD (mPD)
have been linked to multiple cellular pathways, the investigation
of which has improved our understanding of the molecular
basis of IPD in a reductionist manner (Supplementary Table 1).
Many of the identified forms of mPD have been linked to
impaired mitochondrial homeostasis, including pathways that
are also relevant for IPD (Larsen et al., 2018). Furthermore,
genome-wide association studies have identified IPD risk loci
within mPD genes. Many mPD genes and IPD risk loci
have proven relationships to mitochondrial dysfunction. For
example, PRKN, PINK1, and LRRK2-related cases show distinct
disturbances in mitochondrial-related pathways (Bose and Beal,
2016). DJ-1-related PD may relate to a disturbance of the
cytoprotective role against oxidative stress with a plausible
link to mitochondrial dysfunction, despite a lack of detail
on mechanistic involvement (Dolgacheva et al., 2019). It is
essential to recognise that these pathways often influence one
another and that each of the PD-linked gene products, when
dysfunctional, can impact multiple pathways either directly or
indirectly. When considering the centrality of mitochondria in
cellular and metabolic homeostasis and the predominance of
mitochondrial dysfunction in PD pathogenesis, it would appear
that a tapestry of interconnected pathways and events, rather
than a single pathogenic pathway, is the conceptual hurdle that
must be addressed by therapy. This may, in part, explain why the
neuroprotective strategies trialled to date that are directed at a
single target have generally been unsuccessful at producing clear
benefits (Supplementary Table 2).

Mitochondrial Dysfunction Plays a Central
and Multifaceted Role in Parkinson’s
Disease
Mitochondrial dysfunction plays a fundamental and complex
role in many neurodegenerative disorders, including PD

(Grimm and Eckert, 2017). PD-associated mitochondrial
dysfunction can result from a number of causes, including
impairment of mitochondrial biogenesis, increased reactive
oxygen species (ROS) production, defective mitophagy,
compromised trafficking, electron transport chain (ETC)
dysfunction (Figure 1), variations to mitochondrial dynamics,
calcium (Ca2+) imbalance and possibly other indirect influences
on mitochondrial function from unrelated pathways (Park
et al., 2018; Grunewald et al., 2019). If these insults cannot
be overcome by protective mechanisms, a relentless cycle of
dysfunction will eventually evoke all these dysfunctions, leading
to cellular impairment and ultimately cell death. Besides the
mitochondrion’s major function of generating cellular energy in
the form of adenosine triphosphate (ATP), their involvement
in the regulation of cell death via apoptosis, Ca2+ homeostasis,
haem biosynthesis, and the formation and export of iron-sulphur
(Fe-S) clusters, control of cell division, and growth have also
been shown to be altered in IPD and mPD (Bose and Beal, 2016).

During the oxidative phosphorylation process, electrons can
leak from the ETC, largely from complex I (C.I) and complex
III (C.III), and react with molecular oxygen to form superoxide
(O−

2 ), one of the reactive oxygen species (ROS) (Rani and
Mondal, 2020). Under physiological conditions, this production
occurs at relatively low levels and is removed by mitochondrial
antioxidants, such as manganese superoxide dismutase (MnSOD
or SOD2), glutathione (GSH) and the peroxiredoxins. MnSOD
converts O−

2 to hydrogen peroxide (H2O2), which is then
converted to H2O by GSH, as part of the network that removes
H2O2 (Mischley et al., 2016). A reduction in the concentration
of GSH in the substantia nigra pars compacta (SNpc) could be
an early and modifiable event for PD. The provision of energy by
oxidative phosphorylation is probably the most striking feature
of mitochondria, and respective disturbances are common in
mPD and IPD. Furthermore, environmentally-induced PD can
occur as a result of compounds that inhibit the mitochondrial
ETC, such as rotenone (Ramalingam et al., 2019). As most drug
candidates target the ETC (usually by bypassing defective ETC
complexes), the question arises whether this approach neglects
the complexity and widespread function of this fundamental
cell organelle. Mitochondria are composed of a double lipid
bilayer with a permeable phospholipid outer membrane and an
impermeable phospholipid inner membrane that surrounds the
intra-compartmental matrix. This compartmentalization leads
to additional pharmacodynamic challenges in drug delivery
(Murphy and Hartley, 2018).

The Cause and Consequence Dilemma of
Mitochondrial Dysfunction in Parkinson’s
Disease Aetiology
Mitochondrial dyshomeostasis is a significant factor in PD
neuronal cell death (Liu et al., 2018). Since the initial
discovery of C.I dysfunction in PD, our understanding of
the complexity and interconnectedness of mitochondria in
PD’s pathogenesis has considerably expanded. The overall
high prevalence of mitochondrial dysfunction in PD is likely
underpinned by the fundamental role of mitochondria in
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FIGURE 1 | Schematic representation of the Electron Transport Chain (ETC) and potential neuroimaging modalities to assess bioenergetic disturbances in Parkinson’s

disease (PD) patients. The localisation of the ETC complexes is highlighted in the right upper corner. Lactate (as a surrogate marker for mitochondrial dysfunction) can

be assessed by 1H-MRSI (1). bNIRS devices can measure Cyt c oxidation state under dynamic conditions (2). ADP and ATP can either be measured under dynamic

(ATP synthase activity) by 31P-MRSI magnetisation transfer (3) or static conditions (regular 31P-MRSI) (6). Complex I activity can be studied by 31P-MRSI (by

measuring the NAD+/NADH ratio) or via a radiolabeled PET tracer (18F-BCPP-EF) (4). Many different approaches can be used to study in-vivo oximetry and oxygen

turnover. The most common non-invasive methods are 17O-MRI (direct measurement) or a combination of BOLD and ASL imaging (indirect measurement by

employing different physiological models) (5). 1H-MRSI, proton magnetic resonance spectroscopy imaging; 17O-MRI, oxygen magnetic resonance imaging;
18F-BCPP-EF, 2-tert-butyl-4-chloro-5-[6-[2-2[([18F]fluoroethoxy)-ethoxy]-pyridin-3-ylmethoxy]-2H]-pyridazin-3-one; 31P-MRSI, phosphorus magnetic resonance

spectroscopy imaging; ADP, adenosine diphosphate; ASL, arterial spin labelling; ATP, adenosine triphosphate; bNIRS, broadband near-infrared spectroscopy; BOLD,

blood oxygen-dependent imaging, functional MRI; CoQ, coenzyme Q; Cyt c. Cytochrome c; e−, electron; FAD, flavin adenine dinucleotide (oxidised form); FADH2,

flavin adenine dinucleotide (reduced form); H+, proton; H2O, water; I, complex I; NADH, ubiquinone oxidoreductase, Type I NADH dehydrogenase; II, complex II,

Succinate dehydrogenase, succinate-coenzyme Q reductase; III, complex III, coenzyme Q: cytochrome c—oxidoreductase; IV, complex IV, cytochrome c oxidase;

MRI, magnetic resonance imaging; n, number; NAD+, nicotinamide dinucleotide (oxidised form); NADH, nicotinamide dinucleotide (reduced form); O2, molecular

oxygen; PD, Parkinson’s disease; PET, positron emission tomography. Created with https://biorender.com/.

cellular energy production, as well as their role in the
majority of metabolic pathways, their centrality to cellular
homeostasis, and their overall mediation of cell survival
(Angelova and Abramov, 2018). Despite the overwhelming
evidence for the pathophysiological role of mitochondria in
PD and their pivotal role in diverse cellular pathways, the
disentanglement of mitochondrial dysfunction as a causative or
consequential factor and the identification of the seminal events
leading to neurodegeneration remains challenging (Park et al.,
2018).

Interestingly, inherited mitochondriopathies do not usually
present with parkinsonian features [with some notable
exceptions, such as in POLGmutation carriers (Ma et al., 2020)].
The primary evidence for a causative role of mitochondrial
dysfunction are studies on mPD and environmental studies. In

addition, phenotypes consistent with IPD can be induced by
several endogenous and exogenous inhibitors of mitochondrial
function, including rotenone, 1-methyl-4-phenyl-1,2,3,6-
tetrahydro-pyridine (MPTP), paraquat, nitric oxide, and the
dopamine metabolite aminochrome (Bellou et al., 2016). MPTP
is a potent inhibitor of C.I in the ETC, yet paradoxically,
parkinsonism is generally not present in patients with genetic
C.I deficiency (Langston, 2017). Therefore, the extent to which
mitochondrial dysfunction alone can be a precipitating factor in
PD is still uncertain.

It is becoming increasingly apparent that the reductionist
approach to mitochondrial dysfunction (by focusing solely on
the ETC and its production of ATP) oversimplifies their complex
role in controlling cellular homeostasis. However, the complexity
could also provide an opportunity for drug development, asmany
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cellular alterations in PD (and other neurodegenerative disease
for that matter) can be modulated by alleviating mitochondrial
dysfunction. Genetic PD may be both primarily mitochondrially
involved but also indirectly involved; therefore, targeting only
the mitochondria will be insufficient as a stand-alone therapeutic
approach. This may particularly be the case if mitochondrial
dysfunction is the consequence rather than the cause of disease
pathophysiology (e.g., in ATP13A2mutation carriers with Kufor-
Rakeb Syndrome; Park et al., 2014, 2016; Wang Z. B. et al.,
2019).

Recognising Prodromal Mitochondrial
Dysfunction: Selection of Study
Participants and the Role of Neuroimaging
The temporal dynamics of mitochondrial dysfunction in PD are
unclear. For example, there is currently no experimental evidence
to determine whether ROS production leads to dysfunctional
ETC complexes or dysfunctional ETC complexes cause increased
production of ROS (Singh et al., 2019). But the temporal aspects
of mitochondrial dysfunction are crucial for understanding
PD pathophysiology and accelerating future drug development.
Identifying at-risk individuals and treating them in a prodromal
phase based on their driving pathophysiological process could
prevent the manifestation of PD, or at least alter the disease
progression (Ascherio and Schwarzschild, 2016).

At present, two approaches could be feasible to investigate
this matter: the a-priori stratification of study cohorts (based on
assumed mitochondrial dysfunction) or the in-vivo assessment
of mitochondrial dysfunction (by neuroimaging methods or
blood biomarkers) (Prasuhn et al., 2019). It is desirable to
enrich study cohorts with participants exhibiting mitochondrial
impairment, to ensure the success of clinical trials directly
targeting the mitochondria. Enrichment or stratification of study
cohorts by mPD (e.g., PRKN mutation carriers) fosters this
approach. However, the extension of potential findings to the
vast majority of IPD patients remains challenging. Polygenic risk
scoring of in-silico annotated single nucleotide polymorphisms
(SNPs) could translate the concept of mitochondrial impairment
found in monogenic PD to IPD (Prasuhn et al., 2019).
However, for most useful SNPs, functional studies are
lacking and require validation for humans in advance of
clinical trials.

Secondly, the in-vivo assessment of key aspects of
mitochondrial dysfunction via specific neuroimaging methods
is likely to be highly advantageous. Magnetic resonance
spectroscopy imaging (MRSI) could provide a non-invasive
approach to assess mitochondrial bioenergetics. 31Phosphorus-
MRSI (31P-MRSI) bears the potential to measure ATP among
other phosphorus-containing metabolites (Forester et al., 2010;
Figure 2). 31P-MRSI has been used to measure the ratio of
NAD+/NADH, which offers unique opportunities for recent
niacin-based clinical trials in PD [(Lehmann et al., 2017),
REPAIR-PD: NCT03815916]. In addition, proton-MRSI (1H-
MRSI) can be applied to measure lactate levels as a surrogate
marker of impaired oxidative phosphorylation (Henchcliffe et al.,
2008).

Continuous methodological improvements of scanner
hardware (by increasing the static magnetic field strengths)
or MRI sequence optimization, offer great potential for MRSI
studies (Henchcliffe et al., 2008). 1H-MRSI can be used to
measure glutathione levels, which helps assess the oxidative
state of PD brain tissue (Mischley et al., 2016). Further proof
is required to determine whether the latter approach might
benefit studies investigating the potential therapeutic use of
glutathione or other antioxidants in PD. However, a recent
placebo-controlled and randomised clinical trial with intranasal
administration of glutathione in unselected PD patients did
not show superiority to placebo using the Unified PD Rating
Scale as an endpoint (Mischley et al., 2017). Promisingly, in-vivo
oximetry (as a combination of different MRI modalities, such
as arterial spin labelling and BOLD imaging, susceptibility-
weighted imaging, or 17O-MRI) shows potential for discerning
in situmitochondrial impairment (Borghammer et al., 2008).

Besides MRI-based methods, broadband near-infrared
spectroscopy (bNIRS) can be employed to study the oxidation
status of cytochrome c by multiwavelength absorption and
reflection of cortical cytochrome c in the near-infrared spectrum
of light (Lange et al., 2019). Unfortunately, bNIRS devices are
currently not commercially available, with limited application
to date. Additionally, positron emission tomography (PET)
provides additional insights into mitochondrial dysfunction,
with a novel PET probe, 18F-BCPP-EF, recently used to examine
C.I activity in PD patients (Wilson et al., 2020).

Neuroimaging studies on mitochondrial impairment in PD
are still scarce and lack intra-site reliability (e.g., by distinct
hardware requirements), which is one major prerequisite for
theranostic-accompanied drug trials (Dossi et al., 2019). The
ongoing development of quantitative MRI/MRSI sequences
and dual-calibrated fMRI (for MRI-based oximetry) will more
than likely overcome the problem of inter-site reliability
(Lara et al., 1993; Germuska et al., 2019). However, current
neuroimaging studies often lack reference values to interpret
findings, and longitudinal studies are needed to identify
bioenergetic disturbances’ temporal dynamics. Aside from the
unknown temporal dynamics of mitochondrial dysfunction,
clinical trials in neurodegenerative diseases, in general, face
unique challenges with long interventional periods, the need
for sophisticated trial designs (delayed-clinical trials or adaptive
designs), and a priori patient-stratification. At present, the
proposed neuroimaging methodology only addresses alterations
inmitochondrial bioenergetics and neglects other (maybe earlier)
pathophysiological hallmarks. Future studies in this area are
urgently needed and will play a pivotal role in future clinical
trials’ success.

Blood Biomarkers of Mitochondrial
Dysfunction
In addition to neuroimaging findings, blood-based biomarkers
may also be helpful to assess mitochondrial dysfunction
in vivo. One general concern of blood-based biomarkers is
that they do not recapitulate mitochondrial dysfunction of
neuronal cell populations. Gene mutations leading to mPD
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FIGURE 2 | The exemplary workflow of phosphorus-magnetic resonance spectroscopy imaging (31P-MRSI) analysis and its potential role in imaging mitochondrial

dysfunction in Parkinson’s disease (PD) patients. (A) Depicts the voxel placement (orange bordered) for metabolic studies in-vivo. As seen here, one of the most

significant limitations in 31P-MRSI studies is the relatively poor spatial resolution. The arbitrarily chosen voxel-of-interest is highlighted by orange striation. We receive a

spectrum of phosphorus-containing metabolites for each voxel (see B.1), which we marked by small black arrows. a/b/g-ATP do not reflect the number of covalently

bound phosphate groups (by means of AMP/ADP, and ATP) but result, e.g., from electron-mediated interaction of two (or more) nuclear spins residing on the same

molecule (among other quantum physical mechanisms). Usually, the raw spectrum (see B.1) is processed by mathematical operations that incorporate prior

knowledge on investigated molecules’ physical properties (see B.2). In (B.3), one can see the ’unfitted’ noise of the raw spectrum. To illustrate how 31P-MRSI can be

applied to study mitochondrial dysfunction in PD, two exemplary patients were investigated here (see C): One patient carrying two wild type (wt) alleles for the Parkin

allele and, in contrast, one patient carrying two homozygous loss-of-function mutations (Parkin−/−). The spectral integral of investigated metabolites (here b-ATP and

Pi) is used for the (semi-)quantification of metabolite content. Commonly, metabolites are normalised (as a ratio to Pi) to account for the overall phosphorus amount in

human brain tissue (which might be influenced by, e.g., nutritional intake). -/-, homozygous Parkin mutation carrier; 31P-MRSI, phosphorus magnetic resonance

spectroscopy imaging; a/b/g-ATP, alpha/beta/gamma-adenosine triphosphate; ADP, adenosine diphosphate; AMP, adenosine monophosphate; arb. unit, arbitrary

unit; NAD, nicotinamide adenine dinucleotide; PD, Parkinson’s disease; Pi, inorganic phosphate; ppm, parts per million; wt, wild type.

often show tissue-specific expression patterns and therefore
lack biological interpretability in peripheral blood cells, e.g.,
peripheral monoclonal blood cells (PMBCs; Dossi et al., 2019;
He et al., 2019). The determination of mtDNA mutation
load is altered by the different proliferation rates of distinct
cell types, which hinders the insights gathered from PMBCs
to assess neuronal dysfunction (O’Callaghan et al., 2015).
This mainly applies to most of the current approaches in
measuring mitochondrial dysfunction via the measurement of
mitochondrial membrane potential, C.I activity, among other
functional assays. Besides, it is still unclear which neuronal
cell types are affected by mitochondrial dysfunction. As most
(pre-)clinical studies investigate the influence of mitochondrial
dysfunction on dopaminergic neurons, other neuronal cell types
and neurotransmitter systems are likewise involved in PD
pathogenesis. The use of mitochondria-specific blood biomarkers
would most likely not assess the selective loss of dopaminergic
neurons, comparing the small size of the substantia nigra to the

overall large human blood volume. Supporting evidence comes
from a study comparing the amounts of FGF-21 and GDF-
15 (as well-established biomarkers of mitochondrial disease),
showing negligible diagnostic value in assessing mitochondrial
dysfunction of PD patients (Davis et al., 2020).

THERAPEUTIC APPROACHES

Recovering Physiological ATP Production
by Targeting the ETC and Antioxidative
Treatment Strategies
Based on the close interconnectedness of ETC complex
dysfunction and increased oxidative stress, most compounds
trialled to date essentially influence both aspects of mitochondrial
dyshomeostasis. Coenzyme Q10 (ubiquinone; CoQ10) and its
derivatives are still the most studied investigational products
(Negida et al., 2016; Zhu et al., 2017). The proposed method
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FIGURE 3 | Mitochondrial pathways involved in PD pathogenesis. Different impaired pathways in mitochondrial dysfunction are schematically highlighted but not

exhaustively listed. (A) Provides an overview of neurons’ histopathological orientation and otherwise active cell types (left upper corner: glial cells, left lower corner:

pericytes, which form -mong others- the blood-brain barrier, right upper corner: schematic representation of neuronal cell death via apoptosis). Orange arrows are

indicating the direct and indirect influence on various factors on mitochondrial dysfunction, which are additionally highlighted by orange stars to stress severe

impairment (e.g., the bioenergetic relevance of glial cells for neurons). (B–D) Representing more in-depth insights on molecular aspects of mitochondrial dysfunction.

(B) Illustrates the increased Ca2+ influx, which leads to mitochondrial impairment mediated by glutamate-excitotoxicity. (C) Displays (represented by a magnified

axonal section) alterations of mitochondrial dynamics by impaired mitochondrial trafficking, fusion, or fission. (D) Depicts schematically (especially concerning the size

of involved cellular components) the commonly shared pathomechanisms of mitochondrial dysfunction. Again, we highlighted the direct and indirect influence on the

mitochondria with orange arrows. Even though not all pathomechanisms are named here, the lysosome/autophagosome pathway’s involvement and the

ubiquitin-proteasome clearance of dysfunctional mitochondria are stated. The influence of toxic cellular compounds is stressed by protein aggregation, Zn and Fe

dyshomeostasis, and ROS. In addition, alterations of mtDNA are highlighted. Even though many altered pathways are interconnectedly leading to mitochondrial

dysfunction, we only listed the respective influence on mitochondria and, for clarity, not on each other. BBB, blood brain barrier; Ca2+, calcium; ER, endoplasmic

reticulum; Fe, iron; mtDNA, mitochondrial DNA; ROS, reactive oxygen species; UPS, ubiquitin-proteasome system; Zn, zinc. Created with https://biorender.com/.

of action of CoQ10 is to bypass dysfunctional C.I by electron
transfer via the Q-cycle (Yang et al., 2016). Also, CoQ10
could directly decrease the extent of oxidative stress (Yang

et al., 2016). Although studies in animal models yielded
promising results, most clinical trials failed to reach relevant
clinical endpoints (Supplementary Table 2), possibly because
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of the unselected nature of the PD patients enrolled (Negida
et al., 2016; Zhu et al., 2017; Attia and Maklad, 2018). To
overcome additional pharmacodynamic and kinetic challenges,
different galenic formulations (e.g., nano-emulsified ubiquinol)
or derivatives of CoQ10 (e.g., EPI 589) were developed
(Kumar et al., 2016; NCT02462603). Vitamin K2 (long-chain
menaquinone 7; MK-7) may also act like CoQ10 based
on their structural similarity, as demonstrated by studies in
Drosophila flies carrying a homozygous PINK1 knockout (Vos
et al., 2012). However, these findings need to be validated in
human trials.

Nicotinamide (vitamin B3, NAM) and its derivatives are
also currently under investigation, where the underlying
rationale is to normalise redox levels (NAM may also affect
sirtuins, as discussed later). NAM, particularly NAD+ and
NADH, are also highly relevant for C.I and could be beneficial
for ETC disturbances (Lehmann et al., 2017; REPAIR-PD:
NCT03815916). The innovative REPAIR-PD study (phase 2)
assesses the cerebral metabolic effects, safety, pharmacokinetics,
and pharmacodynamics of an oral, gold nanocrystal liquid
suspension (CNM-Au8, Supplementary Table 2). Proposed
antioxidative properties will be investigated by measuring the
in-vivo NAD+/NADH ratio via 31P-MRSI.

N-acetyl-cysteine (NAC) has also been investigated in a
small proof-of-concept study. It showed antioxidative properties
measured by increased blood and brain glutathione levels after
single-time point administration (Monti et al., 2019). The natural
compound apocynin (Apo) has mitigating properties that are
involved in inflammatory responses (Cheng et al., 2018). Apo
has been adjusted to target mitochondria (Mito-Apo) (Ghosh
et al., 2016; Langley et al., 2017), with preclinical PD models
showing that it could prevent MPTP-induced nigral cell loss,
indicating its potential use for mitochondrial dysfunction in PD
(Ghosh et al., 2016; Langley et al., 2017). Another investigational
drug candidate that has been assessed in animal models is N-
Methyl, N-propynyl-2-phenylethylamine (MPPE). MPPE serves
as an MAO-B inhibitor that prevents MPTP-induced nigral
cell loss, upregulates mitochondrial superoxide dismutase to
alleviate oxidative stress, and improves C.I function (Shin et al.,
2016). Additionally, the S(-) enantiomer of pramipexole, an
often used dopamine agonist in routine clinical care, has also
been shown to have antioxidative properties (Izumi et al.,
2007). Unfortunately, it seems to lack disease-modifying efficacy
in humans.

The most recent clinical trial candidate showing promise
is ursodeoxycholic acid (UDCA), a drug often used in
chronic inflammatory liver disease with an extensive safety
profile (Sathe et al., 2020). UDCA has been shown to
prevent mitochondrial membrane depolarisation and stabilises
cytochrome c in the mitochondrial membrane (Abdelkader
et al., 2016; Bell et al., 2018). There is also convincing in vivo
evidence that UDCA can be especially beneficial for treating
mitochondrial impairment in LRRK2G2019S mutation carriers
(Mortiboys et al., 2015). An upcoming oral UDCA study is also
coupled with the study of brain energy metabolism via 1H-MRSI
(NCT02967250).

Exercise
The effect of physical exercise has been assessed in both animal
models and PD patients and is shown to promote mitochondrial
biogenesis and function.

The long-term effects of voluntary exercise were investigated
in a transgenic MitoPark mouse PD model (Lai et al.,
2019). Voluntary exercise was found to improve behavioural
parameters and nigrostriatal dopamine input. Additionally,
exercise increased oxygen consumption, in keeping with
increased ATP production via oxidative phosphorylation (Lai
et al., 2019).

In a unilateral PD rat model, rats were subjected to
either 1 or 4 weeks intermittent moderate treadmill exercise
(Fernandes Ferreira et al., 2020). The investigators showed
that 1 week of exercise prevented a decrease in peroxisome
proliferator-activated receptor gamma coactivator-1 alpha
(PGC-1α) and NRF-1 expression. Furthermore, 4 weeks
of exercise prevented a reduction in transcription factor
A, mitochondrial (TFAM) and C.I protein levels and
augmented C.I activity. This suggests that intermittent
exercise improves mitochondrial biogenesis signalling and
respiratory chain modulation of the dopaminergic system in PD
(Fernandes Ferreira et al., 2020).

Another study using a rodent model showed that exposure
to 6-hydroxydopamine (6-OHDA) led to a reduction of
mitochondrial factors adenosine monophosphate (AMP)-
activated protein kinase, PGC-1α, and tyrosine hydroxylase
(TH), and increased expression of silent information
regulator T1, TFAM, and p53 (Rezaee et al., 2019). Notably,
gene and protein expressions upon exercise were elevated
and the p53 protein levels were lower in an exercise
and 6-OHDA group compared with a no exercise and
6-OHDA group.

Furthermore, endurance exercise restoredmotor function and
reduced apoptosis in a MPTP mouse model (Jang et al., 2018).
These benefits were associated with mitochondrial phenotypic
changes such as upregulated anti-apoptotic proteins, reduced
pro-apoptotic proteins and improved mitochondrial biogenesis
and fusion (Jang et al., 2018).

In addition to rodent PD models, Drosophila Parkin mutants
were used to demonstrate that dietary management along with
physical activity has the potential to improve mitochondrial
biogenesis and delay the progression of PD (Bajracharya and
Ballard, 2018).

A recent study in humans showed that exercise-induced
improvements in the PD clinical state were associated
with specific adaptive changes in muscle functional,
metabolic, and molecular characteristics, although some
parameters, such as muscle mitochondrial DNA content,
improved with exercise in controls and not in PD patients
(Krumpolec et al., 2017).

There are many advantages to exercise; it is inexpensive,
practical, sustainable, and has additional health benefits (Lai
et al., 2019). Overall, the evidence supports an unambiguous
benefit of exercise in PD, which is at least partly explained by a
beneficial effect upon mitochondrial function.
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Enhancing the Clearance of Dysfunctional
Mitochondria via Mitophagy or Other
Mitochondrial Stress Response Pathways
Multiple lines of evidence point to the importance of mitophagy
in the pathophysiology of PD. For example, the PRKN and
PINK1 genes mediate mitophagy (Pickrell and Youle, 2015) and
are the major causes of autosomal recessive early onset mPD
(Supplementary Table 1). Therefore, enhancing mitophagy is a
key therapeutic strategy in PD (Aman et al., 2020). In keeping
with this, investigators used a rodent model of PD to study
the effect of kinetin, the precursor of kinetin triphosphate, an
activator of both wild-type and mutant forms of PINK1 (Orr
et al., 2017). However, in PINK1 null rodents, no degeneration
of midbrain dopamine neurons was identified. Additionally, in
rodent models of α-synuclein induced toxicity, boosting PINK1
activity with oral kinetin provided no protective effects, thus
showing no evidence of a beneficial effect in a preclinical
model of IPD (Orr et al., 2017). Another agent, celastrol,
was shown to exert neuroprotective effects through activating
mitophagy and inhibiting dopaminergic neuronal loss in PD
cell and mouse models (Lin et al., 2019). Recently, a study
used a high-throughput phenotype detection system for drug
screening in dopaminergic neurons from induced-pluripotent
stem cells (iPSCs) derived from patients with PD due to PRKN or
PINK1 mutations (Yamaguchi et al., 2020). After screening 320
compounds, they identified 4 candidate drugs that were effective
for ameliorating impaired mitochondrial clearance, showing
the utility of this method for identifying candidate PD drugs
(Yamaguchi et al., 2020).

Improving Mitochondrial Biogenesis
Mitochondrial biogenesis is a complex process involving
coordination of transcription, translation, import of nuclear-
encoded components, as well as the expression of mitochondrial
genes (Chandra et al., 2019). A recent study of Parkin-deficient
human dopaminergic neurons demonstrated that while there
was defective mitophagy in human dopaminergic neurons
lacking Parkin, the mitochondrial dysfunction is chiefly a
consequence of defects inmitochondrial biogenesis (Kumar et al.,
2020). The defective mitochondrial biogenesis is driven by the
upregulation of the Parkin substrate PARIS and the subsequent
downregulation of PGC-1α (Ge et al., 2020; Kumar et al., 2020).
Thus, strategies aimed at enhancing mitochondrial biogenesis
should be a focus for the development of new therapeutic
approaches to treat PD (Kumar et al., 2020).

Targeting of the AMP-activated protein kinase (AMPK)-
SIRT1-PGC-1α axis may be the most promising approach
to enhancing mitochondrial biogenesis, and could involve
PGC-1α activating drugs targeting PPAR, AMPK, and SIRT1
(Chandra et al., 2019). A study using a 6-OHDA lesioned
rat model of PD showed that the polyphenolic phytochemical
ferulic acid can modulate PGC1α with beneficial effects on
mitochondrial dynamics, supporting the concept of targeting
PGC1α, a master regulator of mitochondrial biogenesis, as a
therapeutic strategy (Anis et al., 2020; Bennett and Keeney, 2020).
A recent study demonstrated a novel approach to increasing

mitochondrial biogenesis in neuronal cells via RNS60 (0.9%
saline solution containing oxygenated nanobubbles), through
phosphatidylinositol 3-kinase-mediated upregulation of PGC1α
(Chandra et al., 2018, 2019). Moreover, the drug exenatide
has been shown to improve motor scores in PD and may
have beneficial effects on mitochondrial biogenesis (Fan et al.,
2010; Athauda et al., 2017). Additionally, dopamine D1 receptor
agonism has been found to improve mitochondrial biogenesis
and dopaminergic neurogenesis in a 6-OHDA rat model of
PD (Mishra et al., 2020). Finally, baicalein, a bioactive flavone
of Scutellaria baicalensis Georgi, has been shown to enhance
mitochondrial biogenesis in a rotenone-induced PD rat model
(Zhang et al., 2017).

Gene Therapies Targeting Mitochondrial
Dysfunction in Parkinson’s Disease
Gene therapy entails the treatment of disease via delivery of
a transgene that either replaces or corrects a defective gene
or is generally supportive of cells in the disease environment
(O’Connor and Boulis, 2015). Gene therapy vectors can be
either viral [commonly adeno-associated viruses (AAVs) and
lentiviruses (LVs)] or non-viral (typically naked plasmid DNA
or in complex with cationic lipids or polymers) (O’Connor and
Boulis, 2015).

Autosomal recessive mutations in the PRKN gene cause
loss of function (truncating variants) or inactivation (missense
variants) of the parkin protein (Bruggemann and Klein, 1993).
Overexpression of PRKN has been shown to have a protective
effect against numerous cellular insults (Choong and Mochizuki,
2017). For example, overexpression of wild type parkin in a
transgenic mouse model was shown to alleviate MPTP-induced
dopaminergic neurodegeneration via protection of mitochondria
and decreased striatal alpha-synuclein (Bian et al., 2012).
Furthermore, recombinant AAV vector-mediated intranigral
delivery of parkin preventedmotor deficits and dopaminergic cell
loss in a chronic MPTP-minipump mouse model of PD (Yasuda
et al., 2011).

Loss of function mutations in PINK1 can also lead
to autosomal recessive PD (Valente et al., 2004). Removal
of Drosophila PINK1 homologue function leads to male
sterility, apoptotic muscle degeneration, defects in mitochondrial
morphology and increased sensitivity to multiple stressors
including oxidative stress. In a portion of PINK1 mutants,
expression of human PINK1 in the Drosophila testes restores
male fertility and normalmitochondrial morphology (Clark et al.,
2006).

Numerous studies indicate that mitochondrial pathology
and muscle and dopaminergic degeneration due to Drosophila
PINK1 inactivation and PINK1 mutant can be rescued by PRKN
overexpression and downregulation of Miro (Yang et al., 2006;
Liu and Lu, 2010; Liu et al., 2012; Choong and Mochizuki, 2017).
Furthermore, overexpression of PINK1 results in the rescue of
the alpha-synuclein-induced phenotype in a Drosophila model
of PD (Todd and Staveley, 2008). Depletion of PINK1 by RNA
interference increased neuronal toxicity induced by 1-Methyl-4-
phenylpyridinium ion (MPP+) (Haque et al., 2008). Moreover,
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wild-type PINK1, but not the mutant form, protects neurons
against MPTP/MPP+ both in vitro and in vivo (Haque et al.,
2008). Furthermore, viral-mediated expression of PRKN and DJ-
1 genes can protect dopaminergic neurons, even in the absence
of PINK1, suggesting that DJ-1 and Parkin act in parallel or
downstream of endogenous PINK1 to mediate survival (Haque
et al., 2012).

In general, studies of autosomal recessive genes, such as PRKN
and PINK1, support a loss of function mechanism ameliorated
by replacement, thus suggesting gene therapy as a promising
treatment strategy in PD. In addition, gene therapy based on
transfection ofmtDNA-complexedTFAM or recombinantTFAM
to PD cybrid cells shows potential to restore mitochondrial
bioenergetics of severely impaired nigral neurons, as TFAM is
important for mtDNAmaintenance (Keeney et al., 2009; Golpich
et al., 2017).

Somatic mtDNA point mutations may be elevated in the
substantia nigra of patients with PD (Lin et al., 2012). A
recent study used bacterial cytidine deaminase toxin for CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats)-
free mitochondrial base editing, allowing for the prospect
of correcting mitochondrial mutations (Mok et al., 2020), a
technique which may find utility for PD in the future.

Protein-Based Therapies Targeting
Mitochondrial Dysfunction in Parkinson’s
Disease
A protein-based approach may be utilised to address
mitochondrial dysfunction in PD. Cell-permeable Parkin
protein (iCP-Parkin) was recently investigated as a protein-based
therapy in cellular and animal-based models (Chung et al., 2020).
iCP-Parkin promoted mitophagy and mitochondrial biogenesis,
thereby recovering damaged mitochondria, suppressing toxic
accumulation of alpha-synuclein, and preventing and reversing
declines in TH and dopamine expression and improving motor
function. These findings support iCP-Parkin as a potential
PD-modifying agent (Chung et al., 2020).

Nrf2/ARE as a Drug Target for Parkinson’s
Disease
The nuclear factor erythroid 2-related factor 2 (Nrf2)-antioxidant
response element (ARE) signalling cascade plays a key role
in several aspects of mitochondrial homeostasis, such as
mitochondrial biogenesis, mitophagy, ROS production and
scavenging (Gureev and Popov, 2019). This makes the Nrf/ARE
pathway a highly appealing target for a novel drug therapy for
PD, which may be used in tandem with antioxidant protection
to slow disease progression (Gureev and Popov, 2019). Very
recently, an activator of the Nrf2-ARE pathway, TPNA10168,
was investigated in a PD rodent model (Inose et al., 2020).
TPNA10168 was found to inhibit dopaminergic neuronal death,
and it was thought that heme oxygenase-1, an antioxidant
enzyme expressed downstream of the Nrf2-ARE signalling
pathway, might participate in this effect.

Restoring Mitochondrial Dynamics and
Trafficking
Mitochondria form a complex network, the cohesiveness and
shape of which is of direct functional relevance (Wai and Langer,
2016). Mitochondria are highly dynamic, constantly breaking
off, spatially relocating, and rejoining the network. This is
critical for neurons [particularly dopaminergic neurons, with
∼4.5 metres of total linear axonal length and ∼2.5 million
synapses each (Bolam and Pissadaki, 2012)] as their complex
architecture requires mitochondrial relocation from the soma
to dendrites, axons and synapses to meet regional metabolic
demands (Parrado-Fernandez et al., 2018). The majority of
genetic PD proteins locating to mitochondria and mitochondria-
ER contact sites are associated with processes influencing or
influenced by mitochondrial dynamics and trafficking (Gao
et al., 2017; Cutillo et al., 2020). A comprehensive summary of
mitochondrial dynamics and trafficking in neuronal function can
be found elsewhere (Seager et al., 2020).

Mitochondrial dynamics are highly complex but strictly
balanced processes controlled by a diverse array of established
and emerging molecular mediators, in addition to mitochondria-
ER contact sites (Chan, 2020; Sabouny and Shutt, 2020).
Fragmentation of the mitochondrial network is a salient
observation in PD, highlighting mitochondrial dynamics as
a key therapeutic target. To this end, mdivi-1, an inhibitor
of the mitochondrial fission GTPase Drp1, has been used
to inhibit mitochondrial fragmentation in an α-synuclein
rat model of PD, reducing neurodegeneration, α-synuclein
aggregation, mitochondrial dysfunction and oxidative
stress (Bido et al., 2017). While therapeutic manipulation
of mitochondrial dynamics shows great promise, it will require
greater understanding to be effectively exploited.

Mitochondrial motility issues are also common in PD (Smith
and Gallo, 2018). Simplistically, mitochondrial trafficking is
subject to pernicious cause or consequence cycles, such as
(1) reduced energy from mitochondrial dysfunction causing
disorganisation of microtubule networks and α-synuclein
protein aggregation, or (2) α-synuclein deposition impairing
mitochondrial dynamics and axonal trafficking leading to
chaotic organellar distribution, synaptic accumulation of
autophagosomes and mitochondrial dysfunction (Esteves
et al., 2014; Pozo Devoto and Falzone, 2017). The peptide
Davenutide has been shown to be neuroprotective in sporadic
PD cybrids by stabilising microtubule structure, thus restoring
microtubule trafficking, organellar distribution, autophagic
flux, mitochondrial membrane potential, as well as reducing
α-synuclein accumulation and mitochondrial ubiquitination
(Esteves et al., 2014). More recently it has been identified that
mitochondria can be transferred between cells, which may be
a mechanism for reducing cellular stress, either by enhancing
energy production through supplementation of functional
mitochondrial to a dysfunctional network or by removing
defective organelles from cells with compromised quality control
pathways (Shanmughapriya et al., 2020). As such, intercellular
mitochondrial transfer may be impaired in PD and could be a
worthwhile therapeutic approach. However, this will need careful
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consideration as it has also been proposed as a potential route by
which the neuronal propagation of α-synuclein deposition could
occur (Valdinocci et al., 2019).

Pharmacological and genetic targeting of mitochondrial
dynamics pathways has been investigated in a number of
different disease models (Whitley et al., 2019), yet attempts in
PD are limited. Given the complex architecture and minimal
metabolic plasticity of neurons, as well as the predominance of
mitochondrial dynamics and trafficking defects in genetic and
sporadic PD, the preservation, restoration or optimisation of
these functions is an important therapeutic consideration for PD
and requires further intensive research.

Addressing Mitochondrial Calcium and
Metal Ion Dyshomeostasis
Mitochondrial dysfunction can lead to excitotoxicity through
a reduction in cellular ATP levels, an increase in cellular
Ca2+, or both (Ludtmann and Abramov, 2018). Inhibition
of C.I, and consequently ATP generation, lowers intracellular
ATP, leading to partial neuronal depolarization due to a
reduction in the activity of Na+/K+-ATPase (Ludtmann and
Abramov, 2018). Mitochondria can take up Ca2+ from the
cytosol via a uniporter transporter, which relies on the
mitochondrial membrane potential. The ROS generated by
mitochondrial respiratory chain dysfunction can damage the
mitochondrial membranes and disrupt this mechanism of Ca2+

uptake and storage, thereby raising intracellular Ca2+ levels
and exacerbating the excitotoxicity (Carbone et al., 2017).
Disruption in the mitochondrial membrane potential leads to
an increased susceptibility to Ca2+ overload. This suggests
that mitochondrial-driven excitotoxicity is a major contributory
factor in PD (Carbone et al., 2017). Currently, there are
no mechanistic treatment approaches available. Based on the
ubiquitous role of Ca2+ for neuronal signalling, it is unlikely
that this pathway will be currently considered as a viable
treatment target. However, this might change as we gain a
more in-depth insight into the crosslink of mitochondria-
related Ca2+-dyshomeostasis and the specific vulnerability of
dopaminergic neurons.

Mitochondria are responsible for regulating intracellular
metal ion [iron (Fe), copper (Cu), and zinc (Zn) levels], their
macromolecular organisation (e. g. by forming Fe-Sulphur
cluster or heme groups) and their respective distribution in
cells (Mezzaroba et al., 2019). Preclinical and human models
imply that impaired mitochondrial homeostasis leads to Fe
accumulation and Cu deficiency in vivo (Tarohda et al., 2005).
The SN of PD brains contain increased Fe and decreased
Cu levels, which might link the pathology to mitochondrial
dysfunction (Tarohda et al., 2005). The increased Fe levels in PD
are mainly restricted to the mitochondria (Munoz et al., 2016).
A hemiparkinsonian model in monkeys treated with MPTP
showed an increase in the nigral iron deposition (Mochizuki
et al., 1994), suggesting a functional link between metal ion
dyshomeostasis and mitochondrial dysfunction. Also, in these
models the Cu level decreased accordingly. One theory assumes
that the inhibition of C.I increases the ROS level, which damages

the Fe-Sulphur cluster, hinders their proper assembly, and forces
the transport of Fe to the mitochondria (Liang and Patel, 2004;
Mena et al., 2011). This mechanism results in a vicious circle
as the mismatch of divalent and trivalent Fe promotes the
formation of oxidative stress. Increased nigral Fe deposition also
leads to decreased glutathione levels, which resembles another
level of the interconnectedness of mitochondrial dysfunction
and Fe-dyshomeostasis (Lee et al., 2009). Chelating agents
that can cross the blood-brain barrier (such as deferiprone or
deferoxamine) can redistribute Fe ions also on a cellular level
(Kakhlon et al., 2010). Deferiprone leads to decreased nigral
iron deposition, however, whether decreased Fe deposition also
leads to improved mitochondrial function (e. g, by improving
mitochondrial bioenergetics) in humans is currently unknown.

The pathophysiological role of Cu in the pathogenesis of PD
is only poorly understood. The supplementation of Cu (by Cu-
sulphate) seems to be protective against MPTP-induced toxicity
in animal models (Rubio-Osornio et al., 2017). Paradoxically,
administration of the sequestering Cu-chelator D-penicillamine
protects mice from MPTP-related mitochondrial toxicity. In
summary, the evaluation of Cu-targeted treatment approaches is
limited due to conflicting experimental data and the unknown
pathophysiological function.

Zn is likewise disturbed in PD (Park et al., 2015). ATP13A2-
related parkinsonism may be caused by mitochondrial Zn-
aggregation (Park et al., 2014). Besides, mitochondrial toxins
have been shown to lead to increased Zn-aggregation in in-
vitro models (Park and Sue, 2017). Whether treatment regimens
targeting Zn provide a fruitful approach for future studies in
mitochondrial PD is currently unknown.

In conclusion, preliminary evidence suggests targeting
the redistribution of metal ions may be beneficial in
PD, with potential neuroprotective effects involving
mitochondrial function.

Targeting the Intersection of
Neuroinflammation, Innate Immunity, and
Mitochondrial Dysfunction
There is evidence that LRRK2 mutations contribute to immune
alterations both in peripheral organs and the brain, although
our understanding of the underlying mechanism is incomplete
(Wallings et al., 2020). For example, numerous studies have
established that mutations in LRRK2 confer susceptibility to
mycobacterial infection, implying that LRRK2 plays a role in
regulating immunity (Zhang et al., 2009; Wang et al., 2015, 2018;
Fava et al., 2016).

A recent study demonstrated that loss of LRRK2 in
macrophages led to elevated basal levels of type I interferon and
interferon stimulated genes, resulting in an attenuated interferon
response to mycobacterial pathogens and cytosolic nucleic
acid agonists (Weindel et al., 2020). Altered innate immune
gene expression in LRRK2 knockout macrophages is driven
by mitochondrial stresses, such as oxidative stress from low
levels of purine metabolites and Drp1-dependent mitochondrial
fragmentation. This subsequently promotes mtDNA leakage into
the cytosol and chronic cyclic GMP-AMP synthase engagement.
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Although LRRK2 knockout mice can control Mycobacterium
tuberculosis replication, they have exacerbated inflammation and
lower interferon stimulated gene expression in the lungs. Thus,
while LRRK2 inhibitors are candidate therapies in PD, they may
have deleterious outcomes on immune responses. Specifically,
they may affect the function of microglia, which are essential for
healthy neurons (Weindel et al., 2020).

Sirtuins
Sirtuins are a family of NAD+ dependent protein deacetylases,
with several other enzymatic capabilities (Wang Y. et al., 2019).
Sirtuins are associated in general with metabolic regulation
and longevity, but are also important in various disease
states, including cancer, diabetes, and neurodegeneration
(Wang Y. et al., 2019). PD is hallmarked by protein
misfolding, mitochondrial dysfunction, oxidative stress and
neuroinflammation, all of which are mediated by sirtuins (Zhang
et al., 2020). It is therefore reasonable to assume that PD could
be modulated by differentially targeting the three predominant
sirtuins (SIRT1, 2, and 3), which are of primary relevance to
mitochondrial dysfunction in PD (Lin et al., 2018).

In general, SIRT1 and SIRT3 activity is considered
neuroprotective in PD, whereas SIRT2 activity appears to
be contradictory. In this regard, the focus of therapy has been on
enhancing SIRT1 and SIRT3 and inhibiting SIRT2 (Tang, 2017).

Despite the clear involvement of sirtuins in PD, there is
a distinct lack of clinical trials investigating their modulation
for treatment of neurodegeneration (Bonkowski and Sinclair,
2016; Mautone et al., 2020). This is largely due to a lack of
isoform specific inhibitors and activators and the need to target
specific cells to avoid unintended effects. Resolution of current
controversies and a greater understanding of the tissue-specific
functions, as well as the complexity and interconnectedness of
sirtuin interaction and activity networks is required to optimally
target these molecules (Dang, 2014; Wang Y. et al., 2019;
Mautone et al., 2020; Wang et al., 2020).

miRNAs
Micro RNAs (miRNAs) are non-coding RNA fragments
approximately 22 nucleotides in length that modify gene
expression. There is considerable complexity in miRNA
mediated gene expression given that one gene can be regulated
by many miRNAs and one miRNA can influence many
genes (Titze-de-Almeida et al., 2020). There is a plethora of
literature demonstrating dysregulation of numerous miRNAs
in association with PD (Martinez and Peplow, 2017), with
consistencies emerging between studies (Goh et al., 2019; Schulz
et al., 2019). In fact, most miRNAs associated with PD appear to
be linked to mitochondria (Sun et al., 2019; John et al., 2020).

As an example, miRNA181a/b have the capacity to influence
mitochondrial biogenesis and quality control, respiratory chain
assembly and mitochondrial antioxidants, with downregulation
of miRNA181a/b found to be neuroprotective in mitochondrial
disorders with neurodegeneration, suggesting a broad
gene-independent therapeutic potential for diseases with
mitochondrial dysfunction, such as PD (Indrieri et al., 2019).

Nevertheless, a better understanding of the complex positive
and negative interplay between different miRNAs and their
associated genes is essential. There is therapeutic potential in
controlling miRNA expression to modify various mitochondrial
pathways, including bioenergetics, biogenesis, oxidative stress,
mitophagy, and even cell death (Indrieri et al., 2020). There is
also the prospect of developing diagnostic tests, particularly with
miRNAs such as miR34b/c, which is altered in the brains of PD
patients, even in early pre-motor stages (Minones-Moyano et al.,
2011; Cressatti et al., 2020; Ravanidis et al., 2020).

ER-mitochondrial Links
Mitochondria and the endoplasmic reticulum (ER) are intimately
linked by specialised mitochondria-ER contact sites (MERCs),
which act as foci of enzymatic activity (Flis and Daum,
2013; Friedman et al., 2018), communication and signalling
portals (Takeda and Yanagi, 2019; Reane et al., 2020), and
initiation sites (Gelmetti et al., 2017; Elliott et al., 2018).
Interactions via MERCs mediate diverse functions, including
lipid biosynthesis, mitochondrial dynamics, Ca2+ homeostasis,
bioenergetics, mitochondrial trafficking, protein folding,
ER stress response, autophagy/mitophagy, apoptosis, and
inflammation (Gomez-Suaga et al., 2018).

Disruption of MERCs is associated with several
neurodegenerative diseases, including PD (Paillusson et al., 2016;
Erpapazoglou et al., 2017). A number of proteins associated
with mPD (α-synuclein, DJ-1, PINK1, Parkin, LRRK2) are
concentrated at MERCs under normal conditions where they
mediate diverse, often non-standard, functions (Ottolini et al.,
2013; Guardia-Laguarta et al., 2014; Gautier et al., 2016; Gelmetti
et al., 2017; Basso et al., 2018; Parrado-Fernandez et al., 2018;
Toyofuku et al., 2020), and PD-causing mutations in these
proteins are associated with disrupted mitochondria-ER contact
and communication.

Although incompletely understood, the contribution of
mitochondria-ER dysfunction in PD pathogenesis is evident and
targeting MERCs could be of therapeutic benefit. As MERC
disruption seems to be ubiquitous across neurodegenerative
diseases, any therapies may come from or have utility in
several diseases.

NIX
A putative protective mechanism against PD was identified
in an asymptomatic compound heterozygous PRKN mutation
carrier (Koentjoro et al., 2012). The compound heterozygous
(c.8_171del/c.535_871del, p.V3EfsX3/p.G179LfsX7) mutation
carrier had not developed PD by her seventh decade despite
a complete loss of functional Parkin (Koentjoro et al., 2012).
Cells from the asymptomatic carrier showed intact mitochondrial
function and mitophagy-mediated by mitochondrial receptor
Nip3-like protein X (Nix) (Koentjoro et al., 2017). Furthermore,
PINK1 knockdown did not affect Nix-mediated mitophagy.
Genetic and pharmacological induction of Nix was able to
reestablish mitophagy in PINK1- and PRKN-related PD patient
cell lines, and Nix over-expression resulted in an improvement
in mitochondrial ATP production. Therefore, Nix could be
an alternative mediator of mitophagy and could serve as a
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neuroprotective therapy in PD due to PINK1 or PRKN mutations
(Koentjoro et al., 2017; Naeem et al., 2020).

Mitochondrial Transplantation in PD
Improving mitochondrial function by supplementing exogenous
mitochondria is a promising strategy in PD (Shanmughapriya
et al., 2020). A recent study compared the functionality of
mitochondrial transfer with or without Pep-1 conjugation
in 6-OHDA-induced PC12 cells and PD rat models (Chang
et al., 2016). The investigators injected mitochondria into the
medial forebrain bundle of PD rats following a unilateral
6-OHDA lesion. They showed that only peptide-mediated
allogeneic mitochondrial delivery with allogeneic and xenogeneic
sources preserved mitochondrial function against neurotoxin-
induced oxidative stress and apoptotic death in the rat PC12
cells. Additionally, allogeneic and xenogeneic transplantation of
peptide-labelled mitochondria improved the locomotive activity
in the PD rats (Chang et al., 2016). Another study used a MPTP-
induced PD rat model to demonstrate that mitochondria injected
intravenously can prevent progression of PD by increasing the
activity of the electron transport chain, reducing reactive oxygen
species level, and restricting cell apoptosis and necrosis (Shi
et al., 2017). These studies support the therapeutic strategy
of mitochondrial supplementation injected either directly into
the brain or intravenously. The success of mitochondrial
transplantation is likely dependent upon the source and quality
of the isolated mitochondria, the delivery protocol, as well as the
cellular uptake of supplemental mitochondria to ensure adequate
neuronal uptake within the brain (Chang et al., 2019).

Stem Cell Therapies in PD Addressing Mitochondrial

Dysfunction
Astrocytes derived from human iPSCs may be therapeutic in PD
via the provision of a continuous supply of healthy mitochondria
as a form of mitochondrial donation (Cheng et al., 2020). In
favour of this concept, a recent study used a rotenone-induced
in vitro PD model to demonstrate that iPSCs-derived astrocytes
or astrocytic condition media can rescue dopaminergic neurons
through intercellular mitochondrial transfer (Cheng et al., 2020).

Soluble Epoxide Hydrolase Inhibition
There are multiple lines of evidence suggesting that soluble
epoxide hydrolase (sEH) deficiency or inhibition can attenuate
parkinsonism in MPTP-treated mice (Qin et al., 2015; Pallas
et al., 2020). For example, deficiency and inhibition of sEH
attenuates the loss of TH-positive cells and improves rotarod
performance (Qin et al., 2015). The substrate of sEH, 14,15-
epoxyeicosatrienoic acid (14,15-EET), protected TH-positive
cells and alleviated the rotarod performance deficits of wild-
type mice, but not sEH-knockout mice. Furthermore, the 14,15-
EET antagonist [14,15-epoxyeicosa-5(Z)-enoic acid] abolished
the neuronal protective effects of sEH deficiency. In primary
cultured cortical neurons, MPP+ induces Akt inactivation
in neurons from sEH wild-type mice, but not in neurons
from knockout mice. This indicates that sEH deficiency and
inhibition can increase 14,15-EET inMPTP-treatedmice, thereby
activating the Akt-mediated protection of TH-positive neurons

and behavioural functioning. Thus, sEH inhibition might be
a powerful tool to protect dopaminergic neurons in PD (Qin
et al., 2015). In addition to having anti-inflammatory properties,
EETs may have numerous benefits such as antioxidant effects,
a reduction in mitochondrial dysfunction and apoptosis and
improved cerebral blood flow (Pallas et al., 2020).

Photobiomodulation
Photobiomodulation (PBM) refers to the use of light in the
red to infrared wavelength range to enhance mitochondrial
function by displacing nitric oxide, which competitively binds
the molecular oxygen site on C.IV of the respiratory chain
(Hamblin, 2018; Quirk and Whelan, 2020). Nevertheless, when
applied to stressed cortical neurons with reduced mitochondrial
membrane potential, PBM returned the membrane potential
to normal, thereby reducing ROS production and excitotoxic
Ca2+ levels (Huang et al., 2013, 2014), where the effects of
PBM on mitochondrial function have been found to be both
dose and time dependent (Silveira et al., 2019). In addition to
enhancing neurometabolism, PBM has also been found to initiate
anti-inflammatory, antioxidant, and anti-apoptotic pathways
(Salehpour et al., 2018).

To date over 30 in vitro and in vivo studies of PBM in PD
models have explored variations on the theme (Hong, 2019;
Salehpour and Hamblin, 2020). The most comprehensive and
compelling research on the neuroprotective effect of PBM in
PD has come from studies of transcranial and intracranial
PBM in chemically-induced rodents (Peoples et al., 2012; Shaw
et al., 2012; Moro et al., 2013, 2014; Purushothuman et al.,
2013; O’Callaghan et al., 2015; Reinhart et al., 2015, 2016a,b;
Reinhart et al., 2017) and non-human primate PD models (Moro
et al., 2016, 2017; El Massri et al., 2017). Evidence suggests that
PBM need not be directly applied to neurons, instead showing
that non-invasive remote PBM treatment (i.e., to extremities or
the abdomen) has a so-called “abscopal” neuroprotective effect
(Johnstone et al., 2014; Kim et al., 2018), although the precise
mechanisms are still uncertain.

One human pilot trial and one clinical trial of transcranial and
intranasal PBM have been conducted to date, which have shown
improvements in speech, cognition, gait, and freezing episodes
in patients with established PD (Hamilton et al., 2019; Santos
et al., 2019). However, the utility of PBM neuroprotection relies
on there being neurons to protect in the first instance (Yang et al.,
2020), meaning this approach would likely be useful in the early
stages of PD with sustained use to moderate disease progression
(Foo et al., 2020).

DISCUSSION

The current clinical diagnosis of Parkinson’s disease (PD) is
primarily based on the appearance of motor symptoms (Postuma
et al., 2015). However, phenotypic changes often manifest several
years earlier, driven by early pathogenic processes in a so-called
“prodromal” phase (Berg et al., 2015). Symptoms presenting in
the prodromal stage are becoming more widely appreciated and
highlight a period that may offer a unique window of opportunity
for neuroprotective treatment regimens to be administered to
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avoid or mitigate severe pathology (Postuma and Berg, 2019).
However, the underlying aetiology and pathophysiology of PD
is complex, hindering the translation of research insights into
improved clinical outcomes (Grunewald et al., 2019).

Mitochondrial dysfunction plays a central, multifaceted
role in the pathogenesis of PD (Figure 3), whether cause or
consequence. It therefore represents an ideal target for candidate
drug therapies as its modulation will undoubtedly have an impact
on disease progression. However, to date, there has been limited
success for clinical trials targeting mitochondrial pathways in PD
(Supplementary Table 2). This may be due to a failure to address
the multiple interconnected systems and pathways in the highly
sensitive homeostatic cellular systems of neurons. Furthermore,
it may be difficult to ensure adequate delivery of the drugs to their
site of action. Moreover, disease progression in these trials may
be too advanced to regain sufficient mitochondrial and therefore
target cellular function.

The future of neuroprotective trials will likely rely on
combinations of drugs acting directly and indirectly on
affected pathways using personalised precision medicine (Titova
and Chaudhuri, 2017). Furthermore, it will be necessary to
enrich study cohorts for participants that display remarkable
dysfunction in these respective pathways and who might benefit
the most from targeted treatment approaches (Redensek et al.,

2017). It would be helpful to identify these participants early
in the prodromal phase to be able to treat prior to advanced
stages with neuronal loss. Within this scope, targeting the right
patients, with the right treatments, at the right time is the optimal
paradigm for clinical PD research.
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