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Abstract

Mitochondrial dysfunction is one of the crucial factors involved in PD’s path-
ogenicity, which emerges from a combination of genetic and environmen-
tal factors. These factors cause differential molecular expression in neurons,
such as varied transcriptional regulation of genes, elevated oxidative stress,
a-synuclein aggregation and endogenous neurotoxins release, which induces
epigenetic modifications and triggers energy crisis by damaging mitochondria
of the dopaminergic neurons (DN). So far, these events establish a complicated
relationship with underlying mechanisms of mitochondrial anomalies in PD,

Institute of Technology . . . .
which has remained unclear for years and made PD diagnosis and treatment

extremely difficult. Therefore, in this review, we endeavored to discuss the com-
plex association of epigenetic modifications and other associated vital factors
in mitochondrial dysfunction. We propose a hypothesis that describes a vicious
cycle in which mitochondrial dysfunction and oxidative stress act as a hub
for regulating DA neuron's fate in PD. Oxidative stress triggers the release of
endogenous neurotoxins (CTIQs) that lead to mitochondrial dysfunction along
with abnormal a-synuclein aggregation and epigenetic modifications. These
disturbances further intensify oxidative stress and mitochondrial damage,
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INTRODUCTION

Parkinson's disease (PD) is a complex, chronic and
second-most progressive neurodegenerative movement
disorder after Alzheimer's disease. PD prevails in the
old age population at a percentage of 1% (65 years old)
to 4% (80 years old) (1-3) and has influenced more than
ten million populations globally. Epidemiological stud-
ies have shown that PD affects ~3.9% of older people of
the Chinese Han population aging >50 years old (3) and
estimated to rise to 4.94 million by 2030, narrating half
of the PD patients globally (4). This disease has an inev-
itable and progressive course, characterized by the loss
of dopaminergic neurons (DA) in the substantia nigra
pars compacta (SNpc) of the PD brain and the formation
of Lewy bodies (a-synuclein protein inclusions), leading
to the dysregulation of various pathways, such as ves-
icle trafficking or activating neuroinflammation (5).
However, on account of 50%-70% DA neurons loss, do-
pamine neurotransmitter production decreases, result-
ing in variable motor and non-motor clinical symptoms
(6). Significant motor symptoms include bradykinesia,
resting tremor and rigidity, whereas non-motor symp-
toms include insomnia, hallucinations and depression
(7). Additionally, in PD other than SNpc, various neuro-
degenerative aberrations are also observed in other parts
of the brain, making its diagnosis and treatment more
complicated and challenging (8,9). The etiopathogene-
sis of PD has emerged from the contribution of genetic
factors (Familial PD) (10) and environmental factors
(Sporadic PD) (10). Familiar PD occurs due to mutations
in specific genes (SNCA, LRRK2, PARK?2, PINKI, DJ-
1, VPS35) and accounts for only 10% PD (10). In con-
trast, sporadic PD occurs due to environmental factors
such as poor lifestyle, exogenous neurotoxins, drug ad-
diction, long-term stress, diet and aging (10) (Figure 1).
Since the past few decades, mounting research has
been carried out to understand the genetic architecture
and cellular processes of PD. However, the exact mech-
anism involved in Parkinsonism remains unclear, which
refers to complex etiology involving several molecular
pathways such as apoptosis, endocytosis, immune re-
sponse, lysosomal function, oxidative stress, and mi-
tochondrial function (8,10,11). Increasing evidence has

amplifying the synthesis of CTIQs and works vice versa. This vicious cycle may
result in the degeneration of DN to hallmark Parkinsonism. Furthermore, we
have also highlighted various endogenous compounds and epigenetic marks
(neurotoxic and neuroprotective), which may help for devising future diagnos-

tic biomarkers and target specific drugs using novel PD management strategies.

endogenous neurotoxins, epigenetics, mitochondrial dysfunction, neurodegenerative, oxidative
stress, Parkinson's disease, a-synuclein

speculated an association of mitochondrial dysfunction
with neuronal damage in PD although the exact relation-
ship is unknown (8,12). Moreover, uneven distribution
of mitochondria throughout the living body fails to de-
scribe the specific neuronal damage that makes it more
strenuous to explain why mitochondria are impaired
explicitly in degenerative neurons and cause neuronal
death in PD (13).

Various studies have shown that mitochondrial ab-
normalities may result from genetic, environmental, or
a combination of both (epigenetic modifications). These
modifications may either damage mitochondrial DNA
(mtDNA) and impair mitochondrial functioning such
as (i) abnormal electron transport chain complex I (ii)
Ca”" homeostasis aberrations, (iii) impaired biogenesis/
bioenergetics, (iv) abnormal mitochondrial dynamics,
(v) defective mitophagy, (vi) abnormal axonal transport
and mitochondrial distribution in PD neurons, and (vii)
increased oxidative stress (ROS production) (Figure 1)
(14,15). Further, it is observed that long-lived individu-
als with prolonged stressful conditions are more prone
to multiple molecular changes such as higher oxidative
levels, the release of endogenous neurotoxins, and epi-
genetic modifications. These molecular changes cause
an alteration in the transcriptional regulation of various
genes, resulting in mitochondrial dysfunction and neuro-
nal apoptosis to implicate Parkinsonism (13). However,
the pathogenic role of these factors in mitochondrial
dysfunction and their relationship with complex molec-
ular mechanisms in PD progression still requires to be
deciphered.

Moreover, partial research and the use of ineffec-
tive drugs have turned PD management and treatment
more challenging. Unfortunately, most PD drugs work
for a specific period or encounter various side effects on
long-term use, such as levodopa (16). That awakens the
need for new PD-specific drugs that efficiently treat PD
at earlier stages in the aging population. Therefore, this
review highlights various factors and their association
in promoting oxidative stress and mitochondrial bio-
energetic defects at the macro perspective level to mit-
igate PD research and clinical treatment impediments.
Furthermore, we have briefly discussed how these epi-
genetic moderators and endogenous compounds based



EPIGENETICS IN MITOCHONDRIAL IMPAIRMENT IN PARKINSONISM

3of 24

OH 48D

s15e1S0aWN

EN
=
g

A
AS-0

Familial PD
(10%)

FIGURE 1

Brain
Pathology

Sporadic PD
(90%)

Actiology of Parkinson's disease and possible risk factors with mitochondrial dysfunction. Familial PD accounts for 10%

of PD and is caused by genetic variations inherited in an autosomal recessive or dominant manner. Sporadic PD accounts for 90% of PD,

a complicated neurodegenerative disease caused by a combination of genetic and environmental factors. Genome-wide association studies
presented two susceptible loci of a-synuclein and LRRK?2 genes, which link classical PD genes and overlap the etiology of familial PD with
sporadic PD. Both genetic and environmental factors induce epigenetic modifications that cause mitochondrial anomalies in various aspects
such as oxidative stress, mitochondrial complex I activity, bioenergetics, dynamic, transport, biogenesis, and quality control.

on their neurotoxic and neuroprotective properties could
be used as future diagnostic biomarkers and may serve
to design novel strategies for early PD diagnosis and
therapeutics.

2 | MITOCHONDRIAL
DYSFUNCTION IN
PARKINSON DISEASE

A mitochondrial dysfunction is an early event in PD
progression, which remains a distinctive feature in all
stages of PD. The first connection between mitochon-
drial dysfunction and PD was reported in the early
1980s, when a neurotoxin MPP+, the metabolite of
MPTP (I-methyl 4-phenyl-1,2,3,6-tetrahydropyridine),
caused Parkinsonism in patients by inhibiting NADH-
ubiquinone oxidoreductase (complex I) of the mitochon-
drial respiratory chain (11,17,18). Later, Dr. Langston
confirmed that MPTP-induced mitochondrial dysfunc-
tion is associated with PD pathogenesis (19). Emerging
evidence has reported that both forms of PD (sporadic
and familial) share common pathways that link up with

mitochondria (19). Therefore, speculating mitochondrial
dysfunction as one of the cardinal characteristics of PD
is well-elaborated.

2.1 | Mitochondrial dysfunction in familial
Parkinson disease

To date, a handful of genes have been reported in familial
PD, mainly including a-synuclein (SNCA), leucine-rich
repeat kinase 2 (LRRK?2), Parkin (PARK?2), PTEN-
induced putative kinase 1 (PINKI), DJ-1, and vacuolar
protein sorting 35 (VPS35) (20). The proteins expressed
by most of these genes connect with the mitochondrial
membrane directly or indirectly. Variable expression of
these genes causes various mitochondrial impairment;
manifested by the altered morphology, imbalanced dy-
namics (fusion, fission, mitophagy, or transport), and
mitochondrial dysfunction, including increased reactive
oxygen species (ROS) production and decreased mem-
brane potential, reduced ATP levels, and inhibition of
respiratory complex activities. Thus, intensive study on
these PD genes has contributed to our knowledge about
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the potential common pathway of mitochondrial func-
tion (21).

For instance, genetic mutations in the SNCA gene
cause abnormal a-synuclein expression (22), which leads
to the development of Lewy bodies, a key pathological
hallmark of PD. Emerging evidence has established the
link between a-synuclein (wild-type and mutated forms)
and mitochondrial function. It shows that the disrup-
tion of a-synuclein induces the development of PD by
impairing mitochondrial fusion, fission, transport, and
mitophagy (23,24). Moreover, the changes in a-synuclein
distribution between the cytoplasm and mitochondrial
membrane cause mitochondrial function impairment:
altered Ca”>* homeostasis, inhibition of ATP produc-
tion, enhanced cytochrome c release, impaired complex
I function, and increased oxidative stress (25-27). Higher
oxidative stress was presumed to cause d-synuclein ab-
normality. Later, this concept was modified by Kumar
and his colleagues. They found that cytochrome c from
leaky mitochondria as peroxidase triggered the forma-
tion of a-synuclein radical and oligomerization, leading
to the dopaminergic neuronal apoptosis (28). Therefore,
through these pieces of evidence, it can be assumed that
the consequences of mitochondrial damage could be one
reason for the a-synuclein abnormality.

Like a-synuclein, LRRK?2, a common genetic risk of
an autosomal dominant form of PD is co-localized with
the dynamin-superfamily GTPases (Drpl, Mfnl, Mfn2,
and OPAI) at the mitochondrial membrane and mediates
the mitochondrial dynamics (29,30). A study on the PD
mouse model showed that exposure to low oral rotenone
resulted in mutant LRRK?2 mice displaying significant
locomotor defects. It was observed that locomotor de-
fects have occurred due to low levels of striatal mitochon-
drial complex I (NDUFS4), striatal synaptosomes, and
synaptic vesicular proton pump protein (V-ATPase H)
that lowered dopamine uptake in PD mouse than wild-
type mouse (31). Moreover, LRRK2 mutants reported
significant mitochondrial abnormalities, including dam-
aged mitochondrial DNA, abnormal morphology, move-
ment, and homeostasis, low ATP production, decreased
membrane potential, reduced respiratory chain complex
IV activity, increased mitochondrial proton leakage, dis-
turbed calcium handling, and impaired mitochondrial
degradation (32-35).

Interestingly, pathogenic modifications in the mito-
chondrial genome also play a significant role in PD de-
velopment. These modifications can either be inherited
or acquired during disease progression and divided into
three major groups: (i) mtDNA point mutations (inher-
ited or somatic), (i) mtDNA deletions, and (iii) changes
in mtDNA copy number (36). Growing evidence suggests
that genetic mutations of mtDNA or nuclear genes (in-
volved in mtDNA maintenance) increase with age and
may participate in PD development. For instance, the
POLG! (polymerase gamma 1) gene, which regulates
mtDNA synthesis, replication and repair, is observed

dysregulated in PD patients. Several PD patients re-
ported various mutations in this gene that lower mtDNA
copy number and mitochondrial abnormalities (37).

Similarly, mutations in the TFAM (mitochondrial
transcription factor A) resulted in abnormal mtDNA
transcription and copy number (38,39). A study per-
formed on TFAM knockout DA neurons of MitoPark
mice resulted in low mtDNA levels with progressive
loss of neurons and PD pathogenesis (40). Moreover,
in 2007, Baloh and his colleagues reported the first PD
family with TWNK gene mutations. This gene is respon-
sible for maintaining mtDNA replication and stability
(41,42). Research on mouse models exhibiting TWNK
mutant DA neurons displayed more age-related mtDNA
deletions, DA neurodegeneration and Parkinson-like
phenotype (43). Taken together, the interaction between
PD-related genetic causes and mitochondrial dysfunc-
tion links several pathways that lead to PD-associated
neuronal damage. Therefore, it can be surmised that mi-
tochondrial dysfunction is a common pathogenic path-
way that should be under consideration to understand
PD pathogenesis (44-47).

2.2 | Mitochondrial dysfunction in sporadic
Parkinson disease

Sporadic PD occurs due to multiple undetermined ge-
netic or environmental risk factors, including aging,
drug usage, lifestyle, and exposure to harmful chemi-
cals. These factors cause numerous molecular changes
such as oxidative stress, the release of neurotoxins, and
epigenetic modifications, affecting various cellular path-
ways linked with mitochondrial function. Notably, these
factors induce different somatic mutations in mtDNA
of PD models. For instance, several studies on PD pa-
tients reported higher somatic mt-DNA deletions in
SNpc than other brain parts (48,49). Additional inves-
tigations revealed that PD patients exhibited increased
8-oxoGuanine levels in the mt-DNA of SNpc (DA neu-
rons), imparting a role in PD progression (50). Moreover,
various missense and heteroplasmic mutations in
OXPHOS complex I of mt-DNA in idiopathic PD pa-
tients resulted in OXPHOS complex I deficiency in PD
(51,52). Mutations in 7SDNA led to impaired mtDNA
replication and transcription machinery, thus presenting
a primary pathogenic mechanism in both forms of PD
(53). Hence all these mt-DNA lesions led to respiratory
chain deficiency and exacerbated PD progression.

2.2.1 | Exogenous neurotoxin

Exogenous neurotoxins possess a slightly lower risk in
PD development due to a lower population exposure rate.
The exogenous neurotoxins include MPTP, pesticides,
heavy metals, and solvents, wildly employed to develop
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animal models of PD to explore the pathological mecha-
nisms of PD (54,55). Environmental neurotoxins cause
similar PD clinical manifestations that share common
pathways of mitochondrial dysfunction (47). MPTP and
pesticides showed the attenuation of the mitochondrial
function by imbalancing the mitochondrial fission and
fusion, lowering mitochondrial transport, and inducing
autophagy (56,57). These neurotoxins also adversely im-
pact the respiratory chain function by inhibiting mito-
chondrial complex I (58-60). However, a previous study
also showed that the deletion of the Ndufs4 (complex I
subunit, NADH: ubiquinone oxidoreductase iron-sulfur
protein 4) did not inhibit dopaminergic neuronal death
induced by rotenone, MPP+, or paraquat, indicating that
toxicity of these neurotoxins may not be solely caused by
the inhibition of complex I (61). Instead, other factors are
also involved; for instance, dysfunction of mitochondrial
Lon protease after MPTP treatment in mice has resulted
from the elevated oxidative stress, known as the patho-
logical driver in PD development (62).

In addition, exposure to heavy metals such as iron
(Fe), manganese (Mn), and lead (Pb) is also associated
with mitochondrial dysfunction in PD, suggesting that
mitochondria display a significant role in cellular iron
metabolism. The disequilibrium of mitochondrial iron
homeostasis leads to the accumulation of cellular Fe,
which is the crucial element in degenerated DA neurons
in PD (63). Due to similar structural and chemical prop-
erties with Fe, Mn also preferentially accumulates in the
mitochondria and disrupts cellular energy metabolism
to induce dopaminergic neurotoxicity (64). Previous re-
search expounded the association between Mn and mi-
tochondrial dysfunction, such that Mn accumulation
hampered the efflux of calcium, inhibited MAO activity,
as well as caused imbalances in the mitochondrial fu-
sion/fission equilibrium (65,66). However, several studies
involving lead-induced neurotoxicity also showed sim-
ilar mitochondrial damage (67). Of the many different
complex I inhibitors, some solvents have been used to
establish the animal models of Parkinson's discase (68).
For example, Trichloroethylene (TCE) is a typical sol-
vent widely used industrially for metal degreasing and
dry cleaning. The exposure to TCE significantly de-
creased Complex I-driven state III and state V activity
in the mitochondria of SNpc that altered mitochondrial
bioenergetics and induced nigral dopaminergic neuronal
loss (69,70).

2.2.2 | Endogenous neurotoxins

For decades, endogenous neurotoxins have gained mo-
mentum owing to their crucial role in PD. Recently,
dopamine-derived alkaloids, structurally or function-
ally like MPTP, and tetrahydroisoquinoline compounds
(TIQ), have been proposed as the potential pathogenic
factors of PD (71,72). TIQ reported significant inhibitory
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activity on the mitochondrial respiration, complex I, and
ATP synthesis, and the methylation at the 3-position of
TIQ derivatives potentiate complex I inhibitory activi-
ties (73,74). TIQs are categorized into two types: catechol
and non-catechol structure. Non-catechol TIQs:1-BnTIQ
and 1MeTIQ can easily cross the blood-brain barrier
(BBB), migrate into the brain, and induce some posi-
tive or negative effects on the nervous system. Although
1-BnTIQ and 1McTIQ are both TIQ derivatives and en-
dogenously detected in the human brain, they possess
opposite pharmacological properties (1-MeTIQ is neu-
roprotective, and 1-BnTIQ is neurotoxic). Behavioral
analyses and neurochemical experiments demonstrated
that 1IMeTIQ completely antagonized 1BnTIQ-induced
changes in rat locomotor activity and reduced the do-
pamine (DA) concentration in the rat brain (75). Wasik
et al. pointed out that the neurotoxic effect of 1BnTIQ
is dose-dependent. For instance, in lower concentrations
(50 uM), it displayed neuroprotective properties, and in
higher concentrations (500 pM), it showed neurotoxic
properties (76). Further, it is observed that the neuro-
toxic effect of 1-BnTIQ in monkeys and mice occurs
due to inhibition of mitochondrial NADH-ubiquinone
oxidoreductase (complex I) (77). Contrarily, 1-MeT1Q re-
ported various neuroprotective actions, such as reducing
oxidative stress, inhibiting MAO activity, and reducing
DA release reduction (78-80). Interestingly, besides en-
dogenous synthesis of 1-MeTIQ in the human brain, it
can be synthesized enzymatically with phenylethylamine
(PEA) and pyruvate and catalyzed by IMeTIQase in the
mitochondrial-synaptosomal fraction.

Differing from non-catechol TIQs, there is still contro-
versy about whether Catechol TIQs (CTIQs) such as sal-
solinol (Sal) can cross BBB or not (81). Therefore, CTIQs
have been extensively investigated for their neurotoxic
effects on the DA neurons, especially in the mitochon-
dria (82). Sal was reported as the first CTIQs in the urine
and brain of PD patients after L-DOPA treatment, which
is synthesized actively with DA and acetaldehyde under
the catalysis of Sal synthase (83,84). The confirmed pe-
culiarity of Sal synthesis in the DA neurons proposes its
prominent role in the occurrence of PD. In some circum-
stances, the formed Sal compounds are catalyzed into
N-methyl-salsolinol (NM-Sal) by N-methyltransferase
and then further oxidized into 1,2-dimethyl-6,7-dihyd
roxyisoquinolinium ions (DMDHIQ+) (84). Similar to
the exogenous neurotoxins, Sal and its derivatives (e.g.,
NM-Sal, Norsal) also inhibited mitochondrial electron
transport chain (complex I), mitochondrial membrane
potential, ATP levels, and conversely increased the cy-
tochrome c release (84-86). Further, the (R)-enantiomer
of NM-Sal (NM-(R)-Sal) caused severe neurotoxic-
ity and is regarded as the strongest toxic CTIQ so far
(87,88). Based on the properties of Sal derivatives, our
team deeply investigated their pathogenic roles in PD
in the recent years. We evaluated the concentration of
Sal and NM-Sal under oxidative stress such as exposure
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to iron, manganese, ethanol, and H,O, or alterative ex-
pression of a-synuclein and parkin, which could be the
hub between mitochondrial dysfunction and develop-
ment of PD (88-91). One well-established example of
mitochondrial dysfunction induced by Sal and NM-Sal
is that the cytotoxicity was attenuated by the transient
receptor potential protein 1 (TRPCI). Its overexpression
prevented neurons from apoptosis by inhibiting the re-
lease of cytochrome ¢ from the mitochondria (92). It was
assumed that Sal could be synthesized in situ of the sub-
stantia nigra and striatum of the brain. This was further
confirmed by our research group that purified sal syn-
thase from rat brain successfully, demonstrated it as a
novel protein with 77 amino acids (83), and verified that
salsolinol N-methyltransferase (SNMT) activity in the
substantia nigra of rat brain was significantly increased
after treatment with 6-OHDA (93).

According to these findings, Sal and its derivatives
synthesis were proposed to depend on the initial concen-
tration of their substrates (e.g., DA and acetaldehyde).
Under physiological conditions, acetaldehyde may con-
vert into acetate through aldehyde dehydrogenase-2
(ALDH2) metabolism. ALDH?2 is widely present in
the brain and performs its functions in the mitochon-
dria matrix; therefore, its inhibition can exacerbate
the PD risk (94). However, decreased ALDH?2 activity
resulted in acetaldehyde accumulation in the blood or
other tissues such as the brain, forming CTIQs like Sal
(83,95,96). A study by Kinoshita's group has speculated
that the levels of Sal increased in the dorsal striatum
after administration of acetaldehyde in the Aldh2-
knockout mice (96). Interestingly, acetaldehyde is not
only one of the toxic aldehydes that result from lipid
peroxidation of membrane-rich mitochondria. In fact,
multiple lipid peroxidation-derived a,B-unsaturated
aldehydes can be generated in DA neurons, such as
4-hydroxynonenal (4-HNE), malondialdehyde (MDA),
and 3,4-dihydroxyphenylacetaldehyde (DOPAL, MAO
product of dopamine). 4-HNE and MDA are highly ex-
pressed in the substantia nigra of PD patients and are
the substrates of ALDH2 and can inhibit the ALDH?2 ac-
tivity (94,95). As discussed above, these processes could
lead to the accumulation of acetaldehyde in the DA neu-
rons, which is probably the reason for Sal's production.

On the other hand, we have noticed that Sal forma-
tion is also dependent on the presence of DA, which is
an essential neuromodulator in several brain regions
and present in lower levels in the substantia nigra and
striatum of PD patients (75). Moreover, the generation
of CTIQs is dependent on the related enzyme's distri-
bution and activity, such as (R)-salsolinol synthase and
N-methyltransferase. The most toxic NM-(R)-Sal is
present in the nigro-striatum, which might be the rea-
son for Sal toxicity. Therefore, the production of CTIQs
may primarily rely on the aldehydes levels induced by
oxidative stress and enzyme activity (13). However, MAO
performs synergistic action for damaging DA neurons.

In contrast, DOPAL is reported as highly toxic and in-
duced the loss of DA neurons and the accumulation of
oligomeric forms of a-synuclein after injection into the
substantia nigra of rats (97).

Moreover, some neurotoxins such as benomyl, ro-
tenone, and MPTP inhibit the activity of ALDH,
especially ALDH2, which leads to the DOPAL accumu-
lation, degeneration of DA neurons, and development
of PD. Thus, speculating that mitochondrial ALDH?2
could serve as a neuroprotective therapy for PD (98,99).
Contrarily, chronic administration of Sal decreases the
production of dopamine and DOPAC concentrations in
the substantia nigra and the striatum, suggesting that
Sal might disturb DA storage and release (80). Further,
ADTIQ is another Sal-like, highly expressed neurotoxin
in the putamen of PD patients, which might be a novel
compound related to PD (100). Analogously, ADTIQ is
also endogenously synthesized from the condensation
of DA and methylglyoxal (MGO). MGO is a glycolytic
by-product and is present in higher concentrations in di-
abetic patients. Indeed, elevated concentrations of glu-
cose might lead to increased production of MGO and
trigger the occurrence of PD in patients with diabetes.
Therefore, it can be inferred that mitochondrial dys-
functions are involved in both diabetes and PD induced
by MGO and ADTIQ. Besides, MGO also increased
the concentration of DA and Sal in SH-SYSY cells. So,
ADTIQ should be the central hub between diabetes and
PD (101-103).

3 | MITOCHONDRIAL-RELATED
EPIGENETICS IN PD

Epigenetic modifications have been reported to bring
various changes in gene expression and protein levels
in PD. Various environmental factors induce epigenetic
changes that trigger significant molecular variations and
alter the normal function of the locus or chromosome
despite altering the DNA sequence (14,15). Converging
evidence has supported that these epigenetic modifica-
tions account for significant expression differences at
mitochondrial levels in Parkinson's disease (Figure 2).
Thus, owing to their essential role in PD, it is speculated
that these epigenetic modifications may fill the gap for
our further understanding between mitochondrial im-
pairment and the onset of PD progression. And might
serve as a potential alternative therapeutic strategy for
mitochondrial-dependent PD.

31 |
in PD

Mitochondrial related non-coding RNA

Regulation of non-coding RNAs (ncRNAs) is one aspect
of epigenetics. It mainly includes IncRNAs of longer than
200 bp, circular ncRNAs, mid-size ncRNAs (snoRNAs,
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PASRs, etc.), and short ncRNAs (microRNAs, piwi-
interacting RNAs, etc.), all of which are distinguished
based on the transcript length (104). Although ncRNAs
do not translate into proteins, they can regulate many
genes at the transcriptional level regulating various cel-
lular processes. However, there is increasing evidence
that ncRNAs exert multiple roles in many underlying
mechanisms of PD pathogenesis. Their functions have
been detected in the mitochondria, particularly suscep-
tible to environmental factors, which are vital elements
in PD (105).

3.1.1 | The crosstalk of microRNA and
mitochondria

MicroRNAs (miRNAs) are the most abundant, endog-
enous, small non-coding RNAs (20,21), involved in cas-
cades of biological processes to preserve normal cellular
functions (106). Usually, they act as negative regulators
of gene expression at post-transcriptional levels (107),
and their dysregulated expression leads to the develop-
ment of various pathologies ranging from brain dis-
ease to cancer. From the past few years, miRNAs have
reported inducing mitochondrial impairment in PD by
targeting genes involved in regulating mitochondrial and
cellular functioning.

Numerous studies presented various dysregulated
miRNA expression profiles, which display their pecu-
liar behavior toward PD development and progression.
In 2017, Martinez et al. reported miRNAs expression
profiling in postmortem brain samples (cingulate gyri,
cerebellum, putamen, midbrain, SN, prefrontal and
frontal cortex, amygdala, and striatum) of IPD-affected
individuals. The results of this study have revealed con-
siderable levels of dysregulated miRNAs targeting PD-
associated genes (PARK2, SNCA, LRRK?2, TNFSFI3B,
LTA, SLC543, PSMB2, SR, GBA, LAMP-24, HAS).
However, most miRNAs were reported downregulated
and confirmed in PD models through agomirs (108).
Several studies showed that miRNAs exert neurotoxic
roles in PD development by targeting genes associated
with mitochondrial functioning and oxidative stress.
For instance, miR-214 has upregulated the SNCA gene
in PD models, which resulted in the a-synuclein aggre-
gation, oxidative stress, and mitochondrial impairment
(Figure 2A-iii) (109).

Strikingly, a subset of miRNAs mobilizing from the
nucleus to mitochondria, termed mitochondrial miR-
NAs (mitomiRNAs), has gained researcher's attention.
It is believed that mitomiRNAs play a significant role in
PD pathogenesis (110), though research in this domain is
nascent. Several PD studies have reported various miR-
NAs that exclusively target genes involved in maintain-
ing mitochondrial integrity. Alterations in mitomiRNAs
expression result in abnormal mitochondrial function
and biogenesis. For example, upregulated miR-34b and
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miR-34c have reported downregulating DJ-/ and Parkin
genes. The deregulated miR-34b and miR-34c resulted
in elevated oxidative levels, abridged mitochondrial
membrane potential, reduced ATP levels, and higher
mitochondrial fragmentation (Figure 2D-ii) (111,112).
Other studies showed that miR-4639-5p (113) and miR-
494 (114) directly target DJ-1 to trigger oxidative stress-
induced neuronal lesions (Figure 2F) (113,114). Similarly,
overexpressed LRRK?2 inhibited the expression of let-7
and miR-184, resulting in the upregulation of E2FI and
DPI genes (Figure 2F), respectively. Thus, it mediated
the toxicity like dysregulated LRRK?2 and stimulated the
dopaminergic neuronal degeneration (115).

miR-124 plays a crucial role in neuronal differentia-
tion, neurogenesis, mitochondria apoptotic-signaling
pathways, and autophagy (116,117). Downregulated
miR-124 resulted in higher Bim protein expression that
enhanced translocation of BAX protein to mitochondria
and lysosome, resulting in the activation of mitochondria
apoptotic signaling pathways and impaired autophagy
process (Figure 2G) (116). Another investigation on the
PD model showed that miR-485 targets the PGC-/a gene
(peroxisome proliferator-activated receptor-gamma co-
activator-1 @), a potent stimulator of mitochondrial bio-
genesis and respiration. Upregulated miR-485 resulted
in the suppression of PGC-/a, which mediated neuro-
toxicity through a-synuclein accumulation and mito-
chondrial dysfunction (Figure 2B) (118,119). Recently,
upregulated miR-376a in PD patients inversely downreg-
ulated the PGCla and TFAM gene expressions, impact-
ing PD pathogenesis through mitochondrial dysfunction
(Figure 2B) (120).

Further, in addition to the pathogenic behavior of
miRNAs, various studies reported several miRNAs
with neuroprotective properties exclusively target PD-
associated genes and impact the mitochondrial function
in PD, summarized in Table 1. It is worth mentioning
that these miRNAs displayed therapeutic potential in
PD models by protecting against intercellular ROS gen-
eration, mitochondrial dysfunction, and neuronal injury.
Though the research in this domain is still in infancy, as
most of the casual agents inducing mitochondrial dys-
function are interlinked, at this point, it is difficult to
predict the exact function of related miRNAs and re-
quires extensive research. However, neurotoxicity and
neuroprotection properties of miRNAs may provide
valuable insights to understand PD progression and
open new lines of investigations to determine their role
as a biomarker for diagnostics and therapeutics avenues
against PD to mitigate brain damage.

3.1.2 | The crosstalk of long non-coding
RNA and mitochondria

Long non-coding RNA (IncRNAs) are RNA molecules
that consist of more than 200 nucleotides derived from
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FIGURE 2 The landscape of neurotoxic epigenetic modifications inducing mitochondrial dysfunction in PD. (A) Epigenetic modifications
of SNCA gene include multiple events that cause abnormal a-synuclein expression. (i) Hypomethylation of the intron 1 of SNCA locus
dysregulates SNCA gene transcription, leading to abnormal a-synuclein aggregation in the cytoplasm. This allows abnormal a-synuclein to
enter the nucleus following oxidative stress and sequester DNMTT1 into the cytoplasm, enhancing the hypomethylation of SNCA gene and
causing dysregulated transcription. (il) Meanwhile, HDAC inhibitors cause hyperacetylation of a-synuclein-linked histones H2, H3, H4,

and p300 promoter region of SNCA. This results in reduced Sirtuin 1/2 activity, which leads to higher a-synuclein aggregation accompanied
by impaired mitochondrial biogenesis. (iii) Various noncoding RNAs dysregulate SNCA gene expression, such that, CDR las sponge with
miR-7, circzip2 with miR-60, lowered levels of miR-124 and miR-153 expression and higher expression of LncR-SNHG lowers miR-15b-5p
levels, which upregulates STAH1 axis, thus contributing to the over-expression of mRNA (SNCA) to trigger a-synuclein aggregation and
oxidative stress. (B) Reduced Sirtuin activity results in increased histone acetylation and reduced expression of nuclear-encoded mitochondrial
gene PGCI-a that further downregulate TEAM, SIRT-3, and Nrf1/2, impairing the mitochondrial biogenesis and promoting a-synuclein
accumulation. Upregulated miR-485 and miR-366a also downregulate the expression of PGC! « to fuel the process. Further, LncR-Nrf2

also inhibits Nrf1/2 expression to promote mitochondrial dysfunction. (C) Hypomethylation of the PINK gene stimulates elevated ROS
production and disturbed mitochondrial metabolism. (D) Epigenetic modifications in PARK?2 gene. (i) Hypomethylation of PARK?2 gene
results in dysregulated parkin expression. (ii) Upregulated miR-34b/c causes downregulation of parkin protein with DJ-1, leading to higher
oxidative levels, abridged mitochondrial membrane potential, and reduced ATP levels along with higher mitochondrial fragmentation. (E)
Upregulated IncRNA-MALATI and IncRNA-HOTAIR sponge with miR-205-5p to increase the LRRK?2 expression that promotes neuronal
apoptosis through oxidative stress and mitochondrial dysfunction. (F) Upregulated miR-4639-5p, miR-494, miR-184%*, and let-7f downregulate
DJ-1 expression that triggers oxidative stress-induced neuronal lesions. (G) Downregulated miR-124 upregulates BCL2L11 (BIM protein) that
induces mitochondrial apoptotic signaling pathways. (H) Overexpression of TET, promotes hydroxy-methylation (ShmC) in the promoter
region of CDKN,A gene that causes a-syn aggregation and mitochondrial dysfunction. (I) Various noncoding RNAs target multiple genes

and pathways to enhance oxidative stress-simulated mitochondrial damage. (i) IncRNA HAGLROS and IncRNA UCA-1 activate PI13K/Akt
pathway that induces oxidative stress and damages mitochondria, resulting in neuronal apoptosis and autophagy. (ii) Downregulated LncRNA
AS Uchll lowers Nurrl activity that links with mitochondrial dysfunction due to higher oxidative stress. (iii) LncRNA-p2 sponge with miR-625
exaggerating oxidative levels and inducing cytotoxicity and neuronal apoptosis. (iv) IncRNA NORAD target PUM?2 gene to induce genomic
instability and mitochondrial dysfunction. These events cause higher oxidative stress levels and mitochondrial anomalies, leading to DA
neurons’ degenerative death, hallmarks of PD. The solid lines illustrate confirmed pathways, whereas the dotted lines illustrate pathways that
need to be confirmed further. 1 illustrate upregulated and ! illustrate downregulated
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TABLE 1 MicroRNAs involved in mitochondrial dysfunction in Parkinson's disease
miRNA
microRNAs Model Target expression  Function References
miRNA with neuroprotective effect
miR-7 PD patients, MPTP mice = SNCA t Downregulates a-synuclein and act as a (121)
model, MPP*-SH- neuroprotective agent against oxidative stress
SY5Y cell model and mitochondrial impairment
miR-7 and MPP* HEK 293 SNCA 1 Downregulates a-synuclein and act as a (122)
miR-153 neuroprotective agent against mitochondrial
reactive oxygen species and inhibit neuronal
death
miR-7 MPP*-SH-SY5Y cell VDACI t Downregulates VDACI expression and stimulate (123)
model neuroprotection by inhibiting ROS and
mitochondrial dysfunction
miR-27a/b and Human cervical HeLa PINK1 t Suppress PINK1 gene expression by preventing the — (124)
miR 26 and dopaminergic- mitophagic influx
like M17 cells
miR-30a* and LRRK2-knockout mice LRRK?2 t Acts as a neuroprotective agent against PD (125)
let-7f model progression
miR-205 PD patients (frontal LRRK2 t Acts as a therapeutic agent by upregulating (126)
cortex + corpus LRRK2 gene expression to rescue neurite
striatum) outgrowth phenotype
miR-137 PD patients’ exosomes OXRI1 t Downregulate OXRland protect by reducing (127)
(serum) oxidative stress injury and reduce neuronal
apoptosis in PD patients
miRNA with neurotoxic effect
miR-124 PD patients, MPTP mice =~ BCL2LI1 l Upregulate BIM protein expression to trigger (116,117)
model, MPP*-SH- mitochondrial apoptotic signaling pathways
SYSY cell model and Autophagy
miR-485 PGC-la null mice PGC-la 1 Downregulate PGC-la and results in the (119)
accumulation of a-synuclein, leading the
neurotoxicity through mitochondrial
dysfunction
miR-376a PD patients (blood PGC-la 1 Downpregulate PGCla and TFAM gene (120)
samples), MPP*-SH- expressions impacting on PD pathogenesis
SY5Y cells through mitochondrial dysfunction
miR-214 MPTP-PD mouse model  SNCA l Upregulates a-synuclein accumulation and triggers  (109)
and MPP*-SH-SY5Y mitochondrial impairment
cell model
miR-34b/c PD patients, MPP"-SH- DJ-1 and I Downregulate DJ-1 and Parkin, which result in (111,112)
SYS5Y cells Parkin oxidative stress, reduced ATP concentration,
and elevated mitochondrial fragmentation
miR-4639-5p PD patients DJ-1 1 Downregulates DJ-1 expression to stimulate (113,114)
and miR-494 oxidative stress-induced neuronal lesions
let-7 and LRRK2 overexpressed E2F1 and 1 Mediate toxic effects similar to the dysregulated (115)
miR-184* Drosophila model DP LRRK?2 expression and stimulate dopaminergic

Note: t shows upregulation and | shows downregulation.

various genomic resources such as intergenic regions,
gene regulatory regions, chromosomal regions, and mi-
tochondrial genomes (128-130). About 40% IncRNAs are
expressed in specific neuronal tissues, regulating vari-
ous neurobiological processes such as neural plasticity,
synaptic transmission, neurogenesis, and brain develop-
ment. Any dysregulation in IncRNAs results in various
neurodegenerative diseases (131). Accumulating evidence

neuronal degeneration

has pointed out that multiple changes in IncRNA may
play a crucial role in oxidative stress and mitochondrial
dysfunction in PD progression, summarized in Table 2.
Recently, IncRNA NORAD (long non-coding RNA
activated by DNA damage) targeting the PUM?2 gene is
reported to induce genomic instability and mitochon-
drial dysfunction. That resulted in premature aging
and other deformities in the PD model, proposing that
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TABLE 2 Longnon-coding RNAs involved in mitochondrial dysfunction in Parkinson's disease
LncRNA
LncRNAs Study model expression  Target Function References
LncRNA-Norad Norad knockout-mice 1 PUM2 Upregulates PUM2 gene expression that results (132)
model in genomic instability and mitochondrial
dysfunction
LncRNA- PD patients (SNc), cell 1 PINK Positively upregulates PINK gene expression (133,134)
NEATI1 line model (SH- by preventing PINKI protein deterioration
SYS5Y), HEK-293T and enhanced autophagy along with
cells neuroprotection against oxidative stress
LncRNA-UCAIl  Substantia Nigra t PI13K/Akt Activated P13K/Akt signaling pathways and (135-137)
striatum 6-OHDA signaling induced mitochondrial dysfunction followed
PD model, MPP+ pathways with apoptosis, whereas downregulation of
mouse model, MPP+ IncRNA-UCALI acts in the opposite way
induced SH-SYSY
cell model
LncRNA-p21 MPP+ induced SH- t miR-625- Sponge with miR-625 and upregulates TRMP2 (138)
SYSY cell model, TRMP2 to induce cytotoxicity and promotes cell
Knockdown- apoptosis (neuronal injury), whereas
IncR-p21 MPP+ p21 knockdown acts oppositely
induced SH-SYSY
cell model
LncRNA- Human and mouse t miR-488-3- Upregulates mitochondrial oxidative (139)
Cerox1 model OXPHOS phosphorylation (OXPHOS) and protect
against oxidative stress
Nrf2 related PD patients (SNc), - Nrf2 Promotes neurodegeneration through oxidative (140)
LncRNAs MPTP induced stress
mouse model PD
LncRNA- MPP+ induced SH- t 100/ATG10 Upregulates 100/ATG10 and P13K/Akt/mTOR (141
HAGLROS SYSY cell model, axis and and contribute to Parkinsonism via apoptosis
MPTP-mouse model PI3K/ and autophagy
Akt/
mTOR
LncRNA- MPP+ induced SH- t miR-205-5p-  Upregulates LRRK2 expression by miR-205 (142)
MALATI1 SYSY cell model, LRRK2 inhibition, thus induces mitochondrial
MPTP-mice model dysfunction and apoptosis (neuronal damage)
LncRNA- MPP+ induced SH- t miR-205-5p-  Upregulates LRRK?2 expression by miR-205 (143)
HOTAIR SY5Y cell model, LRRK2 inhibition, thus induces mitochondrial
MPTP-mice model dysfunction and apoptosis (neuronal damage)
LncRNA- PD patients (circulating t - Overexpressed HOTAIRM, plays a part in (144)
HOTAIRM, leukocytes), 6- Parkinsonism by promoting dopaminergic
OHDA PD model, neurons apoptosis
SH-SYSY cell model
LncRNA- MPP+ induced SH- 1 miR-15b-5p/  Downregulates miR-15b-5p that overexpress the (145)
SNHGI1 SY5Y cell model, SIAHI SIAHI axis, leads to a-synuclein accumulation
MPTP-mice model axis and neuronal toxicity
LncRNA-AS iMNOD cells, MPTP- ¥ Nurrl Downregulated AS Uchl expression is regulated (146)
Uchl mice model by downregulated Nurrl activity, results in

Note: t shows upregulation and | shows downregulation.

mitochondrial-related IncRNAs play a crucial role in
PD progression (Figure 2I-iv) (132). In another study,
IncRNA UCA-1 (urothelial carcinoma-associated-1) in-
duced apoptosis with mitochondrial impairment in the
PD model through targeting P13K/Akt-signaling path-
ways (Figure 2I-i). Its silencing resulted in lower destruc-
tion of dopaminergic neurons and oxidative stress along

with inflammatory response linked with PD (135-137).
LncRNA-p21 (long non-coding RNA-p21) sponge with
miR-625 and induce cytotoxicity and neuronal apoptosis
(Figure 2I-iii). In contrast, its knockdown weakened cy-
totoxicity, apoptosis, ROS production, oxidative stress,
and neuroinflammation (138). LncRNA MALATI
(metastasis-associated lung adenocarcinoma transcript
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1) sponge miR-205-5p and upregulated LRRK?2 expres-
sion. That resulted in mitochondrial dysfunction and
apoptosis (Figure 2E) (142). Conversely, overexpres-
sion of IncRNA HOTAIR (HOX Transcript Antisense
Intergenic RNA) promoted PD progression by up-
regulating LRRK?2 gene expression (Figure 2E) (143).
Another LncRNA SNHGI (small nucleolar RNA host
gene 1) triggered a-synuclein accumulation and tox-
icity by targeting the miR-15b-5p/SIAH]1 axis (Siah E3
Ubiquitin Protein Ligase 1), leading to dopaminergic
neurons injury (Figure 2A-iii) (145).

LncRNA AS Uchll (antisense to the mouse Ubiquitin
carboxy-terminal hydrolase 1) an antisense transcript of
Uchll gene (synthetic locus of UCHLI/PARKS) work in
association with Nurrl gene to regulate dopaminergic cell
differentiation and maintenance. During Parkinsonism,
AS Uchll is found downregulated due to downregulated
Nurrl (Nuclear receptor related-1) activity, resulted
in dopaminergic dysfunction and neuronal injury. It is
proposed that downregulated Nurrl activity is linked
with mitochondrial dysfunction that mediates neuronal
injury in PD (Figure 2I-ii) (146). Another study on PD
models reported that IncRNA HAGLROS (HAGRL
opposite strand LncRNA) induced neuronal apoptosis
and autophagy through activation of P13K/Akt/mTOR
pathway along with miR-100/ATGI10 (Figure 21-i) (141).
Although a plethora of dysregulated IncRNA was ob-
served in PD patients, still, this data is not enough to
predict the underlying mechanism of LncRNAs role in
PD progression. Therefore, detailed investigations are
needed to elucidate their mechanism and in vivo function
in PD progression.

Apart from the neurotoxic role of LncRNAs in PD,
some LncRNAs presented therapeutic significance by
protecting neurons against oxidative stress and mitochon-
drial damage in PD models. For instance, IncRNA NEAT
(nuclear-enriched assembly transcript-1), which works in
association with nucleus and mitochondria, upregulates
PINK] gene expression to inhibit mitochondrial induced
autophagy along with PINKI protein deterioration in
PD models and reduced neuronal injury (133). In another
study on PD patients (SNc), upregulated IncRNA NEAT1
provided similar protection against oxidative stress like
neuroprotective agents fenofibrate and simvastatin (134).
Similarly, upregulated LncRNA Ceroxl (cytoplasmic
endogenous regulator of oxidative phosphorylation) in
association with miR-488-3p has upregulated complex I
subunit protein and reduced ROS levels, which ultimately
protected complex I inhibitor rotenone (139). Nrf2 (NF-
E2-related factor), known as essential signaling mole-
cules, protects against oxidative stress. On accountancy
to oxidative stress, Nrf2 detaches itself and translocates
from cytoplasm to the nucleus to enhance the expression
of antioxidant protein genes to enable cell survival (140).
Owing to the Nrf2 defensive role, Wang et al. reported
various Nrf2-linked IncRNAs in the substantia nigra of
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paraquat and MPTP PD models with their defensive role
against oxidative stress-associated mitochondrial anoma-
lies (140). Although only a few LncRNAs reported neuro-
protective properties, they still have a new avenue toward
the practical application of LncRNAs in mitochondrial-
associated deformities in PD.

3.1.3 | The crosstalk of circRNAs and
mitochondria

Circular RNA belongs to a class of endogenous long
non-coding RNAs that stabilize themselves in a circle
due to covalent linkage of 3'-5" heads (147). They act as
miRNA regulators that make sponges with miRNAs,
suppress their activity (148), impact gene transcription,
mRNA splicing, RNA decay, and translation (147). It
is reported that 20% of brain coding genes produce cir-
cular RNAs compared to other tissues. Therefore, due
to high expression in mammalian brains, especially in
neuropils and dendrites, they regulate synaptic func-
tions and neural plasticity (149,150). Up till now, very
few studies have reported the involvement of circRNAs
in the pathophysiology of various neuropsychiatric and
neurological diseases, including PD (Table 3). Therefore,
it emphasizes more research to determine underlying bi-
ological mechanisms in connection with circular RNA.

CDRIlas (non-coding antisense transcript to the
protein-coding gene CDRI) is reported as a negative
regulator of miR-7. Concerning the PD studies, CDR1as
downregulated the miR-7 expression, which resulted in
a-synucleinaggregation, oxidative stress, and mitochon-
drial dysfunction (Figure 2A-iii) (151). In the C-elegans
model of PD, circzip2 was found downregulated, which
lead to the upregulation of SNCA and a-synuclein ac-
cumulation with associated mitochondrial anomalies
(Figure 2A-iii) (153). Few circular RNAs presented a
defensive role against oxidative stress and mitochon-
drial dysfunction. CircSNCA was observed downreg-
ulated upon PPX (pramipexole) treatment in the PD
model, which reduced cell apoptosis and improved au-
tophagy by targeting miR-7, illustrating circSNCA as
a ceRNA of miR-7 in PD (152). Furthermore, recently,
circDLGAP4 was investigated for its neuroprotective
effect by regulating the miR-134-5P/CREB pathway in
PD models. The results of this study presented reduced
circDLGAP4 in MPTP-induced PD mouse model and
MPP+-induced PD cell models. Further in vitro stud-
ies affirm that circDLGAP4 boosts cell viability, low-
ers apoptosis, reduces mitochondrial damage, elevated
autophagy, and debilitates the neurotoxic effects of
MPP+ in SH-SY5Y and MN9D cells (154). Hence due
to their stability and precise involvement in PD patho-
genesis, it is predicted that circular RNAs can serve as
a potent tool for devising early diagnostic and targeted
therapeutics.
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TABLE 3 circRNAs involved in mitochondrial dysfunction in Parkinson's disease
Circular miRNA
RNA sponge Expression Target  Study model Function Reference
CDR miR-7 1 SNCA Zebrafish (midbrain) Downregulates miR-7 and upregulate (151)
SNCA leads to neuronal damage
circSNCA miR-7 4 SNCA MPTP-mouse model  Upregulate miR-7 that downregulate (152)
MPP"-SH-SY5Y SNCA and reduce cell apoptosis and
improves autophagy
circzip2 miR-60 [ SNCA  Transgenic C- Enhances a-synuclein accumulation by (153)
elegans model upregulating SNCA, results in neuronal
of PD damage in PD
circDLGAP4 miR-134-5p ! CREB  MPP+ SH-SY5Y, Reduce neurotoxic effect by promoting cell ~ (154)

MN9D

Note: t shows upregulation and | shows downregulation.

3.1.4 | Other non-coding RNA and
mitochondria

Apart from the above-discussed non-coding RNAs, piwi
interacting RNAs (piRNAs) have emerged as another
class of non-coding RNAs, entitled genomic guardians.
Although poorly understood, they protect the genome
by facilitating transcriptional and post-transcriptional
silencing of transposable elements through DNA meth-
ylation and RNA interference. piRNAs are linked with
PIWI proteins (a subfamily of Argonaute proteins), in-
cluding Ago3, piwi, and Aub (155,156) and involved in
regulating the genomic modifications such as histone
modification (H3kO9ME3) or DNA modification (157).
Initially, it was proposed that this mechanism is only
confined to germ cells due to transgenerational inher-
itance. However, later, it was disproved when similar
genomic instability due to transposable elements was
observed in somatic cells, including post-mitotic neu-
rons, which insists that piRNAs are involved in vari-
ous disorders’ pathogenesis (155,158). Recently, piRNAs
play a significant role in regulating brain function and
being involved in multiple neurological diseases, includ-
ing PD (157).

Up till now, there is only a single study reporting piR-
NAs expressions in neuronal cells from sporadic PD pa-
tients (159). In this study, piRNA expression was found
dysregulated from SINEs (short interspersed nuclear el-
ement) and L/NEs (long interspersed nuclear element) of
PD patients. Due to which neuronal cells of PD patients
presented prominent variations in various pathways
such as PGC-Ia and CREB-pathways, involved in mito-
chondrial dysfunction in a disease-specific manner (159).
It is further reported that piRNAs may have a methyl-
ated CREB2 gene's promoter region in Aplysia neurons,
which regulates synaptic plasticity during memory (160).
Thus, it infers a possible connection between piRNA
and CREB pathways inactivation (157). Though this
domain is barely investigated for Parkinsonism, further

viability, lowers apoptosis along with
mitochondrial damage, and improved
autophagy

research is suggested that may help to understand the
mitochondrial-associated mechanisms in PD.

3.2 |
in PD

Mitochondrial-related DNA methylation

Mitochondrial DNA (mtDNA) constitutes 1% of total
cellular DNA and synthesizes mitochondrial gene
products essential for normal cellular function. Due to
their prominent role in cellular functioning and disease
pathogenesis, mtDNA has gained significant attention
for various epigenetic changes that limelight research
from nuclear DNA to mtDNA. In addition to nDNA
methylation, mtDNA methylation has always been a re-
maining question (161), with arguments like mtDNA is
more prone to oxidative stress and has a higher mutation
rate due to lack of mtDNA histones and methylases ac-
cession to mitochondria (162). However, later, this theory
was disapproved when both methylated (5-mC) and hy-
droxymethylated (5-hmC) cytosine residues in mtDNA
along with DNA methyltransferase DNMT]1 (cytosine-
S5-methyltransferase 1) were observed in mitochondria
(163,164). Mitochondria in the central nervous system
contain de novo methyltransferase DNMT3A (DNA
methyltransferase 3 alpha) and DNMT3B (DNA meth-
yltransferase 3 beta) proteins along with DNMTI, 5-mC,
and 5-hmC (165-167). Increasing evidence suggests that
various aberrations in mtDNA, such as methylation and
hydroxymethylation, are associated with various envi-
ronmental toxins, oxidative stress, treatment strategies,
drug, ailment, and aging that induce Parkinsonism (168).

3.2.1 | DNA methylation

In general, little information is available on the associa-
tion of mitochondrial methylation with Parkinsonism.
Several research groups investigated the 5-mC and
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5-hmC levels in the D loop region of mitochondria (in-
volved in mitochondrial transcription and replication)
(169) and NADH dehydrogenase gene 6 (MT-ND6)
gene in the SNpc of PD patients and healthy individu-
als (168,170). Surprisingly, they found that the D loop
region of mtDNA of PD patients presented a loss of
methylation in almost all CpG and non-CpG sites com-
pared to healthy individuals. In contrast, 5-mC levels in
MT-ND6 gene and 5-hmC levels in the D-loop region
remain unchanged in PD patients than healthy individu-
als. Thus, postulating that the lower methylation levels
in the D-loop were not due to the shrinking of neuronal
content in SNpc of PD patients; instead, these resulted
from epigenetic dysregulation of essential mitochondrial
functional sites (168,170,171). Therefore, despite substan-
tial evidence regarding impaired mtDNA D-loop region
methylation in both humans and animal models of neu-
rodegeneration, further studies are required to clarify
the biological significance of these epigenetic changes
and their cause/consequence relationship with the neu-
rodegenerative process.

Several studies reported that methylation in various
genes (nDNA) might directly contribute to mitochon-
drial dysfunction as a hallmark of PD. Thirty percent
of global hypomethylation is correlated with the upreg-
ulation of the SNCA gene and sequestering of DNMT]
outside the nucleus to feed-forward Parkinsonism
(172). Due to the prominent role of a-Syn levels in PD,
various animal models and cell lines have been stud-
ied for SNCA methylation. Matsumoto et al. analyzed
both PD cell lines and postmortem brain samples for
methylation in the SNCA gene. Cell lines reported
methylation in the SNCA CpG islands (CpG-2), which
result in SNCA overexpression. Post-mortem brain
samples revealed SNCA hypomethylation in the SNc,
along with elevated levels of a-Syn (173). Contrarily,
methylation of human SNCA intron | abridges SNCA
gene expression, whereas inhibition of DNA methyla-
tion has upregulated SNCA expression, thus propos-
ing SNCA intronl, an attractive target to fine-tuned
SNCA downregulation (174). In another study, intron
one region of SNCA was found hypermethylated in
hiPSC-derived dopaminergic neurons from PD pa-
tients, which resulted in the downregulation of SNCA
expression level, suggesting a potential target for PD
therapeutics (175).

Another research on PD brain samples revealed
that lower levels of nuclear DNMT1 (DNA methyla-
tion stabilizer enzyme) are involved in the accumula-
tion of a-Syn in the cells that prevent the penetration
of DNMTI1 enzyme into the nucleus. It may result in
the abnormal distribution of DNMTTI in the cells that
lead to a reduction in global methylation in both human
and mouse brains, including CpG islands upstream
of SNCA, SEPWI1 (selenoprotein W), and PRKAR2A
genes (CAMP-dependent protein kinase type II alpha
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regulatory subunit) (172). Additionally, other than the
SNCA gene, genome-wide association studies on PD pa-
tients revealed various abnormalities in DNA methyla-
tion on three different genes, including PARKI16/1¢g32,
GPNMB (glycoprotein Nmb), and S7TX/B (syntaxin 1B)
(176). Similarly, methylation of the TNF (tumor necrosis
factor) promoter region in the SNpc region caused over-
expression of TNF levels. That elevated inflammatory
reactions in dopaminergic neurons along with oxida-
tive stress (172). Furthermore, various studies reported
DNA methylation in PARK?2 and PINKI genes due to
age-related changes in mitochondria that resulted in
higher ROS production levels and disturbed mitochon-
drial metabolism (177,178).

Till yet, PD research is restricted due to limited ac-
cess to brain samples, which raises concerns for iden-
tifying a new source of biomarkers. Recently, a study
on serum samples of female PD patients reported
higher mtDNA concentrations along with discern-
ible mtDNA methylation (CpGs) in platelet-derived
mtDNA (179). Likewise, longitudinal genome-wide
methylation of blood samples of PD patients revealed
significant changes in DNA methylation, proposing
how abnormalities in DNA methylation can be helpful
to track PD progression and drug's response in blood
methylome in the future [100]. In another study, the
PPARGC,A (PPARG Coactivator 1 alpha) gene was
found hypermethylated at CpG-1, CpG-13.14, CpG-
17.18, and CpG-20 sites in peripheral blood leuko-
cytes of PD patients with reduced PGC- a expression,
thus proposing that these gene dysregulations may
be instilled in disturbed cellular energy metabolism,
microglial plasticity, and mitochondrial dysfunction
implicating PD pathogenesis (180). Interestingly, DNA
hypomethylation, which is the unmethylation of DNA
that is normally methylated, compromises the regular
expression of various genes resulting in multiple pa-
thologies. In this context, DNA hypomethylation of
the TNF-a gene (tumor necrosis factor) was reported
as a cause of vulnerability in the substantia nigra
of the PD brain (181). Overexpression of the TNF-
a gene resulted in reduced mitochondrial complex I
and oxidative stress that triggers a caspase cascade
leading to mitochondrial impairment and apoptosis
(182). In a recent study, Ndayisaba et al. proposed
that TNF-a inhibitors act as neuroprotective agents
against da-synuclein accumulation and can be used
as targets against oxidative stress and mitochon-
drial dysfunction, suggesting a possible future ther-
apy (183). Overall, a comprehensive study about DNA
methylation of various genes and their transcription
factors strongly suggests its potential role in induc-
ing impaired mitochondrial biogenesis leading to PD
pathogenesis and is predicted to assist researchers in
designing early PD diagnostic strategies for better dis-
ease management and treatment.
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In 2009, hydroxymethylation was brought to light after
the identification of ten-eleven translocation (TET) (184).
It is a family of enzymes (TET,, TET,, and TET,) which
reverse DNA methylation SmC (5-methyl cytosine) to
ShmC (5-hydroxymethyl cytosine) through an oxidative
process (185,186). It is reported that oxidative stress is the
key factor that disrupts the performance of TET proteins
and leads to hydroxymethylation, thus describing TET
as a crucial and stable epigenetic mark (187,188). 5-hmC
is highly enriched in the brain, particularly in neuronal
cells, and is involved in regulating various biological
functions such as aging, neurodevelopment, neurologi-
cal disorders, and cancer (189,190). The role of ShmC
in regulating gene expression and as a new diagnostic
marker in Parkinsonism has gained attention. Initially,
it was investigated in the 6-OHDA rat model (191,192);
later, research on RNA for 5ShmC modifications in dif-
ferent brain regions (brain stem, hippocampus, and cer-
ebellum) presented a higher level of ShmC modifications
in RNA. Further investigation on the MPTP-induced
PD model revealed reduced ShmC modifications (193).
Therefore, demonstrating that ShmC modifications in
RNA might play a significant role in protein or miRNA
expression. However, further investigations are still
needed to elucidate the exact role of ShmC variations in
RNA in neurological pathologies.

Research on the human brain reported higher levels
of ShmC in the cerebellum in both male and female PD
individuals than healthy individuals, thus raising the
question; whether a higher level of 5-hmC is a driver or
consequence of Parkinsonism? (194,195). Recently, var-
ious environmental factors, including exogenous chem-
icals, stress, and imbalanced lifestyle result in changes
in 5-hmC in the brain, making it more susceptible to
neurogenerative disorders (196). Of significance to PD,
TET, is reported as a regulator of autophagy and ly-
sosomal genes in neurons. After nDNA, there is an
emerging trend to explore the methylation effects on the
mtDNA regulation through mtDNMT and TET pro-
teins, which is proposed to be higher in aging neurons
due to higher mtDNA hydroxymethylation. Recently,
researchers reported an impact of TET,-mediated
CDKN,A (cyclin-dependent kinase inhibitor 2A) DNA
hydroxymethylation in Parkinsonism. In this study,
TET, was found upregulated in dopaminergic neurons
of MPTP-induced mice that promote 5-hmC in the pro-
motor region of the CDKN2A gene, resulting in dysreg-
ulated cell-cycle apoptosis. Interestingly, upregulated
5-hmC in another PD model (AS53T cell line) presented
higher levels of a-syn levels. Conversely, downregu-
lated TET, expression in the MPP*-stimulated SH-
SY5Y model has rescued neuronal cell damage and
cell-cycle arrest. Further, knockdown of TET, in SNpc
of MPTP-induced mice PD model resulted in lesser
motor loss and dopaminergic neuronal injury through

CDKN,A-pl6 suppression, suggesting a novel strategy
for PD epigenetic-based therapy (197). Hence, with the
link to this research, it is hypothesized that neuronal
deformities induced by elevated TET, levels may dis-
turb regular CDKN,A activity that further links with
cascades of reactions involved in dysregulated mito-
phagy and mitochondrial dysfunction, implicating
Parkinsonism (Figure 2) (197,198). However, due to
scarce research, it is quite challenging to predict the
exact role of 5-hmC in PD neurodegeneration, thus
opening the gate for more research on the impact of
DNA methylation, especially 5-hmC, a nascent factor
in controlling neuronal homeostasis.

3.3 | Mitochondrial-related histone
modifications in PD

The association of histone modifications in mitochon-
drial impairment and PD has been a subject of dynamic
discussion for the past few years. Aberrations in his-
tones may disturb the access of the transcription ma-
chinery to the promoter of various genes, resulting in
dysregulated gene expressions. Histone modifications
consist of acetylation, methylation, phosphorylation,
ubiquitination, sumoylation, and ADP-ribosylation,
along with other post-translational modifications
(199,200). Apart from the strong association between
abnormal mitochondrial modification and defective
histone modifications, very few investigations have
been reported on this epigenetic mechanism modulat-
ing PD-associated risk.

Aforementioned, the PD brain is characterized by
multiple mitochondrial defects that impart aberrant
mitochondrial DNA maintenance (48,201), deviant mi-
tochondrial quality control, and abnormal mitochon-
drial respiration in the form of complex I deficiency
(14,15,202). 1t is reported that mitochondrial complex
I deficiency may lead to histone hyperacetylation (203)
due to decreased NAD/NADH ratio and disturbed
activity of NAD"-dependent class IIT histone deacety-
lase termed as sirtuins (204-206). Several other studies
demonstrated that hyperacetylation of various histone
sites such as H3K9, H3K27, and H2BK15 followed
by treating neuronal cells with PD-linked mitochon-
drial complex I inhibitors had reduced sirtuin activ-
ity (203,207). It was found that lower sirtuin activity,
especially SIRT1/SIRT2/SIRT3 activity, led to higher
p300-mediated histone acetylation at the promoter re-
gion of the SCNA gene, which resulted in the higher
a-synuclein aggregation accompanied by impaired
mitochondrial biogenesis (Figure 2A-ii). To further
investigate, recently, Toker et al. reported a genome-
wide association of histone acetylation at various PD-
associated genes (promoter or enhancer region) in PD
patients. This study revealed elevated histone acetyla-
tion of H2B, H3, and H4 (multiple histone sites) with
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a noticeable change in H3K27 and increased sirtuin
proteins (SIRT-1/SIRT-3) in the PD brain. These hy-
peracetylations in genomic regions may result in dys-
regulated deacetylation machinery that predisposes
various somatic variations. It is proposed that these ge-
nomic rearrangements may lead to mitochondrial com-
plex I deficiency followed by reduced NAD*/NADH
ratio, lowered sirtuin activity, along increased SIRT-1
and SIRT-3 protein levels. That may trigger abnormal
cellular processes synergistically with neuronal injury
and oxidative stress, a prerequisite to PD-specific pa-
thology (208).

However, concerning PD, various studies directly cor-
relate histone modification of various genes with mito-
chondrial dysfunction. It was observed that aggregation
of a-synuclein triggers histone H3 hypoacetylation, chro-
matin compression, and gene expression in PD, resulting
in neurotoxicity and apoptosis (209,210). Furthermore, in
a study on the C-Elegans PD model, overexpression of
wild type and A53T human SNCA resulted in the down-
regulation of nine histone genes forming linker H1, H2B,
and H4. Thus, it supports the significant role of histone
modification in mediating neurotoxicity by disturbing
mitochondrial complexes (211).

In another study, sirtuin 2 (histone deacetyl-
ase) was investigated for its neuroprotective effect
against a-synuclein toxicity in nerve cells of the an-
imal model (212). It was found that upregulation of
the SNCA gene leads to the binding of a-synuclein
with the promoter region of PGC-/a gene that causes
PGC-1a hypoacetylation followed by transcriptional
inhibition of PGC-/a and mitochondrial impairment
(213). Histone deacetylase 6 was reported as a neuro-
protective enzyme and stimulated the synthesis of a-
synuclein inclusions in the TH-GAL4 cell line of the
Drosophila PD model, thus presenting its defensive
role against a-synuclein accumulation. Therefore, it
is proposed that mutations in the histone deacetylase
6 gene may induce toxic a-synuclein accumulation
and neurotoxicity (214).

3.4 | Crosstalk of Prion and Mitochondrial
dysfunction

Prions are fatal, infectious protein agents of prion dis-
eases that share critical biophysical and biochemical
characteristics with various neurodegenerative disor-
ders, including PD (215,216). At present, several research-
ers have speculated “prions” as another epigenetic agent
that transmit genetic information to other cells leading to
various genetic changes in phenotype without underlying
alterations in genomic sequence (217). Parkinsonism is
characterized by aberrant aggregation of a-synuclein ac-
companied by mitochondrial dysfunction. It is proposed
that abnormal a-synuclein can spread to acquainting
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o

brain parts and lead to the accumulation of endogenous
a-synuclein in these regions as prions (PrP*°) to impact
pathogenicity (218).

Emergingevidence suggests that misfolded a-synuclein
share common characteristic with prions in their mode of
action such as (i) both (a-syn and prions) exist in a-helix
or undefined structure and can misfold under certain
circumstances, especially when confirmation is enriched
with B-sheets; (ii) misfolded proteins can aggregate nor-
mal proteins and disturb their conformation by acting as
a template; (iii) these misfolded proteins can be engulfed
by recipient cells and transferred from one cell to another
(216,218). However, the process of how a-syn is taken in
by and induces misfolding and endogenous assembly re-
mains unclear. Therefore, this phenomenon raises sev-
eral unanswered questions regarding the pathogenesis of
abnormal a-syn as a prion such that (i) What is the spe-
cific mechanism involved in the misfolding, discharge,
uptake, and spread of a-syn; (ii) Is there a direct relation-
ship in inducing misfolding between abnormal protein
and healthy neighbor cell protein leading mitochondrial
damage; (iii)) How physicochemical and environmental
factors affect proteins biogenesis and propagate the re-
lease of endogenous neurotoxins to aggravate the patho-
logical process of PD; (iv) Whether Parkinson disease has
a similar infectious mode as prions. Thus, addressing all
the above questions may stratify a new field of research
in neurodegenerative disorders.

4 | THE VICIOUS CYCLE OF
MITOCHONDRIAL DYSFUNCTION
IN PD

Up till now, we have observed five common factors in-
volved in oxidative stress simulated mitochondrial dys-
function in PD: endogenous neurotoxins, epigenetic
factors, abnormal a-synuclein accumulation, oxidative
stress, and mitochondrial dysfunction. All these factors
are found inter-related through three cycles and seem
to work alone to induce Parkinsonism, as illustrated in
Figure 3.

1. The first cycle consists of endogenous neurotoxin
(CTIQs), oxidative stress, and mitochondrial dysfunc-
tion. Prolonged oxidative stress conditions stimu-
late the aldehyde synthesis from lipid peroxidation,
which interacts with dopamine to produce series
of CTIQs such as Sal under the catalysis of a se-
ries of enzymes in DA neurons and inhibit oxide-
scavenging mechanisms by restricting mitochondrial
complex I activity (219). This impairs mitochondria
and increases oxidative stress levels, which, in turn,
promotes the release of more CTIQs.

2. After the first cycle, the second cycle between epi-
genetic factors, oxidative stress, and mitochondrial
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FIGURE 3 The vicious cycle combines three inter-related cycles that consist of oxidative stress, mitochondrial dysfunction, endogenous
neurotoxins, epigenetic factors, and abnormal a-synuclein aggregation in the etiopathogenesis of PD. The first cycle begins with prolonged
oxidative stress in the body and triggers aldehydes’ synthesis through lipid peroxidation, which interacts with dopamine to produce
endogenous neurotoxins. Endogenous neurotoxins cause mitochondrial dysfunction by inhibiting oxide-scavenging mechanisms by
restricting mitochondrial complex I activity and increasing oxidative stress. After the first cycle, the second cycle is formed. Oxidative stress
and endogenous neurotoxins trigger epigenetic modifications that dysregulate the expression of various genes and induces damage to the
mitochondrial activities that again raise oxidative stress levels. These two cycles lead to the third cycle of abnormal a-synuclein aggregation;
oxidative stress, endogenous neurotoxins, and epigenetic modifications may induce abnormal a-synuclein modifications. These impaired
proteins may not be degraded; instead, they interact to promote a-synuclein protein aggregation. Abnormal proteins act as antigens and induce
intracellular damage through mitochondrial anomalies and intensify oxidative stress levels, which further promotes the release of endogenous
neurotoxins, epigenetic modifications, and abnormal a-synuclein aggregation. The three cycles in the vicious cycle work alone or together and
induce DA neuronal degeneration and PD development. The solid lines present confirmed pathways, whereas dotted lines present assumed
pathways that need to be confirmed

function may establish. Under higher oxidative stress
levels, various epigenetic modifications such as ncR-
NAs (miRNAs, LncRNAs, CircRNAs, and snRNAs),
DNA modifications such as histone modification, and
DNA methylation (hypermethylation and hypometh-
ylation) are triggered that target Parkinson-associated
genes and pathways (177). These epigenetic modifica-
tions dysregulate normal proteome expression, which
damages mitochondrial activities (complex I and III)
and promotes excessive oxidative stress levels in DN,
leading to neuronal damage and LB development.
Altogether, these epigenetic factors and endogenous
neurotoxins cause energy crises by damaging mito-
chondria of DNs (177,219) and induce the produc-
tion of excessive oxidative stresses in DA neurons,

perpetuating epigenetic modifications and production
of CTIQ:s.

. The biological effect of these two cycles results in the

formation of the third cycle of abnormal a-synuclein
accumulation. Oxidative stress, endogenous neurotox-
ins, and epigenetic modifications may induce an ab-
normal modification in a-synuclein such as nitrated
a-synuclein and ATP depletion malfunction protein
degradation pathways, and phosphorylated or car-
bonylated a-synuclein (220-222). These modifications
impair a-synuclein normal function and impede sub-
sequent ubiquitination. It also causes cellular degra-
dation and promotes a-synuclein protein aggregation,
which intensifies oxidative stress levels (223) and
again enhances epigenetic modifications, synthesizing
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Impact of the epigenetic regulator on mitochondrial dysfunction in Parkinson's disease. Epigenetic regulators are categorized

as neuroprotective and neurotoxic based on their reported characteristics. Epigenetic regulators with neurotoxic characteristics upregulate
mitochondrial dysfunction (imbalance mitochondrial fission and fusion reaction and reduced mitochondrial function) and oxidative stress

to trigger neuronal injury, apoptosis, and disrupt autophagy due to a-synuclein protein inclusions, the hallmark of Parkinsonism. Whereas,
epigenetic regulators owing to their neuroprotective characteristics downregulate mitochondrial dysfunction to alleviate Parkinsonism

endogenous neurotoxins, and abnormal a-synuclein
aggregation.

Owing to the amplifying effects of these three cycles, we
propose a vicious cycle feedback loop that interlinks these
three cycles in PD’s associated mitochondrial dysfunc-
tion. However, the discussed above three cycles require
further verifications. Usually, endogenous neurotoxin
production and epigenetic modifications may not occur
instantly, especially in familial PD. The abnormal pro-
tein expression in familial PD is associated with genetic
mutations in SNCA and UCHLI, which causes abnormal
a-synuclein aggregation, triggering mitochondrial dys-
function with higher oxidative stress, leading to endoge-
nous neurotoxins synthesis and epigenetic modifications.
In a nutshell, each of the three cycles can be a starting
point; however, they work together in a vicious cycle to
induce mitochondrial dysfunction that leads to neuronal
death, development of Lewy bodies, and Parkinsonism.

5 | CONCLUSION AND FURTHER
CONSIDERATIONS

Over the past decades, besides extensive research, the
underlying mechanisms involved in the pathophysiology

of PD remain unclear. It is narrated that both forms of
PD are strongly associated with mitochondrial dysfunc-
tion and oxidative stress, triggered by various factors,
including genetics and epigenetics (8). Therefore, within
the framework of this article, we have briefly reviewed
the impact of genetic and epigenetic regulators primar-
ily involved in the mitochondrial dysfunction associated
with PD progression. Mitochondrial dysfunction is a
complicated and multifaceted process involving various
key processes such as mitochondrial respiratory chain,
mitochondrial genome, interaction with a-syn, and mi-
tophagy/mitochondrial (219). Malfunctioning these pro-
cesses may cause an energy crisis in the cells, leading to a
terrible fate of neuronal apoptosis. Therefore, keeping in
view of the finding of previous studies, we have inferred
that, in PD, oxidative stress, endogenous neurotoxins
(CTIQs), a-synuclein proteins, and epigenetic regula-
tors work in a vicious cycle to impair mitochondrial
biogenesis, which, in turn, exaggerates oxidative levels
to induce the production of CTIQs and a-synuclein ag-
gregation and work vice versa as described in Figure 3.
Most of these processes are interlinked at various stages,
making PD a very complicated neurodegenerative dis-
order and have gained the researcher's attention to find
key elements involved in mitochondrial dysfunction.
Nevertheless, many mitochondrial-based therapies have
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been identified in the laboratories, but, unfortunately,
none of the therapy proved effective against PD (224).
Therefore, our proposed vicious cycle components may
serve as a new hope to identify key disease mechanisms
and help to design target-based therapeutics under these
scenarios. Although various studies have contributed to
this aspect, still, this field is in its infancy phase and re-
quires more research to uncover PD pathogenesis.

Unfortunately, due to disease complexity, there is no
treatment for Parkinson's disease, and present medical
interventions are not enough to control PD progression.
However, clinicians have no choice other than to rely on
symptomatic treatments that alleviate symptoms for the
time being (225). One of the significant hindrances in the
PD treatment is that most patients display clinical symp-
toms upon 60% loss of dopaminergic neurons. Hence,
early-stage diagnosis and treatment have become a dire
need of time for effective disease management. In previ-
ous studies, our research group reported various novel
components of the damaging cycle, such as salsolinol
synthase (83), that can be utilized as targets for PD treat-
ment. On the other hand, various antioxidants have also
been reported as another PD treatment but restricted by
lower efficiency against PD. Therefore, it suggests more
verifications to draw conclusive results concerning PD
treatment (226).

Strenuous limitations of PD drugs have awakened the
need for target-specific therapeutics with minimal side
effects. The epigenetic marks discussed in this review ar-
ticle are proposed as potential candidates for designing
future strategies for early PD diagnosis and therapeutics.
These epigenetic regulators act as a double-edged sword,
displaying neurotoxic and neuroprotective characteris-
tics, as shown in Figure 4. Several neurotoxic epigenetic
regulators (discussed above) have confirmed their spe-
cific role in mitochondrial dysfunction in PD develop-
ment and are hypothesized as future diagnostic markers
for early PD diagnosis. For example, upregulated miR-
376a targeting the PGC-/a gene in peripheral blood sam-
ples of PD patients can serve as PD diagnostic marker.
Similarly, the panel of neurotoxic non-coding RNAs or/
with a combination of other neurotoxic epigenetic marks
may also aid clinicians in identifying differential PD
stages. Additionally, various neuroprotective epigenetic
modifications in PD may actualize personalized medi-
cines. Especially RNA-based therapeutics has revolu-
tionized the medical industry due to low cost, simple
manufacturing, and targeting undruggable pathways.
Several neuroprotective epigenetic regulators in the PD
model have shown a defensive role against PD progres-
sion. For instance, upregulated miR-7 has reduced a-
synuclein in DA neurons and protected against oxidative
stress and neuronal injury (121). Furthermore, various
modifications at DNA methylation levels, such as hyper-
methylated SNCA intron 1 (175), may also serve as a neu-
roprotective agent in devising future PD therapeutics.

Altogether, it is hypothesized that these neuroprotective
epigenetic marks can be utilized to make epidrugs that
explicitly target specific sites without posing side effects.
Though, for clinical implication, these epigenetic regu-
lators require further clinical trials to determine their
efficacy.

Practical clinical implementation of these epigenetic
agents encounters various limitations: (i) determination
of key elements in PD pathological pathways that could
serve as a target, (ii) designing a stable delivery vehicle
that could cross the BBB and target specific site in neu-
ronal cells, (iii) identification of precise targets, as these
epigenetic regulators, such as miRNAs, may target more
than one gene and alter various signaling pathways that
can switch cellular physiology from cell death to cell sur-
vival state and vice versa. Thus, have clear chances to tar-
get unspecific sites that could be disastrous. Therefore,
it dramatically emphasizes the on-target specificity and
efficient delivery systems. Another major obstacle is
that most researchers rely on animal or cell line models,
which has become a great challenge due to the scarcity of
the human model to draw consistent results. Therefore,
these inconsistencies make neurological studies a lit-
tle dubious and need verifications by successive trials.
Consequently, it is suggested to design more specific and
low-cost cell-base chips for target-based PD therapies to
identify specific roles of vital elements in PD prognosis.
Moreover, the reliance on brain samples in PD research
has narrow down this field. Therefore, it is suggested to
identify more peripheral blood-based epigenetic marks
that could serve as better diagnostic markers and help
in future therapies. Additionally, in view of the above
study, it is suggested that a combination of epigenetic
regulators with other symptomatic treatments may pro-
vide an efficient way for PD treatment. Though further
study is needed to verify the efficiency and accuracy of
these feedback mechanisms associated with epigenetic
regulators, it still promises a new hope for PD as a cur-
able disorder.
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