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Abstract. Parkinson’s disease (PD) is the second most common neurodegenerative illness majorly affecting the population
between the ages of 55 to 65 years. Progressive dopaminergic neuronal loss and the collective assemblage of misfolded
alpha-synuclein in the substantia nigra, remain notable neuro-pathological hallmarks of the disease. Multitudes of mechanis-
tic pathways have been proposed in attempts to unravel the pathogenesis of PD but still, it remains elusive. The convergence of
PD pathology is found in organelle dysfunction where mitochondria remain a major contributor. Mitochondrial processes like
bioenergetics, mitochondrial dynamics, and mitophagy are under strict regulation by the mitochondrial genome and nuclear
genome. These processes aggravate neurodegenerative activities upon alteration through neuroinflammation, oxidative dam-
age, apoptosis, and proteostatic stress. Therefore, the mitochondria have grabbed a central position in the patho-mechanistic
exploration of neurodegenerative diseases like PD. The management of PD remains a challenge to physicians to date, due
to the variable therapeutic response of patients and the limitation of conventional chemical agents which only offer symp-
tomatic relief with minimal to no disease-modifying effect. This review describes the patho-mechanistic pathways involved
in PD not only limited to protein dyshomeostasis and oxidative stress, but explicit attention has been drawn to exploring
mechanisms like organelle dysfunction, primarily mitochondria and mitochondrial genome influence, while delineating the
newer exploratory targets such as GBA1, GLP, LRRK2, and miRNAs and therapeutic agents targeting them.
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midal syndrome has shown debilitating effects on
the quality of life of patients due to the associ-
ated synucleinopathy, affecting their motor activity
along with cognitive functions in patients. PD
motor presentations include tremor, dystonia, rigid-
ity, and bradykinesia while the non-motor symptoms
include bowel disturbances, fatigue, anxiety, cog-
nitive decline, and apathy. Sporadic PD etiology
is attributed to predisposing factors like age, gen-
der, social, and lifestyle factors. Population with
age >60 years are at higher risk of developing
parkinsonism where again females remain slightly
protected than the counter-balanced males due to
estrogen’s neuroprotective effect on the dopaminer-
gic (DA) system. Furthermore, smoking, sedentary
lifestyle, and pesticide exposure also cause aggra-
vated disease pathology. Co-morbid conditions like
diabetes, hypertension, chronic pulmonary disease,
cerebrovascular disease, and paralysis also contribute
to PD pathology [3]. Although a plethora of proposed
hypothesis and theories exist for PD pathogenesis and
manifestation, aging and organelle (mitochondria)
dysfunction remain the foremost notable contribu-
tors. Mitochondria is an important organelle of the
cell regulating the energy homeostasis, principally
and is prone to oxidative damage leading to its dysreg-
ulated function. Mitochondria perform a wide array
of activities beyond simple ATP synthesis includ-
ing fatty acid breakdown, amino acid and nucleotide
metabolism, lipid, quinone and steroid biosynthe-
sis, iron-sulfur cluster biogenesis, calcium and iron
homeostasis, and also apoptosis [4]. Its supposed
interaction with various other organelles such as
the endoplasmic reticulum, lysosome, cytoskeleton,
peroxisomes, and the nucleus helps in the mainte-
nance of cellular homeostasis. The dysfunction of
mitochondrial dynamics such as biogenesis, fission,
fusion, mitophagy, and its motility play a vital role
in the oxidative damage mediated pathogenic path-
way activation [5]. Furthermore, the alterations in
the mitochondrial DNA (mtDNA) at the genetic and
epigenetic level have been linked with the manifesta-
tion of several neurodegenerative diseases including
AD and PD [6]. Therefore, its improper functioning
has become a principal attraction for pathological
research related to diseases ranging from neurode-
generation to metabolic disorders and cardiovascular
dysfunction [7]. Several small molecule modulators
have been recognized for the regulation of various
disturbed pathways in PD, including GBA1 agonists,
PPAR agonists, GLP1 agonists, LRRK2 inhibitors,
ion channel modulators of glutamate and calcium, as

well as antioxidant and anti-inflammasome agents.
This review includes an overview of the pathological
perturbations in PD with an emphasis on its rela-
tionship with altered mitochondrial functioning, and
further describes agents undergoing preclinical and
clinical screening for their efficacy in PD treatment
and management.

PATHOLOGICAL PERTUBATIONS IN PD

As we look back to the studies exploring PD patho-
genesis in past few decades, we can say that PD is a
disorder beyond just proteinopathies. The complex
pathway and the factors associated with the clinical
phenotypes of PD are explained in Fig. 1. Several
mechanisms involved in the pathogenesis of PD leads
to neuronal death. Key players such as mitochondrial
dysfunction, glial cells induction, aging, environmen-
tal pollutants (MPTP-N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, Rotenone, paraquat (PQ), and
pesticides), elevated cytosolic calcium levels lead-
ing to neuronal excitotoxicity, oxidative stress, and
the like, contribute to the loss of DA neurons. Apart
from these, genetic mutations of SNCA, PARK?7,
DJ1 (Parkin 7), PINK1 (PTEN Induced Kinase 1),
LRRK2 (leucine-rich repeat kinase 2), and HTRA2
(high temperature requirement A2) impairs mito-
chondrial function and thereby activates the caspase
pathway and induces apoptosis. Mutations in the a-
Synuclein gene (SNCA) cause protein misfoldings,
protofibril formation, and oligomerization. Mutations
of PARK?2 and UCHL1 (ubiquitin carboxy-terminal
hydrolase L1) are connected with the ubiquitin-
proteasome system pathway and proteotoxic stress.
PARK?2 mutations significantly alter the mitochon-
drial activity, potentially impairing proteasomal
function and produces downregulation of brain-
derived neurotrophic factor and glial cell-derived
neurotropic factor. Increase in the reactive oxygen
species (ROS) because of mitochondrial dysfunc-
tion and altered neurotransmitter metabolism leads to
activation of reactive astrocyte and microglial cells,
ultimately increasing the release of pro-inflammatory
cytokines such as tumor necrosis factor (TNF-a),
interleukin- 13, interleukin-6 (IL-6), and Interferon-
v, which potentiate the chemokine release and trigger
the activation of the complement cascade. All these
cellular mechanisms are the pathological hallmarks
of PD which are individually explained in sections
ahead [8].
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Fig. 1. PD Pathological Cascade in Substantia Nigra. The above c

omplex cascade shows the interplay of factors like aging, oxidative stress,

environmental factors, and altered physiological signaling between cells. Neuroinflammatory process begins majorly due to cellular oxidative
damage leading to microglial activation and cytokine infiltration and further inflammatory damage. Proteostasis is altered owing to genetic

mutations (SNCA, PINK1, etc.), environmental stressors and oxi

dative damage leading to Lewy body inclusions. The apoptotic signaling

is activated by excitotoxic damage to the neurons and mitochondrial dysfunction leading to caspase activation occurs. These processes
cumulatively result in the manifestation of neurodegeneration and hence neuronal death, aggravating the PD condition.

Proteinopathy in PD

Proteinopathy in PD is extensively linked to a-
synuclein (a-Syn) misfolding, a 140 amino acid
long protein. a-Syn normally exists in an unfolded
state and regulates the normal neuronal physiology
like synaptic vesicle trafficking and subsequent neu-
rotransmitter release. It also aids in the neuronal
interactions of the mitochondria and the endoplasmic
reticulum (ER). But certain environmental triggers
causes its conformational change from a monomer
into oligomers, leading to its accumulation in the
neurons. These misfolding lead to B-sheet-rich Lewy
body formation which later deposits in various cyto-
plasmic brain regions imposing major detrimental
effects on the basal ganglia. Dynamic balance of this
protein is maintained by phosphorylation (involved in
activation and aggregation, majorly) and dephospho-
rylation of its various subunits. The phosphorylation

of a-Syn at serine 129 is one of the majorly detected
features in the PD pathology which leads to neu-
ronal Lewy body inclusion [9]. a-Syn accumulation
in the mitochondria contributes to the disruption
of the neuronal function in the Substantia Nigra
Pars Compacta (SNpc) [10]. Certain forms of a-
Syn accumulate in the non-DA areas of the CNS
causing the non-motor symptoms and Lewy bodies
in the brain regions, including the olfactory bulb,
the dorsal motor nucleus of the vagal nerve, locus
coeruleus, raphe nucleus, basal nucleus of Meyn-
ert, and pedunculopontine nucleus [11]. Multitude of
autopsy studies, of PD patients, showed the deposi-
tion of Lewy neurites and Lewy body inclusion in the
DA neurons situated in the SNpc region of the mid-
brain as well as in the striatum and amygdala regions
[12, 13]. a-Syn aggregates not only localize in cyto-
plasmic and synaptic fluids but its localization in
mitochondria has also been strongly linked factor for
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PD pathogenesis. It aggregates in the mitochondria
associated membranes (MAM) principally, affecting
the mitochondrial bioenergetics (through interaction
with Complex I and Complex IV), mitochondrial
dynamics and trafficking (via interaction with Miro
and Milton proteins), and also mitophagy [14]. There
are studies reporting overexpression of a-Syn in cells
cause translocation of the aggregates to mitochon-
dria which ultimately disrupts cellular function [15].
Mitochondrial membrane lipid, cardiolipin, is said to
interact with the a-Syn protein leading to its refolding
into a-helical form by pulling out monomers from fib-
rils. It has also been reported to activate LC3 response
which further regulates autophagy [16]. The toxic cel-
lular effects of a-Syn aggregation in mitochondria
were reversed by caspase-inhibition in-vitro [17]. The
exact mechanism regulating a-Syn mediated mito-
chondrial damage is yet to be explored, but still
AMPK, SIRT3, LC3, VDAC (Voltage-Dependent
Anion Channel) and cardiolipin have been explored
as potential mediators [18]. Also, synaptic pile-
up of toxic a-Syn impairs the synaptic molecular
trafficking by altering the morphology of synaptic
vesicles, dysregulates presynaptic SNARE complex
leading to variable priming and fusion of synap-
tic vesicles which further causes impaired synaptic
signaling and neuro-communication. Toxic a-Syn
induced synaptopathy leads to aberrant network
activity and dying-back neurodegeneration leading to
prodormal symptomology. Although a-Syn is ubiq-
uitously present in the brain and is accumulated in
presynaptic terminals universally, only the mid-brain
DA neurons remain highly susceptible to it since it
inhibits the enzymes responsible for DA synthesis.
Additionally, it also interacts with DAT and VMAT?2,
and alters a-Syn levels. In a nutshell, deposition
of a-Syn triggers DA dysregulation which has the
potential to cause synaptic malfunctioning later lead-
ing to impaired neuronal networking and thereby,
progressive neurodegeneration like seen in case of
PD [19].

Gut microbial link

Not just centrally aggregated peptide but even
the peripheral clusters of misfolded a-Syn in the
enteric nervous system (ENS) are said to contribute
to the motor symptoms observed in the disease.
The gut microbial link was well explored by Braak
et al. where the olfactory (peripheral nervous sys-
tem) and vagal nerve (enteric nervous system) were
reported to be involved in disease initiation in case
of sporadic PD. PD patients experience non-motor

symptoms due to gastrointestinal (GI) dysmotility
(constipation), increased intestinal permeability and
movement of bacteria and their products, all result-
ing in oxidative stress observed in human studies.
The metabolites produced by gut microbiota includ-
ing short chain fatty acids (SCFAs), niacinamide
(NAM), neurotransmitters and bile salts interferes
with the pathological pathways involved in PD. These
metabolites travel from intestinal mucosa through the
intestinal nerve plexus to the vagal nerve and finally
to CNS. The other possible pathway of the inter-
connection is through blood circulation [20]. Braak’s
hypothesis states that the spread of misfolded a-Syn
occurs from ENS to CNS in a reverse pattern via the
vagus nerve. The symptomatology-based staging of
disease progression as per Braak’s observation states
that at early stage (stages 1 and 2- involving lewy
neurite formation in lower brain stem and medulla
oblangata) the non-motor symptoms are noted in clin-
ical cases while the motor symptoms are visible at
intermediate stage (stage 3 and 4- lewy body lesions
observed in SNpc, basal forebrain, amygdala, thala-
mus with progression into the cortex) of disease and
the later stage (stage 5 and 6-DA cell death in cortex
as well as other involved regions) marks the cognitive
decline [11, 21]. PD patients showed decreased con-
tents of the bacterial strains like Dorea, Bacteroides,
Prevotella, Faecalibacterium, Bacteroides massilien-
sis, Stoquefichusmassiliensis, Bacteroides coprocola,
Blautiaglucerasea, Dorealongicatena, Bacteroides
dorei, Bacteroides plebeius, Prevotellacopri, Copro-
coccuseutactus, and Ruminococcuscallidus, and
increased contents of Christensenella, Catabac-
ter, Lactobacillus, Oscillospira, Bifidobacterium,
Christensenellaminuta, Catabacterhongkongensis,
Lactobacillusmucosae, Ruminococcusbromii, and
Papillibactercinnamivorans [22]. Formation of a
type of amyloid fiber known as curli by the gut
microbes affects the «-Syn aggregation process
and contributes to PD pathology. Intraperitoneal
administration of lipopolysaccharide causes hyper-
permeability of large intestine and abnormal clump
of phosphorylated a-Syn. H. Pylori infection may
lead to neurodegeneration and cause PD as levodopa
absorption increases after elimination of H. Pylori
infection. The metabolites formed by gut microbes
can be directly linked to mitochondrial dysfunction
in PD, as metabolites like NAM act as a precursor for
nicotinamide adenine dinucleotide (NAD) formation
which is an important component of mitochondrial
respiration. Similarly, bile salts like tauroursodesoxy-
cholic acid and ursodesoxycholic acid participate in
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mitophagy regulation. SCFA’s are important compo-
nent of the membrane lipids and aid in mitochondrial
dynamics. Targeting such microbial dyshomeostasis
may aid in countering PD etiological contributors
including mitochondrial dysmetabolism [20]. Neuro-
protective effect by fecal microbiota transplantation
on MPTP-induced PD mice subdue the (TLR 4)/
TNF-a signaling pathway via microbiota-gut brain
axis [23].

Protein clearance failure

Inefficient clearance of protein aggregates are
also major contributors of PD pathology besides
excessive peptide secretion and protein misfolding,
where an inability to clear the aggregated proteins
become toxic to the cell. Toxic aggregates of abnor-
mally folded proteins are cleared either through
autophagy- lysosome pathway or the ubiquitin-
proteasome system (UPS). The autophagy-lysosomal
pathway involves three main processes, namely
macrophagy, microphagy and chaperon-mediated
autophagy (CMA) [24]. In case of PD, autophagic
failure contributes to the continuous accumulation
of the misfolded a-Syn protein in neuronal cells.
These misfolded proteins later induce the apoptosis of
DA neurons by causing mitochondrial dysfunction.
This is achieved by, passing into the mitochondria
and attaching to the inner membrane and thereby
injuring the electron transport chain (ETC) com-
plexes and also reduces the voltage-dependent anion
channel 1 (VDACI1) expression. A study hypoth-
esized that the a-Syn damages the DA neuronal
mitochondria by upregulating the expression of MT-
CO2 gene. MT-CO2 is rumored to regulate the
release of cytochrome ¢, BCL2 family proteins, and
Smac/DIABLO which act as an apoptogenic factors
leading to ETC dysfunction and cell death. a-Syn
induced mitochondrial dysfunction via cytochrome
¢ oxidase subunit 2 in SH-SYS5Y cells [25]. The
aggregates of a-Syn decrease lysosomal degrada-
tion activity by degrading hydrolases trafficking,
such as of glucocerebrosidase 1 (GCasel), from
the endoplasmic reticulum to the lysosome. Muta-
tions in GBA1 gene causes dysfunction of lysosome
autophagy system, which is involved in the genetic
risk of PD. Mutations of GCasel, a lysosomal hydro-
lase enzyme responsible for disrupting the lipid
glucosylceramide into ceramide and glucose, leads to
an autosomal-recessive or autosomal-dominant atyp-
ical Parkinsonian syndrome [26, 27]. Recent studies
have established a bidirectional link between PD and
lysosomal storage diseases (LSD). The presence of

o-Syn inclusions in the brain regions of patients with
LSD and the further identification of several lysoso-
mal genes involved in LSD as a genetic risk-factors
to develop PD support the established link between
the two diseases [28].

UPS follows the principle of ubiquitination and
further proteasomal degradation of the troublesome
misfolded protein, the proteolytic activities of 26/20S
proteasomes are weakened in the SNpc. 20S pro-
teasome o-subunit and other molecules involved
in the normal function of the UPS, like PA700
and PA28 (proteasome activators), are decreased
in sporadic PD. Mutations in the PARK2 gene
that encodes the E3-ubiquitin ligase parkin, is
observed in early onset PD (EOPD) since it is
actually involved in the clearance of abnormally
misfolded proteins via ubiquitin-proteasome system.
As PARK gene is a neuropathological hallmark
not involved in Lewy body formation, the role of
Parkin as an E3-ubiquitin ligase with extensive neu-
roprotective functions including the maintenance
of mitochondrial metabolism and the ubiquitin-
proteasome system (where parkin plays a crucial role
in the ubiquitin-mediated degradation of misfolded
or damaged proteins and also in deletion of dysfunc-
tional mitochondria via mitophagy) has been widely
explored [29].

CMA-related proteins such as Hsc70 and
LAMP2A found in the post-mortem SNpc and amyg-
dala of PD patient’s brain, further support this
theory [24]. Bioactive constituents such as Dihy-
dromyricetin (DHA) and Salvianolic acid B (SAL
B) were found to induce the CMA pathway and
reduce the microglia and astroglia-directed neuroin-
flammation in a PD mouse model expressing human
wildtype a-Syn fused with the green fluorescent pro-
tein (GFP) (BAC-a-syn-GFP transgenic mice) [30].
The selective deletion of autophagy-related gene 7
(Atg7) resulted in a-Syn accumulation and further
DA neurodegeneration in SNpc, pointing out the
role of dysregulated autophagy as a potential cause
of neurodegeneration [31]. Excessive expression of
a-Syn was found to inhibit autophagy regulators
such as Rabla, Lmxlb, transcription factor EB
(TFEB) contributing to autophagy/lysosomal path-
way disruption [32]. In a recent study, autophagy
was observed to mediate the clearance of a-Syn
and TPPP/p25A in certain atrophy models. Tubu-
lin polymerization-promoting protein, via exophagy,
promotes the secretion of a-Syn which is said to med-
dle with the autophagosome-lysosome fusion process
[33].
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ER stress and calcium dyshomeostasis

ER stress and autophagy are highly intertwined
components protecting cells from stress by inducing
death of damaged ones. Inositol-requiring protein-1
(IRE1), protein kinase RNA like ER kinase (PERK)
and the activating transcription factor-6 (ATF6) are
the three main stress sensors that recognize mis-
folded, faulty proteins [34]. In a study it was reported
that, the neuroprotective action of ATF6 was compro-
mised by the over-expression of a-Syn [35]. Impaired
ATF6 signaling along with dysregulated ER asso-
ciated protein degradation (ERAD) pathway leads
to apoptosis, thus, disrupting the UPR pathway. In
a-Syn loaded nigral DA neurons, the PERK—elF2a
pathway was also found to be over-activated [36].
In a very recent study involving MPTP-lesioned PD
model, Ghrelin’s (hunger hormone) neuroprotective
activity by halting the MPPT-induced oxidative stress
was explored [37]. Dawson et al. [36] have also linked
the mutations of Parkin gene with the dysregulations
of the ERAD pathways of misfolded ER proteins
[38]. Accumulation of faulty proteins in the ER lumen
also triggers the activation of ER chaperones such as
Bip and PDIp. DA degeneration induced by a-Syn
accumulation in the nematode C. elegans was found
to decrease due to the over-expression of LRRK?2 by
indirect upregulation of the ER chaperone Bip. Lack
of LRRK?2 made the neurons susceptible to ER-stress
induced neurodegeneration [39].

ER stress also affects calcium homeostasis in cell.
Neuronal membranes are loaded with voltage-gated
calcium (CaV) channels; CaV1 (L-type), CaV2 (P-
, N- and R-type) and CaV3 (T-Type). The CaVl
and CaV2 channel isoforms activate at a high depo-
larization voltage and produce long-lasting calcium
currents, while CaV3 channels open at a lower depo-
larization voltage and produce brief intermittent rise
in Ca%t currents [40]. Such aberrant Ca?t currents
over a period of time triggers mitochondrial oxida-
tive stress. The transient rise of DA neuronal calcium
level triggers oxidative stress of the mitochondria,
which results in compromised cellular bioenergetics
and ultimately pushes the cell to its demise [41]. This
irregular calcium current induced oxidative stress
gained strong support upon finding out that, popu-
lation on L type Ca?* channel blockers were at a
low risk for developing PD. Isradipine, a CaV1.3
channel antagonist, showed promising neuroprotec-
tive effects in 6-OHDA induced PD mouse model but
when administered to a large clinical early-stage PD
population, it failed to slow down the disease progres-
sion [42, 43]. In another study, it was demonstrated

that the a-Syn aggregates bind to the ER calcium
pump SERCA and activates it. This results in the
efflux of calcium from the cytosol into the ER [44].
Mutations of the kinase protein LRRK?2 imbalances
the calcium levels, its buffering capacity and also
induces mitochondrial degradation and neurite aggre-
gation, which could further potentially precipitate
neurodegeneration [45]. It was observed by Nath et al.
[46, 47] that, human cell lines expressing a-Syn gene
over-expressed the corresponding protein when intra-
cellular calcium levels increased, though the exact
mechanism behind this sudden over-expression could
not be precisely elucidated.

ER and mitochondria are both dynamic organelles
that regulate cellular apoptosis. Both these organelles
physically come together to form structures referred
as mitochondria-associated ER membranes (MAMsS)
through which vital cellular processes such as
lipid and calcium (Ca%t) homeostasis, mitochondrial
dynamics, autophagy, inflammation, apoptosis, and
the like transpire. ER is prone to stress and such
stressful conditions promote the excessive release of
calcium into the cytosol which then triggers the pro-
duction of mitochondrial ROS (mtROS) due to the
depolarization of the inner mitochondrial membrane.
This very mtROS aids in the accumulation of mis-
folded proteins within ER which further leads to ER
stress and organelle dilation. The transient rise of DA
neuronal calcium level triggers oxidative stress of the
mitochondria, which results in compromised cellu-
lar bioenergetics and ultimately pushes the cell to
its demise by releasing the cytochrome c apoptotic
protease activating factor-1 (Apaf-1), for the forma-
tion of apoptosome and thereby activates caspase 9,
which further activates caspase 3, which induces cel-
lular death cues. This type of mitochondria-derived
cellular death induction via cytochrome c release can
also be triggered when there is an accumulation of
aberrant proteins in the ER lumen as seen in the case
of several neurodegenerative diseases [48].

Neuroinflammation

Chronic neuroinflammation is one of the hall-
marks of PD wherein innate immunity of the nervous
system is overactivated. This subsequently leads
to the release of inflammatory mediators such as
NO, inducible nitric oxide synthase (iNOS), and
COX-2 due to aging, pollution, oxidative stress, and
infection. Inflammatory mediators further cause acti-
vation of NF-kB, MAPK (mitogen-activated protein
kinase), and PI3K/AKT pathways which trigger neu-
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roinflammation to promote neuronal damage and cell
death [49].

This state of neuroinflammation can be aug-
mented by mitochondrial-derived damage-associated
molecular patterns (mtDAMPs) such as mtDNA,
mtROS, mitochondrial unfolded protein response
(mtUPR), transcription factor A mitochondria
(TFAM), adenosine triphosphate (ATP), cardiolipin,
iron, cytochrome c, and mitochondrial Ca%*. The
linked pathways have been described in Fig. 2
linking neuroinflammation to mitochondrial dysreg-
ulation. The unmethylated CpG-DNA sequence of
mtDNA serves as a ligand for TLR9, which upon
activation, induces the NF-«B and MAPK path-
way leading to neuroinflammation. mtDNA also
has the potential to trigger NLRP3 inflammasome
which mediates inflammation by the release of IL-
18 and IL-1B. mtUPR upregulates the expression
of ATSI1, a transcription factor that governs the
mitochondrial-nucleus crosstalk during UPR. Initial
ATS1 accumulation is found beneficial but has long
term detrimental effects by enhancing the percent-
age of harmful heterogenous mtDNA in the neurons.
mtROS (produced majorly by mitochondrial ETC
and NADPH oxidase, NOX) and cardiolipin serve as
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Mac-1 to activate the proinflammatory microglia [50,
51].

Lipid dyshomeostasis

Linolenic acid (LA) is well-known for its antioxi-
dant properties and its dampened concentration may
contribute to an excess of oxidative stress, espe-
cially in PD patients [52]. The fatty acids like
a-linolenic acid (ALA), arachidonic acid (AA), and
docosahexaenoic acid (DHA) were found altered in
PD patients, where lower levels of LA and ALA
were associated to motor symptoms while non-motor
symptoms were linked to higher plasma levels of
DHA and AA [52]. This phenomenon together with
the decrease of antioxidant vitamins, namely B3 and
BS5, could contribute to the proinflammatory and
prooxidant environment that likely advance some
of the mechanisms underlying neurodegeneration.
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and leads to the formation of monounsaturated fatty
acids which makes a-Syn more neurotoxic [53]. The
mitochondria serve as an important site for intracellu-
lar lipid metabolism since this is the organelle where
beta oxidation of fats occurs. Accumulation of lipids
inside the mitochondria leads to its decreased biogen-
esis and also hampers the ETC leading to excessive
ROS accumulation. The very core of Lewy bodies
comprises of numerous lipids surrounded by dys-
trophic mitochondria linking lipid abnormality and
mitochondrial malfunctioning [54].

Gene mutations

The «-Syn protein is encoded by NG_011851
(SNCA) gene. Genetic mutation in the N-terminal of
this gene (A5S3E/T, A30P, E46K H50Q, and G51D)
increases the production of ROS, mitochondrial res-
piration decreases and changes the mitochondrial
membrane permeability [55]. The first pAS3 muta-
tion was identified in the phenotype of PD in 20
to 85 years and the p.A30 gene variation in 54
to 76 years [56]. The mutant form of SNCA gene
encodes for abnormal a-Syn which causes apoptosis
via triggering caspase pathway and calcium signal-
ing [10]. In recent studies of human postmortem PD
tissue and experimental models, the interaction of
the a-Syn and translocase of the outer mitochondrial
membrane (TOM?20) are being widely explored. It is
suggested that certain forms of a-Syn bind to TOM20
thereby inhibiting the binding interaction between
the TOM20 and TOM22, which ultimately affects
the mitochondrial functioning and the mitochondrial
protein import mechanism. In PD patients, TOM40
another component of mitochondrial import machin-
ery, has been found to be reduced [57].

Mutations in the LRRK2 gene (PARKS) are very
strongly linked with late-onset autosomal dominant
type of PD. LRRK?2 with the mutation Gly2019Ser,
are detected in patients with autosomal dominant PD.
In preclinical animal models of PD, the mutation in
this gene includes an increase in the LRRK?2 kinase
activity. Argl441Gly mutation is also commonly
observed in PD. It may also increase expression of
ATP13A2, a gene related to autosomal recessive PD
(ARPD) which encodes the lysosomal P-type trans-
port ATPase ATP13A2, providing further suggestion
that LRRK?2 mutations can cause PD phenotype
by disturbing neuronal lysosomal function [58, 59].
LRRK?2 G2019S mutation lead to significant changes
in DAT and VMAT?2 levels in a recent study involv-
ing mice models of PD [60]. A decade’s worth

of study indicates the underlying role of LRRK2
mutants in causing neurodegeneration via mitochon-
drial dysfunction. Though the specific mechanisms
are unknown and yet to be unfurled, it can be said with
confidence that LRKK?2 mutations play an intricate
role in affecting diverse functions of the mitochondria
by increasing oxidative stress, depolarizing the mito-
chondrial membrane, impairing ETC and mitophagy,
morphologically changing the organelle etc.

The DJ-1 is a causative gene for recessive early-
onset familial PD. DJ-1 linked PD (L172Q) that has
been detected so far, shows Lewy body pathology,
suggesting the existence of a connection between
the DJ1 and synucleiopathy. This protein is highly
expressed in the astrocytes of the frontal cortex and
SNpc nigra in idiopathic PD cases. The protective
effect against the oxidative stress is provided by DJ1
protein. It binds directly to the F{Fo ATP synthase 3
subunit and declines the mitochondrial uncoupling
and increases the ATP production while muta-
tions of DJ-1 contrastingly increase mitochondrial
uncoupling and depolarizes neuronal mitochondria.
DJ-1 governing ATP synthase regulation potentially
enhances DA neuron metabolism [61]. The muta-
tions in DJ1 gene (M26I, E64D, A104T, D149A,
and L166P) have been identified in the PD [62, 63].
PARKT functions as reactive oxygen chaperone [64].
PRKN, PINK1, and DJ-1, involved in mitochondria
and mitophagy related functions, are usually respon-
sible for PD forms, slow evolution, and upright retort
to DA therapy [65].

Apart from these nuclear gene mutations, the vari-
ations in the genetics of mitochondrial complex 1
has also been explored in the pathogenesis of vari-
ous neurodegenerative disorders, as it is the very first
step of the mammalian ETC and any malfunction-
ing in the activity of this complex is at the center
of pathological ROS release which are detrimental
for ideal cellular functioning. Since complex 1 is
encoded by both nuclear DNA (nDNA) and mtDNA,
there is reason to believe that mutations in either of
these genes manifest as severely devastating neuro-
muscular disorders due to the compromise in ATP
production. 11778G>A mutation within the gene
for the ND4 subunit is commonly found in LHON
cases and an additional 3866T>C mutation within
the ND1 gene of complex 1 was seen to worsen
the progression of LHON [66]. A recent cybrid cell
studies have also established a relation between MT-
NDI1m.3460G>A mutation and varying degrees of
LHON due to impaired oxidative phosphorylation
(OXPHOS) [67]. In a present-day study conducted in



P. Naren et al. / Advances in PD Therapeutic and Pathology S407

a Tamil Nadu population, missense mutations of ND 1
and ND5 were linked with autism spectrum disorder,
showing that complex 1 genes may play a vital role in
the onset of autism spectrum disorder [68]. The ND6-
P25L mtDNA mutation, that leads to the substitution
of leucine instead of proline at position 25, was found
to offer protection against cardiac IR injury by block-
ing the reverse electron transfer (RET) phenomenon
[69]. The 10237T>C in MT-ND3 gene heteroplas-
mic mutation, and the homoplasmic mutations such
as 14484T>C in MT-ND6 gene and 5437C>T in
MT-ND2 gene have been rumored to impact the
structural integrity and functioning of the complex
1 enzyme and thereby play a role in the pathogene-
sis of multiple sclerosis [70]. Excessive mutations of
m.14597A>G in MT-ND6 has been reported to cause
leigh syndrome [71]. Certain mutations were found to
be beneficial, for example, the MT-ND2m.5178C>A
gene mutation has proven to be protective in case
of various diseases, but the underlying mechanism
through which this protection is offered is yet to be
known. A lymphocyte cell line carrying this muta-
tion was seen to produce more ATP and less ROS.
The transcription level of Bcl-2 gene was also high
and so was the protein translation rate. It also showed
decreased activity of caspase 3/7 and decreased early
and late apoptosis. The overall mitochondrial com-
plex 1 activity of the mutant group was found to be
much higher in comparison to the control [72]. A
whole-genome sequencing of skeletal muscle DNA
revealed a unique previously unreported mutation-
m.10372A>G in MT-ND3 causing adult-onset sen-
sorimotor axonal polyneuropathy due to decreased
ATP production, which results from hindered activ-
ity of complex 1 [73]. Another point mutation in
ND3, i.e., m.10191T>C observed in patients with
leigh syndrome, was found to be strongly correlated
with epilepsy [74]. An extremely high-resolution
technique-Mitochondrial DNA Structural Variation
Sequencing (MitoS V-seq) was developed by Jaberi et
al., for screening the structural variations and single-
nucleotide variations in individual neurons. Certain
common SVs (structural variations) discovered in
MT-ND5 sequence were common between hemato-
logical cancers and Ifnarl~~ DA neurons (murine
PD model), hinting that its mutations might have high
clinical value as respective disease biomarkers [75].

The brain cells are majorly composed of neurons,
glia, and astrocytes which help in homeostatic func-
tioning of the brain. Healthy functioning of vital
organs like brain and liver requires high energy sup-
ply along with increased oxygen. As more energy

is required for their optimum performance, mito-
chondria the “powerhouse of the cell” becomes
a vital organelle [76]. The mitochondria play an
important role in energy production through the
operation of ETC. Aging causes improper function-
ing of mitochondria leading to its dysfunction and
other related amalgamations with the pathogenesis
of PD, these include impairment of mitochondrial
biogenesis, increased ROS production, defective
mitophagy, ETC dysfunction, changes in mitochon-
drial dynamics, calcium homeostasis as well as
oxytosis/ferroptosis inhibition which are strongly
linked to neurodegeneration. Hence, mitochondrial
link to PD pathogenesis needs to be explored in order
to understand PD pathological pathway.

MITOCHONDRIA: THE CENTERFOLD
OF THE CELL

Approximately 1.45 billion years ago, the mito-
chondria (close descendants of the purple nonsulfur
bacteria) and the animal cell entered into a fateful
endosymbiosis and this hypothesis was put forth by
Dr. Lynn Margulis, in the 1970s [77]. Despite the
presence of overwhelming circumstantial evidence
supporting this proposal, the origin and antiquity
of the mitochondria has been a subject of much
debate. While the animal cell offered protection, the
mitochondria favored it with cellular respiration [78,
79]. What started as a simple interdependent relation
quickly escalated and presently, the mitochondria are
at the center of various complex cellular signaling
pathways, making it one of the most crucial com-
ponents of cell survival. Being the most dynamic,
double-membrane bound organelle which is most
commonly referred to as the ‘powerhouse’ or ‘engine’
of the cell, the mitochondria, serves as a ground for
complex biochemical reactions including the invalu-
able OXPHOS reactions. The production of ATP,
which is the quintessential cellular fuel, is one of
the most important outcomes of these reactions [80].
More recently the role of mitochondria in the immune
system has been explored endlessly. It is believed
to have an explicit role in the growth and function
of immune cells, also their activation, proliferation,
and in phagocytosis. As a result of ROS production,
these immune cells are capable of performing com-
plicated processes such as apoptosis, pyroptosis, and
NETosis. ROS also aids in the activation of adaptive
immunity, B cell antibody synthesis, and T cell stim-
ulation. Apart from this, Yu-Jih Su and his team [81]
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have very recently reviewed the interesting involve-
ment of the mitochondria in the immune cell mediated
tissue regeneration and aging. Mitochondrial genome
has henceforth come to light for its involvement in
various forms of diseases and disorders.

Housing its own maternally inherited genome, the
mitochondria is further involved in a plethora of other
functions including fatty acid breakdown, amino
acid and nucleotide metabolism, lipid, quinone,
and steroid biosynthesis, iron-sulphur cluster bio-
genesis, apoptosis, calcium and iron homeostasis;
and also makes functionally relevant contacts with
other organelles [82]. The mammalian mtDNA was
sequenced for the very first time in 1981 [83]. Unlike
the nDNA, mtDNA is histone free and also lacks
introns in humans [83]. It is packed with 37 genes
in a sequence of only 16,549 bps and has a double-
stranded structure containing a light strand (L) and a
heavy strand (H). The strands are differentiated based
on their buoyant density differences owing to their
varying G+T nitrogenous base composition [84].
The heavy strand being information rich codes for
2 ribosomal RNAs (rRNAs) (12 s and 16), 14 trans-
fer RNAs (tRNAs), and 12 polypeptides while the
light strand codes for eight tRNAs and one polypep-
tide. This constitutes a total of 11 messenger RNAs
(mRNAs) (translated into 13 proteins), 2 rRNAs
(12S and 16S rRNA), and 22 tRNAs. The OXPHOS
reactions are accomplished with the involvement of
about 90 proteins of which only 13 are encoded by
the mtDNA and the rest by the nDNA. Neverthe-
less, these 13 proteins form the heart of the system
performing the OXPHOS reactions and hence any
compromise in them would ultimately affect the cel-
lular aerobic respiration and in turn the health of
the cell [83]. The presence of a triple stranded non-
coding region (NCR) called the displacement loop
or D-loop has also been observed. Comprising of
520 to 700 base pairs, it is complimentary to the
L strand and also contains the origin of replication
of the H strand which happens to be the leading
strand. Further, it houses two committed promoter
sequences, light-strand promoter (LSP) and heavy-
strand promoter (HSP) along with other regulatory
domains that govern the process of replication and
transcription of the mitogenome. Each mitochon-
drion contains 2 to 10 copies of the mitogenome, and
these numbers may even go up to 1000 in some cases.
Organelles with identical copies of mtDNA display
homoplasmy while the ones with mutated copies dis-
play heteroplasmy [85]. Generally, these mutations
are recessive and not harmful. They become a threat

to the respiratory processes when they overpass a cer-
tain threshold. The root of these mutations are found
be due to the lack of histone proteins [80], low fidelity
of the replication enzymes such as DNA polymerase
gamma [85], and oxidative stress as a result of ROS
generation [85, 86]. The free radical tenet is undoubt-
edly the most debated among the others. While some
groups state that a higher mitochondrial potential is
the source of H,O; generation, other groups counter
that low membrane potential triggers H,O», release
[87].

mtDNA, totally comprises of 37 genes, housing 28
in the H strand and the remaining 9 on the L strand.
Out of the 28 genes residing on the H strand, 6 code
for the subunits of the complex 1 (NADH: ubiquinone
oxidoreductase) enzyme of the respiratory chain,
namely, ND1, ND2, ND3, ND4L, ND4, and NDS5;
3 genes encode the subunits of cytochrome oxidase ¢
enzyme including COX1, COX2, and COX3; 1 gene
encodes for cytochrome b subunit and; 2 genes code
for ATPase subunits: ATP6 and ATPS. These two
genes notably have overlapping open reading frames
on the genome. Apart from this, the H strand also
has 2 genes that encode for the rRNAs namely, 16S
rRNA and 12S rRNA and 14 genes for the 14 differ-
ent tRNASs of the amino acids, i.e.,F, V,L,I, M, W, D,
K,G,R, H, S, L, and T. The L strand is not informa-
tion dense unlike the H strand and thus has an ample
amount of NCR. One of its gene, ND6 codes for a spe-
cific subunit of the complex 1 enzyme and the remain-
ing 8 genes code for tRNAs of the following amino
acids Q,A,N,C, Y, S,E,and P [63, 64, 68]. The genes
regulating mitochondrial ETC has been enlisted
in Table 1. Though this organelle is pretty much
autonomous and self-regulating, it still needs guid-
ance from the nucleus for its chronic well-being [91].

THE NUCLEO-MITO CROSSTALK

Time and time again, it has been established
through innumerable research that there exists, a
constant crosstalk between the nucleus and the mito-
chondria. In the nucleus, epigenetic changes occur
in the form of chemical alterations of the histone
proteins and these changes have a prominent hold
on gene expression. The frequently occurring mod-
ifications include histone acetylation, deacetylation,
lysine methylation, phosphorylation, ubiquitylation,
sumoylation, and PARylation [91, 92]. Unlike the
nucleus, the mitochondria do not have histone pro-
teins wrapped around the mtDNA. That being said,
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Table 1
Genes regulating mitochondrial ETC
Genes Protein encoded Complex  Location
ND1 NADH: ubiquinoneoxidoreductase I H
ND2 NADH: ubiquinone oxidoreductase 1 H
ND3 NADH: ubiquinone oxidoreductase I H
ND4L NADH: ubiquinone oxidoreductase I H
ND4 NADH: ubiquinone oxidoreductase I H
ND5 NADH: ubiquinone oxidoreductase I H
COX1 cytochrome oxidase ¢ v H
COX2 cytochrome oxidase ¢ v H
COX3 cytochrome oxidase ¢ v H
CYB cytochrome b I H
ATP6 ATP synthase 6 A% H
ATPS ATP synthase 8 \% H
MT-RNR1 12S rRNA H
MT-RNR2 16S rRNA H
tRNAF, tRNAV, tRNAL, tRNAI, EV.LLLM W,D,K,G,R,H,S,Land T H
tRNAM, tRNAW, tRNAD, tRNAK,
tRNAG, tRNAR, tRNAH, tRNAS,
tRNAL and tRNAT
ND6 NADH: ubiquinoneoxidoreductase I L
tRNAQ, tRNAA, tRNAN, tRNAC, Q.A,N,C,Y,S,Eand P L

tRNAY, tRNAS, tRNAE and tRNAP

the epigenetic changes of the nucleoid proteins does,
however, have a role in regulation of gene expression
in the organelle [91].

DNA methylation is considered as a cardinal
epigenetic modification that regulates gene expres-
sion and preserves genetic stability. As the name
suggests, methylation refers to the addition of a
methyl group onto the 5th position of the cyto-
sine ring (C to 5SmC) and is catalyzed by a group
of enzymes known as DNA methyltransferases
(DNMT), which pick up the methyl group from
S-adenosylmethionine (SAM). Methylation of cyto-
sine is most common in eukaryotes whereas adenine
methylation is common in prokaryotes [93]. There
are studies that propose that altered DNA methyla-
tion levels could be responsible for the pathology
of various diseases ranging from cancer, obesity,
diabetes to neurodegeneration (PD and AD) due to
irreversible alteration in the DNA sequences [94].
Another family of enzymes involved in epigenomic
changes includes the TET, i.e., ten-eleven transloca-
tion methyl cytosine dioxygenases that convert SmC
to ShmC (5-hydroxymethylcytosine) [92]. The activ-
ities of both DNMT and TET is significantly swayed
by environmental cues such as tobacco smoke, toxic
pollutants, etc. [95].

Mitochondrial processes including bioenergetics,
dynamics, biogenesis, and mitochondrial autophagy
are under strict regulatory control for maintaining a
homeostatic balance in cellular processes. Mitochon-
drial biogenesis, autophagy, fission and fusion as well

as mtDNA replication are dependent on the integrated
interaction between the organelle and the nucleus. It
has been found that variations in the mtDNA could
potentially lead to differential expression of nuclear
transcription factors that are essential for the mtDNA
replication. The mito-nuclear crosstalk directs the
retrograde response that is usually triggered when
the membrane potential of the mitochondria drops
below an unhealthy threshold, seen typically in case
of mitochondrial dysfunction due to aging [96].
NADT/NADH mediated signaling, energy home-
ostasis mediated by AMP-activated protein kinase
signaling, redox signaling, and calcium signaling are
examples of some distinct pathways that decide the
very fate of the cell [97]. Though there is overwhelm-
ing data to show that nuclear genes influence the
mitogenome, the explicit science behind how it is
achieved is still in the infancy and yet to be elucidated
precisely.

MITOCHONDRIAL PROCESSES IN THE
CELL AND THEIR REGULATION

Mitochondrial bioenergetics

Bioenergetic process in mitochondria comprises
of the ETC. The ETC encompasses complex I-V
and two free electron carrier CoQ (ubiquinone) and
cytochrome c involved in generation of ATP in the
inner mitochondrial membrane through OXPHOS
[98]. Respiratory chain complex proteins are encoded
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by both nDNA and mtDNA. Affliction of the ETC
leads to insufficient formation of ATP, ergo mito-
chondrial dysfunction, excessive ROS production,
reactive nitrogen species from nitric oxide synthase,
which are all concerned with neurodegenerative
disorders [99]. MPTP (1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), PQ, and rotenone are neurotox-
ins that inhibit the complex 1 of ETC upon exposure
and facilitate its collapse. These pesticides promote
the deposition of a-Syn clusters and Lewy body
inclusions in brain, owing to the pathogenesis of PD.
Though there exists a close inter-relation between
ETC complex break down and oxidative stress over-
load, the temporal aspect of this relation has not yet
been precisely ventured. Whether ETC impairment
causes ROS production or ROS production leads to
ETC malfunctioning is still a debatable topic. Better
understanding of such temporal aspects could poten-
tially lead to the treatment of at-risk PD patients at the
prodormal stage itself, thereby halting or decelerat-
ing the disease progression. Coenzyme Q10 (CoQ10)
and creatine have been widely studied for their role
in bioenergetics and have also proceeded to clinical
trials in de novo PD patients holding a promise for the
future [100]. Hence recovering the physiological ATP
production via modulating the mitochondrial bioen-
ergetics could potentially work as a good disease
modifying approach.

Mitochondrial biogenesis

The biogenesis of mitochondria is a criti-
cally regulated process wherein the peroxisome
proliferator-activated receptor y (PPARYy) coactivator
la (PGC-la) is stimulated by the AMPK (2-
Adenosine monophosphate activated protein kinase)
signaling. TFAM in the nucleus relocates to the
mtDNA site and stimulates mitochondrial biogenesis
by mtDNA transcription and translation. Damaged
mitochondria cause activation of this pathway help-
ing in production of mtDNA and protein synthesis.
PGC-1a pathway dysregulation leads to impaired
mitochondrial biogenesis causing neuronal loss in
PD through parkin interacting substrate (PARIS).
Decline in the mRNA Ievels of nuclear-encoded RC
genes that are reactive to PGC-1a has been acknowl-
edged in individual DA neurons of PD patients, and
in neurons in regions with subclinical PD-related
Lewy body neuropathology. In addition to mitochon-
drial biogenesis, PGC-1a is also capable of triggering
the appearance of antioxidant enzymes in retort to
oxidative stress and defending DA neurons against

neuroinflammation. In PC-12 cells, efforts to study
the effect of PINK1 on the mitochondrial biogene-
sis were made. To evaluate the consequence of the
PINK1 gene on mitochondrial biogenesis, the genes
directly involved in mitochondrial biogenesis (PGC-
la and mtTFA/TFAM) were restrained in answer to
downregulation or upregulation of PINKI1 expres-
sion. Downregulation of PINKI1 led to a reduction
of Parkin phosphorylated form (p-Parkin), ensur-
ing an increase of PGC-1ac and TFAM. In count,
mtDNA copy number was significantly increased
when PINK1 was downregulated, and mtDNA copy
number was suddenly decreased when PINK1 was
upregulated, describing an inverse relation between
PINK1 and mitochondrial biogenesis process [101].
While biogenesis is essential for the formation of
new mitochondria, the timely clearance of malfunc-
tioning mitochondria from the cell is also equally
important. Mitophagy is a specific autophagic pro-
cess that gets rid of damaged mitochondria. In order
to achieve mitochondrial homeostasis, it is necessary
for the process of biogenesis and mitophagy to have
abalanced coordination. These two critical processes
are co-regulated by SKN-1. Prolonged pile up of
malfunctioning mitochondria leads to the induction
of a retrograde response that is mediated by SKN-1
which further results in the activation of mitochon-
drial biogenesis and mitophagy genes. Additional
critical assessment of these molecular mechanisms
would pave the way for future therapeutics that would
regulate mitochondrial homeostasis [102].

The making of mtDNA: Replication

The DNA of the mitochondria does not exist as a
single naked entity, rather they form a complex with
multiple proteins (that regulate the genome’s mainte-
nance and transcription) to form a structure known as
nucleoid. Any flaw in the replication enzymes (DNA
polymerase gamma, TWINKLE helicase, primase
polymerase, and RNA polymerase) or ANTP supply
or any malfunctioning of the mitochondrial dynam-
ics would lead to a disrupt DNA replication process,
birthing a group of multisystem heterogenous disor-
ders due to massive energy failure. Such disorders
are known as mtDNA maintenance defects. Few dis-
eases that supposedly occur due to POLG deletion
or depletion include Childhood myocerebrohep-
atopathy spectrum, Alpers—Huttenlocher syndrome,
myoclonic epilepsy-myopathy-sensory ataxia, ataxia
neuropathy spectrum, progressive external ophthal-
moplegia, and mitochondrial neuro-gastrointestinal
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encephalopathy [103-107]. The dysregulation of
mtDNA homeostasis is a major contributor to the
neuronal loss in PD. This makes the DA neurons of
the SNpc collectively more prone to age-dependent
mutagenesis of the mitochondria. DA neurons of
PD individuals showed increased levels of somatic
mtDNA deletions in comparison to the healthy pop-
ulation. mtDNA copy number increases in healthy
individuals, maintaining the pool of wild-type DNA
while in PD patients the copy number does not
increase leading to the diminution in the wild-type
number [108].

Transcription of the mitogenome

One of the earliest in vivo studies of the mtDNA
transcription was observed in HeLa cells by Aloni et
al. in 1971. It was shown that the human mitogenome
was transcribed in a polycistronic manner symmetri-
cal to the bacterial transcription. The entire complex
process of transcription can be narrowed and bro-
ken down under a few simple steps such as promoter
recognition, initiation, elongation and termination.
In order to initiate transcription TFAM binds to the
region upstream of the HSP or LSP resulting in
conformational changes which allows the effective
binding of the RNA polymerase enzyme also known
by the gene that encodes it, POLRMT [84]. MTERF1
binds with certain selective tRNAL®Y gene sequences,
as a result of which the DNA strands unwind, and
the nucleotide base capsize or flip the opposite way
leading to the termination of transcription. In the lit-
erature, this is classically referred to as the DNA base
flipping [89, 109].

The mRNA undergoes polyadenylation by mito-
chondrial poly (A) polymerase to render the finally
processed mRNA. Any changes in the length of
the poly (A) end leads to the impairment of post
transcriptional mitochondrial gene expression and
dysregulation of the ETC. The mitochondrial RNA
polymerase that plays a pivotal role in the initi-
ation of transcription is directly regulated by the
interactions it has with the nucleoid proteins and
these nucleoid proteins are encoded by the nuclear
genes and not the mitochondrial genes. Hence it is
appropriate to conclude that the nucleus of the cell
indirectly regulates the process of transcription in the
mitochondria. Leucine rich pentatricopeptide repeat
containing protein (LRPPRC), mitochondrial riboso-
mal protein L12 (MRPL12), TEFM, and MTERF1
are some of the nucleoid proteins that are involved
in homeostatic regulation of mitochondrial tran-

scription. LRPPRC forms a complex with SLIRP
which later acts as an RNA chaperone, binds to and
stabilizes mitochondrial mRNAs, and exposes the
appropriate sites for polyadenylation. Apart from reg-
ulating mitochondrial poly (A) polymerase, it also
plays a role in regulating complex IV. Knock-down
of LRPPRC in mammalian cells was found to cause
an imbalance in the complex IV subunits encoded
by the mitochondrial and nuclear genome. This
imbalance later triggers the mitochondrial unfolded
protein response in order to maintain the mito-
chondrial proteostasis. Dedicated minigene assays
for PD-linked genetic variants show that LRPPRC
intronic variants can affect the normal splicing of
pre mRNA and this may influence disease risk in
PD and related disorders [110]. For example, in
cell lines and mice deficient of LRPPRC, mitochon-
drial transcription was seen to be decreased and
mitochondrial dysfunction was also observed [111].
LRPPRC also has a substantial amount of contribu-
tion in the pathogenesis of PD, neurofibromatosis
1, viral infections, and venous thromboembolism
[110]. Increased levels of LRPPRC have shown
to maintain Bcl-2 levels, inhibit mitophagy, and
prevent autophagy mediated mitochondrial degra-
dation via interacting with Parkin and stabilizing
it. Unmasking the exact interacting domains of
LRPPRC and Parkin may lead to the characteriza-
tion and development of novel molecules that can
precisely regulate such neuroprotective interactions
and would be beneficial in neurological disorders
like PD [112]. MRPLI12 is the first mitochondrial
ribosomal protein to be characterized in mammals
and its knockout models revealed decreased levels
of mitochondrial transcripts due to the instability
of mitochondrial RNA polymerase enzyme [113].
Mutated MRPL12 protein was found to play a
potential role in retardation, neurological deteriora-
tion and mitochondrial translation deficiency [114].
MRPLI12 also positively regulates the mitochon-
drial OXPHOS and mtDNA copy number indirectly
through SQSTM1/p62 (autophagy adaptor protein)
regulation [115].

Mitochondrial RNA modifications

A plethora of RNA modifications have been
reported in all the three domains of cellular life
which includes the Bacteria, Archaea, and Eukarya,
and more than 150 such modifications have been
detected using MODOMICS [116]. The different
chemical modifications arising in the coding as



S412 P. Naren et al. / Advances in PD Therapeutic and Pathology

well as non-coding RNAs at a covalent level, due
to the contribution of external or internal environ-
mental factors have been studied overtime and are
united under a broader term called ‘epitranscrip-
tome’ [117]. Such epitranscriptomic changes are
associated with neurological disorders, cancer, and
metabolic disorders as well [117, 118]. For example,
G ms2i6A (2-methylthio-N6-isopentenyl adenosine)
and A I (inosine) modifications were associated with
faulty CDKSRAP1 and ADAR2 enzymes respec-
tively, resulting in AD [119]. The RNA metabolism
and modifications associated with the pathogenesis
of motor neuron diseases were reviewed in depth by
Lemmens et al. [120].

An important type of RNA is the microRNA
(miRNA). miRNAs are non-coding 22 nucleotide
sequence long, single-stranded structures that are
involved in post transcriptional modification of
gene expression via gene silencing that targets
the RNA interference silencing complex (RISC).
miRNA formed right after transcription is called the
primary miRNA and undergoes cleavage by both
DROSHA nuclease in the nucleus and later DICER
nuclease in the cytoplasm to form pre-miRNA and
mature miRNA respectively. miRNAs are important
bioregulators of the mitochondria [121]. Differ-
ent types of miRNAs govern unique functions
associated with regular activity of the organelle.
Few of the known quintessential epitranscriptomic
modifications include the m6A methylation of the
pri-miRNAs, m7G methylation of G-quadruplex
structures in pri-miRNA and the methylation of the
5’ monophosphate of the pre-miRNAs [121-124].
Additional light on specific epitranscriptomic modi-
fications is yet to be shed.

The mito-ribosome is made up of two subunits, a
larger 39S subunit and a smaller 28S subunit. These
subunits encode the 12s and 16s rRNAs, respec-
tively. All the modifications are catalyzed by nuclear
encoded enzymes just as in the case of tRNAs. Two
highly conserved modifications include the adeno-
sine dimethylation in m® A of A936 and A937 [117].
In vivo analysis depicted these modifications in 125
rRNA are catalyzed by TFB 1M which is determined
as mammalian SAM-dependent methyltransferase.
Genetic analyses has unveiled that loss of TFB1M
could potentially cause mitochondrial dysfunction
induced type-2 diabetes mellitus and mitochondria-
associated deafness [92, 125]. Another significant
modification that is responsible for a harmonized
mitochondrial translation is the methylation of m1A
in A947 of 16s rRNA by tRNA methyltransferase

61B (TRMT61B) [126]. The therapeutic applica-
bility of RNAs is described in later parts of this
review.

Mitochondrial dynamics

Various metabolic and environmental cues regu-
late the timely fusion, fragmentation, and destruction
of the mitochondria. These processes are more col-
lectively referred to as the mitochondrial dynamics.
It serves as a quality control system in maintaining
the mitochondrial homeostasis, thereby, monitoring
the cell survival [127]. Since the mitochondria are
double-membrane structures, the fusion process will
typically comprise of two main steps: fusion of the
outer mitochondrial membrane (OMM) followed by
the fusion of inner mitochondrial membrane. The
mitochondrial fusion is accomplished with the help of
three enzymes possessing GTPase activity (belong-
ing to the dynamin superfamily of proteins) [128,
129]. The ones responsible for OMM fusion are
mitofusins: Mfnl and Mfn2 which dwell on the
OMM itself. Trans interactions occurs between mito-
fusins of the two fusing mitochondria to achieve
tethering. Optic Atrophy 1 (OPA1) protein governs
the inner membrane fusion [129]. Apart from this,
OPAL1 also governs the activity of OXPHOS com-
plexes and maintains the structural integrity of the
mitochondrial cristae [130]. The terminal outcome
of the fusion process is the interflow of matrix
elements, after two individual mitochondria come
together and merge into a larger one. In certain
special cases of fusion, for example, kiss-and-run
fusion, only the matrix information is exchanged
and there is no permanent morphological switch
[127]. Fusion also ensures the equitable inheritance
of healthy mtDNA by compromising the damaged
DNA with wild type ones, keeping the heteroplasmy
at bay [130].

In humans, mutations in the Mfn2 protein are
associated with Charcot—-Marie-Tooth disease type
2A (CMT2A), which is a sensory cum motor neu-
ropathic disorder. About 100 different mutations
in Mfn2 have been reported in the cases CMT2A
[131]. Although not super specific, mutations of
Mfn2 have recently been linked with several other
neurodegenerative conditions like AD, PD, and Hunt-
ington’s chorea as well [132]. The expression levels
of Mfnl, Mfn2, OPA1, and Dynamin-related pro-
tein 1 (Drpl) was reported to be less in cases of
AD [133]. The reason behind decreased Mfn2 lev-
els was correlated with the upregulation of miR195
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by Zhang et al. in 2016 [134]. In the very same
study, it was also observed that, the use of miR195
inhibitor or antagomir lead to increased levels of
Mifn2, making these molecules a potential treatment
drug for AD in the long run. The protein Parkin is
responsible for the ubiquitination of Mfn2, and it is
a well-known fact that heterozygous Parkin muta-
tions are closely linked with sporadic and familial
forms of PD. Parkin also conciliates the expression
of a transcriptional coactivator: PGC-1a, which is
the supreme governor of mitochondrial biogenesis.
Under the conditions of stress, PGC-1a controls the
expression levels of Mfn2 [135]. Affixment of the
Parkin-ubiquitination machinery to the mitochon-
drial membrane by Mfn2 deflects the mitochondrial
fusion to mitophagy [136]. All of the above data bear
witness to the idea that Mfn2 regulation is somehow
knit with PD. Overexpression of the HTT mutant
with unstable CAG repeats on exon 1 of the HTT
gene (chromosome 4p16.3) inflates the mitochon-
drial fission process, but the upregulation of the Mfn2
protein subdued such undesired phenotypes [137].
Under rare circumstances, it has been reported that
homozygous mutations in Mfn2 causes multiple sym-
metric lipomatosis associated with neuropathy [138].
PQ induced mitochondrial fragmentation of human
DA neuroblastoma SH-SY5Y cells was reversed by
the overexpression of Mfn2. Oxidative damage and
stress signaling induced by PQ as well as selective
degeneration of DA neurons in the SNpc and striatal
axonal terminals was also inhibited in transgenic mice
overexpressing hMfn2 (human mitofusin2) prov-
ing mitofusin 2 as a rich therapeutic target in PD
and other related disorders. Probucol treatment of
cybrid cells having mitochondria of AD/mild cogni-
tive impairment patients significantly increased Mfn2
and decreased Drpl expression [139]. In another
PD study, it was seen that probucol offered pro-
tection against 6-OHDA-induced hyperlocomotion
and striatal lipid peroxidation, catalase upregulation,
and decrease of TH levels [140]. Icariin, isolated
from the Chinese herb epimendium reduced Drpl
and increased Mfn2 levels in AD neurons by mod-
ulation of mitochondrial dynamics. Besides this,
icariin was also found to offer neuroprotection for
DA neurons by inhibiting microglia-mediated neu-
roinflammation through the suppression of nuclear
factor-«B (NF-«B) pathway activation in an in vitro
study [141].

Heterozygous mutations of OPA1 are considered
as the foundation for the genesis of dominant optic
atrophy, which is the most frequently inherited optic

neuropathy. Other manifestations of OPA1 muta-
tions include hearing loss, myopathy, and peripheral
neuropathy. Stress-induced OPA1 activation causes
mitochondrial fragmentation, resulting in mitophagy,
through the upregulation of OMA1 activity. Kor-
witz et al. observed that the loss of OMA1 activity
detains the progression of neurodegeneration by
downregulating this stress-induced OPA1 signal-
ing [142]. A very recent yeast-based screening of
pre-approved FDA drugs was performed and later
validated using mouse embryonic fibroblasts and
patient’s fibroblasts, carrying the OPA1 mutations.
These agents were found to ameliorate mitochon-
drial morphology and the ATP content and hence
improved the cell viability. Salicylanilide, one of
the compounds used in the study delivered opti-
mistic results in neurodegenerative disorders like
AD [143].

Mitochondrial fission is the process by which a sin-
gle mitochondrion subsequently divides into two new
daughter mitochondria. First observed in Caenorhab-
ditis elegans, Drpl is the key executioner of this
event and it happens to be evolutionary conserved.
Dynamin2 (Dnm2) along with Drpl performs the
severing and constriction of the organelle respec-
tively [144]. Drpl is a cytosolic protein, and it is
recruited to the mitochondria during the event of
fission. It spirals the organelle accurately along the
constriction sites and promotes the hydrolysis of
GTP to effectuate mitochondrial scission [144, 145].
Impaired mitochondrial fission due to the loss of
Drpl causes neurodegeneration in in vivo model of
drosophila with hereditary spastic paraplegia [146].
In a very recent study conducted by Portz et al.
[147], it was observed that transgenic mouse model
with familial PD mutant A53T a-Syn had decreased
Drpl activity in the mitochondria, hinting the involve-
ment of Drpl dysregulation in the PD pathogenesis.
Pathological increase of Drpl was observed in case
of MPP™/MPTP-induced PD models and Carboxyl
terminus of Hsp70-interacting protein (CHIP) was
found to inhibit this disastrous increase. CHIP is a co-
chaperone that regulates chaperones such as HSP70,
HSP90, and other heat shock proteins during protein
folding to render a functionally and conformationally
active protein. It binds to HSP70 and HSP90 through
its TPR (Tetratrico Peptide Repeat) domain and func-
tions as an E3 ubiquitin ligase and degrades aberrant
proteins in the body, for instance, misfolded a-Syn
found in case of PD. Besides being an important co-
chaperone it is also involved in the maintenance of
mitochondrial integrity [148].
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Fate of a malfunctioning mitochondrion:
Mitophagy

Contrary to biogenesis, which involves the birth
of a new mitochondrion, mitophagy is the process of
destruction of the existing damaged mitochondria. It
can either be driven by PINK/PARKIN dependent
pathway or via mitochondrial mitophagy recep-
tors (independent pathways) such as NIX, BNIP3,
FUNDCI, Bcl2L13, FKBPS, NLRX1, and the like.
The latter pathways have not been elucidated prop-
erly while the former one is the best characterized.
Therefore, recent studies revolve around molecules
that target the PINK/PARKIN dependent mitophagy
[149].

When the ratio of pathogenic mtDNA to wild type
mtDNA becomes unruly, disruptions in the mito-
chondrial dynamics occur. These malfunctioning
mitochondria are subjected to a destructive pro-
cess called mitophagy. It essentially refers to the
autophagosomal clearance of the damaged mitochon-
dria. An increase in the rate of mitophagy due to
faulty mitodynamics will compromise the bioener-
getics of the cell, leading to the manifestation of
mitochondrial diseases, including PD. The defective
bioenergetics of the organelle leads to the depolariza-
tion of the mitochondrial membrane, triggering the
recruitment of PINK1. This protein starts to accu-
mulate and stabilize on the OMM. It phosphorylates
the ser 65 residues of the already existing ubiqui-
tin molecules. These changing chemical dynamics,
eventually, attract a cytosolic auto-inhibited protein
called parkin (an E3 ubiquitin ligase). RING1 domain
of parkin almost immediately binds to the phosphory-
lated ubiquitin ser65 residue (pSer65Ub). The entire
complex gets activated now, and parkin starts to ubiq-
uitinate the proteins expressed on the OMM. This
triggers their phosphorylation at ser 65 residues by
PINKI1 and this in turn results in further recruitment
of parkin. The cycle continues until a maximally
active ubiquitin chain is achieved. Then the tagged
proteins head for proteosomal destruction and clear-
ance. The PINK1/parkin dependent mitophagy can
be triggered by a combination of oligomycin (ATP
synthase inhibitor) and antimycin A (complex 3
inhibitor) or by cyanide m-chlorophenyl hydrazine.
An increase in the intracellular ROS levels also pro-
motes this process [5].

Mutations in the PINKI1 and parkin genes have
been endlessly reported in monogenic forms of
PD, indicating the malfunctioning of mitophagy in
its pathogenesis [150]. Apart from this, Parkin or

Pink1 deficient mice were found to develop inflam-
mation upon subjection to vigorous exercise due
to the activation of stimulator of interferon genes
(STING) pathway, that upregulates cytokine release
in response to intracellular DNA [151]. Many long-
associated PD-risk genes such as SNCA, LRRK?2,
CHCHD2 (PARK?22), GCHI, and VPS35 (PARK17)
display dysregulated PINK1/parkin mitophagy in
in vitro and in vivo PD studies as well as in
PD postmortem patients [152]. All these stud-
ies indicate that there exists a strong relation
between impaired mitophagy and PD. Several
mitophagy-inducing novel compounds have been
explored for enhancing the mitochondrial clear-
ance in PD. Few of the notable examples include
nilotinib, FT385, p62-mediated mitophagy inducer,
sulforaphane, deferiprone, urothilin A, GYY4137,
gemcitabine, kinetin, USP30i, and T271. The com-
pounds listed are positive regulators of mitophagy
and act by modulating various upstream proteins that
regulate PINK1 or Parkin [153].

NOVEL STRATEGIES FOR PD
MANAGEMENT

Mitochondrial mediators

Mitochondria targeted drugs are designed in order
to regulate the imbalanced mitochondrial homeosta-
sis where ETC targeted compounds still remain
a major class. The toxic metabolite, 1-methyl-4-
phenylpyridinium (MPP™), is formed by monoamine
oxidase (type B)-catalyzed oxidation of MPTP. The
MPP™ transported into the brain by the DA trans-
porter accumulates in the mitochondria, resulting in
adenosine triphosphate (ATP) depletion through inhi-
bition of complex I activity, altered mitochondrial
membrane potential, increased ROS, and apop-
totic cell death. Recent research studies explored
several potential antioxidant molecules like Mito-
Q, Mito-honokiol, Mito-metformin (Mito-Met), and
Mito-apocynin (Mito-Apo) for their potential appli-
cation in PD management. Mitochondrial-targeting
was induced by adding triphenylphosphonium
(TPP™) group attached via varying alkyl chain
lengths coupled to a naturally occurring antioxidant
molecule or an FDA-approved drug. Further stud-
ies also developed drugs targeting mitophagy, as
PINK1/Parkin mutations are majorly linked to PD.
PGC-1a is also a potential target for the PD manage-
ment [154].
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Mito Q is produced by modification of coenzyme
Q10, a factor in respiratory chain. In neurodegen-
erative disorders, there is a decrease in enzyme
COQ10 in the DA neuron. Neuroprotective action on
the DA neuron by Mito Q10 supplementation was
observed in MPTP induced PD model. Mito Q helps
in reduction of tyrosine hydroxylase produced by
the neurotoxin, DA depletion and offers protection
against the locomotor dysfunction. Mito Q activates
AMPK signaling via depolarization of mitochon-
dria and initiation of autophagy, thereby promoting
cell survival. The effect of Mito Q on disease
progression was investigated in a large phase III ran-
domized, placebo-controlled, double blind clinical
trial [155]. Similarly, Mito-Apo had neuroprotective
action upon oral administration, in a genetically engi-
neered preclinical PD model Mitopark expressing
the phenotypic features (mitochondrial dysfunction,
microglial activation, DA degeneration and deple-
tion of DA, progressive neuronal deficits, and protein
occlusion) of human PD. Knocking out TFAM in
DA neurons of animal model created disability of
mitochondrial respiratory chain. Mito-Apo helped in
restoring the motor deficit, ameliorated the nigrostri-
atal tyrosine hydroxylase loss, reinstated DA levels
in the striatum and also restored the non-motor func-
tions including the loss of smell. The neuroprotective
mechanism of Mito-Apo was extrapolated to block-
age of the NOX (NADPH oxidase) enzyme and iNOS.
The mutation in LRRK?2 genes in mouse model sig-
nificantly prolonged treatment with Mito-Apo used to
stave off the early non-motor symptoms of PD [156].

Ubiquinol, acting promptly up on the lipid per-
oxidation induced oxidative stress, entered phase III
trial and was safe and tolerable in PD patients but it
failed to show any significant clinical sign improve-
ment in patients [157]. Ursonorm/ursodeoxycholic
acid is a bile salt approved for hepatic cirrhosis
treatment but when studied for its restorative role
on mitochondrial function in AD and PD fibrob-
lasts, it showed a positive effect and also reduced
the Drpl levels [158]. It is hence under phase II clin-
ical screening (NCT03840005). Recent studies show
that metformin helps undo TRAPS (TNF receptor-
associated periodic syndrome)-mutation-associated
change in the mitochondrial function in PD mice
models, partially rebuild the DA level, ameliorate the
neurochemical loss and behavioral alteration in vivo
[159].

Mito-met GPI 1485 is a neurotrophic
immunophilin-ligand that has shown the prop-
erty to repair neuronal degeneration and avert cell

death in animal models. In a 6-month phase II
clinical trial of GPI 1485, there was a raze towards
favorable effect on imaging but not clinical measures
in patients with PD [160]. The National Institute of
Neurological Disorders and Stroke Neuroprotection
Exploratory Trials (NINDS NET) for PD, which
enrolled and randomly assigned 213 participants,
71 to the CoQ10, 71 to the GPI 1485, and 71 to
the placebo arm, was not emphatic regarding the
disease-modifying effects of the tested compounds
and further studies were required to confirm efficacy
of the compound [161]. Decreased glutathione
reduced form (GSH) was found in early progres-
sion stage of PD, and glutathione expansion was
proposed as a therapeutic strategy in PD. In a phase
IIb study, intranasal glutathione was not primary to
placebo. Glutathione/N-Acetylcysteine (NAC) or
EPI-589 used as safety and biomarker study in PD
(NCT02462603). Inosine increases levels of urate,
a dormant antioxidant, and was proved safe and
tolerable in patients with early PD (SURE-PD trial).
SURE-PD III is in progress and plans to accept 270
patients with early untreated PD. NAC has role to
decrease the oxidative stress and regain the level of
glutathione. Mitochondrial Rho GTPase has also
been studied for mitochondrial structural integrity
and mitophagy homeostasis restoration. Creatinine,
a natural antioxidant, had neuroprotective effect
against MPTP-induced DA depletion in mice model
[162].

Calcium modulators

As discussed previously, Calcium (Ca®*) plays a
key role in the normal functioning of neurons and is
also involved in many cellular processes, for example,
oxidative stress, mitochondrial impairment, proteaso-
mal dysfunction, excitotoxicity, neuroinflammation,
and apoptosis that can eventually lead to cell death in
PD. Neurodegenerative conditions like PD generally
affect mitochondria and the bioenergetic status of the
cell, where mitochondrial Ca®*dysregulation plays
a key role in pathogenesis. However, the underlying
molecular mechanism(s) are still under investigation
due to which Ca*t homeostasis and mitochondrial
bioenergetics have received more attention in recent
years. Several studies have reported calcium dysreg-
ulation as the underlying mechanism for the elevated
cytosolic calcium level. For example, under normal
physiological conditions, voltage-dependent Ca*
channels (L-type) are opened by neuronal plasma
membrane depolarization during an action poten-
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tial and closed during repolarization. In midbrain
neurons, stimulation of the cells with DA lead to
activation of these channels. In PD, L-type Ca®t
channels are autonomously active leading to an
increased cytosolic Ca>* influx. Furthermore, a-Syn
itself has also been reported to increase cytosolic
Ca’* levels by forming plasma membrane pores
allowing extracellular Ca?T to pass. The elevated
intracellular Ca>* levels require higher ATPase activ-
ity to transfer Ca’>" across the plasma membrane,
resulting in an extra burden to the already bioenerget-
ically impaired neurons in PD. Increased intracellular
Ca®t levels also affect Ca?>* handling in intracel-
lular organelles such as the endoplasmic reticulum
and mitochondria which might potentiate patholog-
ical effects. Zonisamide, anticonvulsant agent used
for epilepsy, is a T-type calcium channel blocker,
blocks recurring firing by voltage gated sodium chan-
nel blockage or by allosterically binding to GABA
receptor. It aids in increasing striatal DA levels in
animal model of PD and hence, entered clinical trial
as an adjunctive therapy for advanced stage PD man-
agement (NCT04182399). Suvecaltamide/ CX-8998,
T-type Ca®t channel blocker clinical trial phase II
has been withdrawn which aimed at assessing its
effect on tremor associated with PD (NCT03436953).
Isradipine, L-type Ca’t channel blocker, is cur-
rently under phase III screening for PD management
(NCTO02168842) but it failed to slow the PD progres-
sion clinically [42].

PPAR agonist

PPAR is a kind of ligand-activated transcription
factor belonging to the class of nuclear receptor super
family and are actively engaged in the regulation of
mitochondrial functioning, inflammatory processes,
redox balance, wound healing, and metabolism of
blood sugar and lipids. The three significant iso-
forms were identified and cloned so far includes,
PPAR-a, PPAR-{3/8, and PPAR-vy, and are widely dis-
tributed in various body regions [163]. Activation of
the PPARs takes place with the help of lipophilic
molecules, which further form heterodimers with
retinoid X receptors in order to carry out cytoplasmic
stimulation. This heterodimer interacts with DNA
sequence elements known as peroxisome prolifera-
tor response elements to modulate the transcription
of genes that are actively involved in several bio-
logical processes, such as, insulin sensitization,
inflammatory processes, and neuronal protection.
PPAR agonists protects neuron via suppression of

autophagy-lysosome system dysfunction, UPS dys-
function, mitochondrial dysfunction, oxidative stress,
neuroinflammation, and programmed cell death.
PPAR agonists, suppress oxidative stress by elevat-
ing the levels of SOD and CAT. Additionally, these
agonists inhibit the activation of microglia, triggered
by toxin exposure. Moreover, PPAR agonists, non-
steroidal anti-inflammatory drugs, and montelukast
declines the expression of iNOS, NF-«B inflam-
matory mediators, ROS, microglia activation, and
neuroinflammation. Besides, a PPAR-y-coactivator,
namely PGC-1a decreases oxidative stress by elevat-
ing the levels of GSH, SOD, and CAT, and provokes
the NRF1 and NRF2 expression associated with
mitochondrial biogenesis, thereby furnish neuronal
protection. Apart from this, resveratrol, an antioxi-
dant also exhibits neuroprotective action by activating
PGC-1a [164]. In a recent study, a novel PPAR a/y
dual agonist MHY908, has shown to suppress inflam-
matory response and diminish insulin resistance
in aged rats and db/db mice. MHY908 attenuates
MPTP-induced glial activations in the nigrostriatal
pathway, and MHY908 effectively blocked MPP™
induced cell death and production of ROS in SH-
SY5Y neuroblastoma cells. The Study also unraveled
inhibition of MPP*-induced Astro-glial activation by
suppressing NF-«B signaling in primary astrocytes
[163].

Glucagon-like peptide 1 receptor agonist

Glucagon-like peptide-1 (GLP-1) and glucose
dependent insulinotropic peptide are synthesized and
released from gut enteroendocrine cells within small
intestine that controls meal-related glycemic excur-
sions by promoting release of insulin and inhibition
of glucagon secretion [165]. These two hormones
have been reported to be responsible for the major-
ity of insulin production, with GLP-1 showing more
intense effects than GIP in type 2 diabetes melli-
tus. According to epidemiological studies, type 2
diabetes mellitus and related insulin resistance con-
ditions are considered as risk factors for PD and other
age-related neurological disorders, suggesting the
existence of a connection between dysregulated com-
munication of the gut-brain axis and progression of
degeneration of neurons. Furthermore, metabolic and
neurodegenerative disorders share common patho-
physiological attributes that includes inflammation,
oxidative stress, abnormal protein aggregation and
disrupted cognition apart from insulin resistance.
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Activation of GLP-1 receptor (GLP-1R) on neuron
and glial cells, leads to initiation of downstream path-
ways that alleviate the effects of PD pathology, the
major upstream secondary messenger is cyclic adeno-
sine monophosphate (cAMP). Upregulation of cAMP
triggers downstream effector proteins that ameliorate
inflammation, oxidative stress, and apoptosis, which
provides neuroprotection and proliferative capabili-
ties for neurite outgrowth. Additionally, restoration
of insulin signaling through the upregulation of
active insulin receptor substrate-1 and downstream
proteins also provide neuroprotection. Increased pro-
duction of brain-derived neurotrophic factor and glial
cell line-derived neurotrophic factor, contributes to
combat PD [166]. According to studies, GLP1 and
exenatide has been shown to possess neuroprotective
property in SH-SYSY cell against 6-OHDA induced
cell death. 6-OHDA is a neurotoxin that kills DA
neurons. In ventral mesencephalic neuronal cultures,
treatment with exenatide did not only show to protect
DA neurons but also induced 60% elevation in the
level of TH positive cells over control values. It also
lowers proapoptotic proteins [167]. Semaglutide has
shown neuroprotective activity by suppressing the a-
Syn aggregates in mouse PD model [168] and further
advanced to phase II clinical trial (NCT03659682).
Liraglutide improved non-motor symptoms in PD
patients in phase II clinical trial (NCT02953665).

GBAI

GBA encodes glucocerebrosidase, a membrane
associated protein comprises of 497 amino acids with
39 amino acid leader sequence and 5 glycosylation
sites. It is synthesized in endoplasmic reticulum and
glycosylated but the activation takes place in acidic
environment of lysosome upon binding with co-factor
saposin C [169]. It performs the hydrolysis of the
lipid glucosylceramide into glucose and ceramide.
Reports suggest the existence of an inverse rela-
tionship between glucocerebrosidase and a-Syn set
by lysosome, which is responsible for degradation
of proteins, lipids and organelles. Lysosomal degra-
dation of a-Syn is carried out by both chaperone
mediated autophagy and macroautophagy.

Studies have shown that an elevation in a-Syn leads
to inhibition of translocation of glucocerebrosidase
from ER to lysosome. Reduction in glucocerebrosi-
dase results in gradual increase of glucocerebroside
inside the lysosome. Accumulated glucocerebroside
can trigger oligomerization and aggregation of a-Syn
in lysosome making it dysfunctional and impairing

autophagy mediated a-Syn degradation resulting in
aggregation of a-Syn in cytoplasm [170]. One more
mechanism by which GBA mutations lead to PD is the
impairment of ERAD and cellular demise. The aggre-
gation of a-Syn will induce ER tension, prevent the
ER-related substrate degradation, and also obstruct
the ER-to-Golgi traffic. GBA mutations can cause
alteration in structure of the GCase protein, leading
to the loss or reduced enzymatic activity. It has been
postulated that, these effects may emerge through
any of the following pathways: inability of GCase to
escape the ER, failure of GCase to bind to its traffick-
ing transporter LIMP2, failure of GCase to leave the
Golgi, breakdown of unstable and misfolded GCase
by the proteasome system, inactivation of GCase due
to the mutations at the active site, and degradation of
GCase by the proteasome system [171].

Activation of wild-type GCase indicates an emerg-
ing approach for the PD treatment. A novel
small-molecule GCase modulator called S-181,
increased wild type GCase activity in iPSC-derived
DA neurons from sporadic PD patients as well as
patients carrying 84GG mutation in GBA1, or other
mutations which results in reduction of GCase activ-
ity. Upon treatment with S-181, lysosomal function
got partially restored and a decreased accumulation
of oxidized DA, glucosylceramide, and a-Syn was
also observed [172]. According to data obtained from
in vivo and in vitro studies performed, it has been
reported that ambroxol increases GCase enzymatic
activity and declines a-Syn levels. This indicates
a vital role of ambroxol in modifying a relevant
pathogenetic pathway in PD [173]. LY3884961 is
being clinically screened for its safety and efficacy
in patients with at least 1 GBAl gene mutation
(NCT04127578).

Glutamate receptors

Glutamatergic neurotransmission accounts several
sensory, motor, autonomic, and cognitive activities.
So, to ensure proper neuronal transmission it is
essential to maintain extracellular glutamate levels in
physiological range [174]. Glutamate receptors are
primarily located on pre- and post-synaptic neuron
and distributed in all areas of the central nervous sys-
tem. Based on their pharmacological activity they
have been categorized into two classes: ionotropic
receptors (iGluRs) and metabotropic receptors
(mGluRs). Ionotropic glutamate receptors carry out
fast excitatory transmission in the mammalian CNS
and are further classified into N-methyl-D- aspartate
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(NMDA) receptors, o-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors, and
kainate receptors. While metabotropic glutamate
receptor mediates slow glutamate responses and are
further classified into 3 groups consisting of mGluR 1-
8. Stimulation of NMDA receptors by agonists, such
as glutamate and glycine, could induce the depo-
larization of neurons and allow the influx of Ca%™,
by opening the ion channel pore. Excessive accu-
mulation of Ca>* in cytoplasmic matrix triggers a
series of Ca>*-dependent enzymes and cause patho-
physiological changes in intracellular biochemistry,
which eventually leads to neuronal death. Therefore,
NMDA receptor has been considered to potential
target for parkinsonism [175]. Memantine, a partial
antagonist of NMDA receptor, approved for treat-
ment of moderate to severe AD has been reported to
possess neuroprotective activity. It acts by blocking
the NMDA glutamate receptor, normalizing glu-
tamatergic system and improve cognitive activity
[176].

AMPA receptors are weakly permeable to Ca’™
ions as compared to NMDA receptor, and medi-
ate influx of Na™ in neuron when stimulated by
glutamate. Activation of AMPA receptors leads
to increased influx of extracellular Zn’t in DA
neuron causing motor dysfunction. An elevation
in the expressions of AMPA receptors has been
observed in Parkinsonian monkeys (induced using
MPTP) and Dopa-mimetic treatment in subregions
of striatum. Thus, AMPA receptor antagonists are
likely to show antiparkinsonian activity [175]. In
monoamine depleted rats, 2,3- dihydroxy-6-nitro-
sulfamoyl-benzo(f)quinoxaline, a selective AMPA
receptor antagonist has shown to suppress muscular
rigidity but had no effect on akinesia while there was a
clinically apparent improvement in akinesia, tremor,
posture, and other motor activity in MPTP induced
parkinsonism in aged rhesus monkeys [177].

16 preclinical studies of mGIuRS antagonists have
been reported in animal models of L-Dopa induced
dyskinesias and also 7 clinical studies in patients
with PD and L-Dopa induced dyskinesia were
included. Anti-dyskinetic activity by mGluRS block-
ade (MPEP, MTEP, fenobam, or MRZ-8676) was
observed in dyskinetic 6-hydroxydopamine-lesioned
rats. Studies also reported anti-dyskinetic effects of
MPEP, MTEP, mavoglurant (AFQ056), and fenobam
in MPTP-lesioned non-human primates. In three ran-
domized double blind clinical trials, anti-dyskinetic
effects of mavoglurant were observed with no effects
on antiparkinsonian therapy [178]. In a recent study,

it has been shown that mGluRS5 plays a critical role
in counteracting a-Syn induced neuroinflammation.
The study has provided a novel mechanism which
involves dissociation of mGluR5-a-Syn complex in
microglia by enhanced mGIuRS expression, and it
may be a potential strategy for neuroprotection [179].
Studies also reported role of mGluR4 in motor dys-
function and L-DOPA induced dyskinesia in primate
model of PD. LSP1-2111 an mGluR4 agonist has
been shown to produce an anti-parkinsonian effect
without provoking dyskinesia in L-DOPA primed
MPTP-treated marmosets, however, it was unable to
reduce the severity of established LID [180].

LRRK2

LRRK?2 is a large protein composed of 2527-
amino acids with multiple functional domains: (1)
N- to — C terminus armadillo ankyrin; (2) a
Ras-of-complex (ROC) GTPase; (3) a COR dimer-
ization domain; (4) Leucin-rich repeats; (5) a
serine/threonine kinase domain [181]. LRRK2 plays
numerous role which includes cytoskeletal remod-
eling to protein expression, synaptic transmission,
and membrane trafficking, via phosphorylation of
diverse substrates such as [B-tubulin, tau, micro-
tubule affinity-regulating kinase 1 (MARKI1), etc.
[182]. More than 30 mutations of LRRK2 have been
described, most common ones belong to ROC-COR
GTPase (R1441G/CH, Y1669C) and kinase domains
(G2019S, 12020T), representing the crucial role of
both enzymatic domains in pathogenicity of PD
driven by LRRK?2 [181].

The G2019S mutation has been indicated as
the prominent genetic determinant of PD. And
it is believed that G2019S mutation is responsi-
ble for the upregulation of LRRK2 kinase activity,
which eventually leads to neuronal loss [183]. Rab
GTPase family consists of more than 60 members in
human genome, and carryout regulation of intracel-
lular trafficking. It has been reported that LRRK2
can phosphorylate 14 Rab GTPases (Rab3a/b/c/d,
Rab5a/b/c, Ra/b, Rab10, Rab12, Rab29, Rab35, and
Rab43) [184]. LRRK2 regulate the endo-lysosomal
pathway via interacting physically or functionally
at several steps, and that manipulation in LRRK
expression levels or kinase activity resulting into
pathological dysfunction in vesicle trafficking and
protein degradation [ 185]. Reports suggests that bind-
ing and hydrolysis of GTP affects LRRK2 kinase
activity, and that G2019S mutation-driven neurode-
generation relies on both GTPase and kinase activity.
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Preclinical studies performed in transgenic rodent
models of PD have shown that mice overexpressing
kinase activating LRRK2 G2019S showed progres-
sive degeneration of DA neurons, and it can be
reduced by LRRK2 inhibitors, they also reduced
trans-axonal a-Syn aggregates and a-Syn propaga-
tion, reverse neurite shortening in primary neuronal
culture from transgenic mice over expressing LRRK?2
G2019S or R1441G, inhibition of LRRK?2 kinase
reduced proinflammatory microglial signaling in rats
[186].

Curcumin is a potent antioxidant, in one study
curcumin pre-treatment has been shown to improve
mitochondrial dysfunction triggered by paraquat in
fibroblasts from LRRK2-mutation positive PD indi-
viduals [187]. BIIB122/ DNL151, a potent LRRK?2
inhibitor is under phase IIb clinical screening for
its efficacy to delay the worsening of pathology for
early-stage PD patients (NCT05348785). DNL 201,
LRRK?2 protein inhibitor, is under phase I clini-
cal trial for safety and efficacy evaluation in PD
(NCT03710707).

microRNAs

miRNAs reported to regulate the a-Syn gene
expression, i.e., SNCA gene include miR-7, miR-
153, and miR-203a-3p. Overexpression of miR-7
generally decreases the protein expression levels of
the SNCA gene. In PD patients, there occurs an over-
expression of the a-Syn protein owing to the low
expression levels of miR-7 [188]. miR-153 degrades
the mRNA responsible for the translation of a-Syn
protein, keeping them healthy. miR-203a-3p levels
were downregulated in human DA neuroblastoma
cells treated with MMP™. Upregulation of miR-203a-
3p inhibited the SNCA expression and also, was
found to cease the cleavage of caspase-3, thus, pre-
venting neuronal cell death [189].

Parkin (E3 Ubiquitin Ligase) is a protein that
plays an explicit role in mitophagy. It was observed
that the Parkin levels were downregulated with the
overexpression of miR-103a-3p and miR-181a. The
miR-103a-3p knockout lead to an increased parkin
expression proving that this miRNA regulates the
expression of parkin mRNA by binding to the 3’UTR
region [189, 190]. In rotenone-treated SH-SY5Y
cells, the transcription of miR-146a increases due
to the induction of NF-«B, as a result of which, the
parkin protein levels drop low. Apart from regulat-
ing parkin levels, in SH-SYSY cells, miR-181a also
controlled the expression of neurite growth genes

such as SMADI1 and SMADS transcription factors.
The downregulation of this miRNA increased the
SMADI and 5 levels causing an increase in neu-
rite length and neurite branching [191]. From a study
conducted by Guo and Hua in 2020, it was inferred
that the downregulation of miR-181 offered neu-
roprotection to MPP™ treated cells by increasing
viability and inhibiting apoptosis, thereby, making
it a promising therapeutic agent for posterity [189,
191]. Additionally, the miR-218 was found to neg-
atively regulate pinkl/parkin induced mitophagy,
meaning, its decreased expression would trigger the
mitophagy pathway intended for destroying malfunc-
tioning mitochondria [192]. PINK1 gene encodes for
an enzyme situated on the mitochondria known as
PTEN-induced serine threonine kinase 1. Defective
mutations of this gene would trigger the collapse
of the ETC and affect the bioenergetics of the cell.
PINK1 mutations are associated with early onset of
PD [150]. Both miR-27a and miR-27b downregulate
the expression of PINK1 by binding onto 3° UTR
region. Lack of PINKI signifies a lack of parkin
recruitment onto the OMM and hence PINK1/parkin
induced mitophagy is ceased [193].

The LRRK?2 gene codes for the kinase protein dar-
darin and its mutations have led to the manifestation
of sporadic and familial forms of PD. The expression
of LRRK2 gene and miR-205 has a converse corre-
lation with one another. Upregulation of one would
downregulate the other. On a similar note, miR-599
expression is extremely downregulated in various PD
models, augmenting the levels of LRRK?2 protein and
vice versa [194].

Additionally, a few miRNAs have been reported
to show a potential protective action for DA neu-
ron survival. miR34-b and miR34-c were both found
to be expressed at low levels in different brain
regions of PD patients. Their downregulation led to
increased ROS production, decreased cell viability,
and induced mitochondrial dysfunction. A decrease
in levels of protective proteins such as Parkin and
DJ1 was also observed in tandem [195]. On the
contrary, miR-126 was found to be upregulated in
DA neurons, making them liable to 6-OHDA and
staurosporine (non-selective protein kinase inhibitor)
[195]. DA neuronal cells over expressed with
miR-126 were susceptible to damage induced by
amyloid- protein associated with AD [196]. An
increase in miR-126 expression is most likely to
downregulate insulin/IGF-1/phosphatidylinositol-3-
kinase (PI3K)/AKT and ERK signaling pathways,
thereby, promoting the death of DA neurons [197].



5420 P. Naren et al. / Advances in PD Therapeutic and Pathology

The expression levels of miR-326 and miR-128 was
found to be very low in MPTP-induced PD mice
model and on the contrary, their overexpression was
found to improve motor dysfunction and the overall
health of SNpc and increase the expression of exci-
tatory amino acid transporter 4, preventing apoptosis
of DA neurons respectively. miR-326 played a role
in the induction of autophagy in an in vivo mouse
model of PD by triggering the JNK pathway by bind-
ing to the X-box binding protein 1 [198]. In addition
to this, miR-326 upregulation was found to inhibit
immunomodulatory factors such as IL-1, IL-6, TNF-
a, and INF-y [199-201]. Collectively, the levels of
miR-16, miR-326, and miR-128 were found to be
considerably low in multiple sclerosis patients receiv-
ing a formulation of nano-curcumin. Nano-curcumin
was found to decrease the levels of Th-17 in these
patients. Emerging evidences suggest that peripheral
T lymphocytes, especially, Th-17 plays a key role in
PD inflammation and hence targeting it via miRNA
alteration could potentially satisfy the unmet needs
of PD patients [202].

NLRP3 inflammasome

NLRP3 is a complex inflammasome sensor protein
that has an abundant role in inflammatory diseases
and is currently the talk of the scientific community.
The very basic understanding of its working is as fol-
lows: activation of this inflammasome by DAMPs or
PAMPs causes the recruitment of ASC speck (adaptor
protein) and pro-caspase 1 (zymogen). This triggers
autoproteolysis of pro-caspase 1 into active caspase
1 (effector), which in turn cleaves pro-IL-1p into
IL-1pB, pro-IL-18 into IL-18, and gasdermin-D into
N-terminal gasdermin-D. N-terminal gasdermin-D
forms pores in the membrane which further leads
to pyroptosis and secretion of the pro-inflammatory
cytokines extracellularly. The evidence calling out
on NLRP3 inflammasome driven inflammaging is
overwhelming. It sits at the very roots of pathogenic
mechanisms involved in the inflammation-driven dis-
eases such as arthritis, inflammatory bowel disease,
cryopyrin-associated periodic syndromes, and neu-
rodegenerative disorders including AD and PD [203].

Recently in 2019, Ising et al. [204] established an
immense interconnection that the tau protein pathol-
ogy observed most commonly in AD as well as
in some cases of PD, is driven by the activation
of NLRP3 inflammasome. A research conducted by
Richard Gordon and his team proved the inhibition
of this inflammasome beneficial in preventing o-

Syn pathology and DA neurodegeneration in mice
[205]. Much after the ground-breaking discovery
of MCC950 (a small molecule direct inhibitor of
NLRP3 inflammasome) by Cooper and O’Neil in
2015, numerous clinical R and D set-ups were
established by major pharma giants like Pfizer and
Novartis to develop inhibitors of NLRP3 inflam-
masome. Various manufacturers of these selective
drugs include IFM Tre (currently sold to Novartis),
Inflazome (recently acquired by Roche), Nodthera,
Olatec, Quench bio, ZyVersa, and the like. Dapan-
sutrile from olatec and Somalix and inzomelid from
Inflazome are currently undergoing phase II clini-
cal trials for various inflammatory diseases including
PD and AD. Canakinumab, the IL-b1 inhibitor from
Novartis, is also in phase II trials for mild cognitive
impairment and AD. A novel drug, IC-100, developed
by ZyVersa therapeutics is a monoclonal antibody
aimed against ASC protein of the inflammasome
complex. NLRP3 inhibitors of Nodthera and IFM Tre
are also in clinical trials for inflammatory diseases
such as inflammatory bowel disease, Crohn’s dis-
ease, fibrosis, arthritis, and the like [203]. Erinacine
A, extracted from Hericiumerinaceus mycelium, have
shown potential activity to attenuate the DA neu-
ronal loss, motor function impairment, and apoptosis
in neurons in PD rat model. Hence, this agent was
further carried to clinical trial to evaluate the effec-
tiveness of the compound on non-motor symptoms
in early-stage PD patients (NCT04428983). Rotigo-
tine/LY 03003, a DA D2 receptor agonist formulated
as an extended-release microsphere, is under phase
III clinical screening for symptomatic management
of early-stage PD patients (NCT(04455555). Another
DA receptor modulator, CJH1/CLR4001, is under-
going phase II clinical screening (NCT01684475).
Tavapadon/PF-06649751, a D1/D5 receptor ago-
nist, is under phase II trial for PD management
(NCT02847650). Pramipexole/P2B001, D2 recep-
tor agonist, is undergoing phase II/IIl trial for
symptomatic management of PD (NCT01968460).
Ropinirole, a D2 receptor agonist, was undergo-
ing phase III clinical trial but was terminated
(NCT01929317). ABBV-0805, a o-Syn aggregate
solubilizing antibody, has shown its efficacy to reduce
the a-Syn load in mouse model of PD and hence
advanced to clinical trial phase I, but due to strategic
reconsideration, the trial was halted [206]. SAGE-
217/Zuranolone, a positive allosteric modulator of
GABA-A receptor, is currently in phase II clin-
ical trials for PD management (NCT03000569).
Cannabinoid receptor CB1/2 agonist, nabilone, has



P. Naren et al. / Advances in PD Therapeutic and Pathology S421

Table 2
Agents under clinical screening for PD
S.N. Name Mode of Action Clinical Trial Phase
Mitochondrial Agents
1. Ubiquinol Lipid Peroxidation inhibition I
2. Ursonorm/ Ursodeoxycholic acid Restorative role on mitochondrial function in AD and I
(NCT03840005) PD fibroblasts also reduced Drp-1 level
3. EPI-589 (NCT02462603) Safety and biomarker study I

Calcium Acting

Zonisamide (NCT04182399)

T-type calcium channel blocker

2. Suvecaltamide/ CX-8998 (NCT03436953) T-type Ca®>* channel blocker II (withdrawn)
3. Isradipine (NCT02168842) L-type calcium channel blocker I
LRRK2
1. BIIB122/ DNL151(NCT05348785) LRRK?2 inhibitor 1Ib
2. DNL 201 (NCT03710707) LRRK?2 inhibitor I
3. BIIB094/ Ion-849 (NCT03976349) LRRK?2 inhibitor I
GBAl
1. LY3884961 (NCT04127578) Screened for safety and efficacy /1t
2 Ambroxol HCI Disease modifying I
GLP1
1. Semaglutide (NCT03659682) Neuroprotective action, suppress o-syn aggregates I
2 Liraglutide (NCT02953665) Improve non-motor symptoms I
NLRP3 Inflammasome
1. Canakinumab IL-b inhibitor I
1C-100 Act against ASC protein of inflammasome complex
Dopamine Receptor Modulators
1. Erinacrine A (NCT04428983) Attenuate DA neuronal loss, motor function impairment
and Apoptosis
2. Rotigotine/LY03003 (NCT04455555) DA D2 receptor agonist I
3. CJH1/ CLR4001 (NCTO01684475) DA receptor modulator 11
4. Tavapadon/ PF-06649751 (NCT02847650) D1/D5 receptor agonist I
5. Pramipexole/P2B001 (NCT02847650) D2 receptor agonist TI/11T
6. Ropinirole D2 receptor agonist III (terminated)
Others
1. ABBV-0805 (NCT04127695) Syn aggregates solubilizing antibody, reduce a-Syn load I
2. SAGE-217/ Zuranolone (NCT03000569) Positive allosteric modulator of GABA-A receptor I
3. Nabilone (NCT03773796) Cannabinoid receptor CB1/2 agonist I
4. Trehalose (NCT05355064) Autophagy stimulant, also inhibit protein aggregation v

undergone phase Il trial (NCT03773796). Trehalose,
an autophagy stimulant which also act to inhibit pro-
tein aggregation, is under phase IV clinical screening
for its efficacy in PD (NCT05355064). Table 2 lists
the agents under clinical screening.

CONCLUSION

PD is a complex progressive neurodegenera-
tive disorder involving several pathological changes
including inflammation, oxidative damage, exci-
totoxicity, and epigenetic modulation leading to
transcriptional modulation of gene expression and
dysregulated proteostasis. Decades of research in PD
has led to the unraveling of numerous pathological
proteins and pathways where recently, mitochondrial

dysregulation has grabbed the spotlight due to its
influential role in homeostatic cellular processes. The
small molecule inhibitors discovered for such dys-
regulated proteins include agents in advanced phases
(phase III/IV trials) like isradipine, ubiquinol, and
trehalose while some agents just entered clinical
screening like DNL201, ABBV-0805, and erinacrine.
In addition to these small molecule inhibitors,
antibodies have also caught attention as disease-
modifying agents for neurodegenerative disease, like
the recently approved aducanumab that has an abil-
ity to inhibit amyloid peptide aggregation. Similarly,
a few peptides like 4554 W [207], BIIB054 [208],
and scFv [209] are studied for their efficacy to inhibit
synuclein aggregation, which remains the pathologi-
cal hallmark for PD. This signifies the need for a more
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strategical discovery that can be implemented for
designing optimized pathological modulators. Elu-
siveness of PD pathology raises an urgent need to
find out the affected protein and ergo, the disease
pathway. Our work provides a brief description of
the recently discovered target proteins and the agents
studied against them, but a lot more must be con-
sciously understood and unraveled in order to come
up with ideal and exquisite alternatives for the PD
remedy.
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