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Abstract
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Parkinson's Disease (PD) is the second most frequently observed slowly progressive Medicine, Gazi University, Ankara, Turkey

neurodegenerative disease after Alzheimer's. Although dopamine replacement remains
an essential component of treatment, the point at which dyskinetic movements and
motor fluctuations begin may demand a number of different approaches, both medical
and surgical, delivered within a multidisciplinary framework. Significant new approaches
to dopamine replacement are emerging. One of the most challenging aspects of treating Submitted: 12 December 2024
the disease is the management of various non-motor symptoms, including anxiety,
depression, constipation, bladder dysfunction, and sleep disorders. Innovative strategies
are urgently required to combat these symptoms, which have a significant negative
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impact on quality of life. This review presents the latest therapeutic approaches that Copyright: © 2024 Aksoy A, et al. Distributed
support the optimal treatment of both the non-motor and motor symptoms of PD. under Creative Commons CC-BY 4.0 @®
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involves, among many other factors, the onset and progressive loss of
dopaminergic neurons of the substantia nigra pars compacta by protein
aggregates; these are primarily Lewy bodies composed of a-synuclein
[1]. PD is the second most frequently observed neurodegenerative disease
worldwide. The incidence of PD is substantial, and it has a major impact
on society. According to 2016 data, approximately 6.1 million people live
with PD globally [2].

Motor dysfunctions like tremors, rigidity, bradykinesia, and postural
instability constitute the main symptoms of PD. In addition to these, PD
patients frequently experience associated non-motor symptoms. These
can consist of autonomic dysfunction, such as orthostatic hypotension, as
well as psychiatric issues, such as depression and anxiety and depression.
PD can thus be seen as a systemic disease, rather than simply as a disorder
involving the central nervous system. Non-Motor Symptoms (NMS) of
PD are increasingly recognized as key components of the disease, often
emerging before motor symptoms and significantly impacting quality of
life [3,4]. Cognitive impairments, which can range from mild deficits to
full-blown dementia, affect a substantial proportion of patients and are

associatedwithwidespreadcortical pathology|[5,6]. Depressionandanxiety

are common, affecting up to 40% of patients, likely due to dysregulation
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of serotonergic and dopaminergic systems [7,8].
Autonomic dysfunctions, such as constipation
and orthostatic hypotension, are frequently linked
to Lewy body pathology in peripheral autonomic
neurons [9,10]. Sleep disturbances, including Rapid
Eye Movement (REM) sleep behavior disorder, may
serve as early indicators of PD [11,12]. Together,
these non-motor symptoms highlight the complex,
multifaceted nature of PD, extending well beyond the
motor impairments traditionally associated with the
disease [13,14].

Environmental factors are also considered crucial,
as exposure to specific chemicals and pesticides may
lead to symptoms similar to those of PD. In addition
to environmental factors, more than 200 genes that
are associated with PD have been identified. In short,
PD is a complicated genetic disease in which genetic
factors, environmental aspects, and aging all combine
[15]. Therefore, multiple parameters should be
considered when treating PD. Despite the availability
of several medications, the disease is still incurable,
and symptoms are only partially controlled, with
severe side effects occurring. Although many years
have been spent researching and investing in the
development of new drug molecules and treatments,
no specific therapies to prevent or slow down how
the disease progresses have yet been clinically
approved. However, many experimental treatments
have demonstrated success in preclinical animal
models and clinical trials are currently taking place
to investigate these further. This review highlights
recent preclinical studies.

Treatment of PD requires careful consideration
of a number of factors, including the patient's
symptoms and signs, age, stage of the disease, degree
of functional disability, and level of physical activity
and productivity. Almost all available treatments are
symptomatic and do not reverse the natural course of
the disease (Table 1).

Pharmacological treatment

The main drugs used for the treatment of motor
symptoms in PD are levodopa, Dopamine Receptor
Agonists (DA), Monoamine Oxidase Type B (MAO
B) inhibitors, anticholinergic agents, amantadine,
Catechol-0-Methyl Transferase (COMT) inhibitors.
Levodopa or L-Dopa is a dopamine precursor found
in the amino acid structure and is the most effective
drug for the treatment of movement disorders caused
by PD. Carbidopa cannot cross the blood brain barrier
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and reduces the peripheral side effects of Levodopa to
acertain extent byblocking the peripheral metabolism
of L-dopa to dopamine. COMT inhibitors are used
primarily to help with “wearing off” — changes in
the ability to move as the effect of levodopa becomes
short-lived. MAO B inhibitors are drug molecules that
show their effect by inhibiting monoamine oxidase
B, the enzyme responsible for dopamine destruction
in the brain. DA are drug molecules that act by
stimulating dopamine receptors (Figure 1) [36,37].

Levodopa (L-dopa; 3,4-dihydroxy-L-
phenylalanine) is converted into dopamine in the
brain. It is to date the most successful medication
used to control the motor symptoms of PD. Because
the neurotransmitter dopamine is not able to cross
the blood-brain barrier, its precursor levodopa is used
to treat PD and is the most effective antiparkinsonian
agent [38]. Levodopa has been the main medication
employed for antiparkinsonian treatment since it
was introduced in the latter half of the 1960s, and no
other drug or surgical intervention is more effective
[39]. L-dopa rapidly and effectively controls PD,
particularly bradykinesia and rigidity. L-dopa,
which exerts its symptomatic effect as a result of
its conversion in the brain to dopamine, has several
complications, including nausea, hypotension,
drowsiness,  hallucinations, impulse control
disorders, dystonia, and dyskinesia. These limiting
complications are due to the intermittent stimulation
of striatal dopamine receptors [40]. Therefore, it is
used in combination with other drugs to prevent its
conversion to dopamine in the periphery. Carbidopa,
a dopa decarboxylase inhibitor, is commonly used in
combination with L-dopa to prevent its conversion
to dopamine in the periphery [41]. As a peripheral
decarboxylase inhibitor that cannot cross the blood-
brain barrier, carbidopa reduces the peripheral
conversion of L-dopa to dopamine. This enhances
the availability of L-dopa to cross the blood-brain
barrier, thereby increasing its central efficacy.
Consequently, the required dose of L-dopa to achieve
therapeutic effects can be reduced, which may also
mitigate peripheral side effects to some extent [42].

DA are pharmacological agents designed to
treat various conditions, including PD, restless legs
syndrome, galactorrhea, prolactinoma, amenorrhea,
and specific cases of acromegaly [43]. These agents
mimic dopamine's effects in the brain. Examples
include ropinirole, rotigotine, and pramipexole. DA
represent the most significant group of drugs for
PD treatment after L-dopa, providing symptomatic
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Table 1: Therapeutic strategies for Parkinson’s disease: Mechanisms, side effects, and recommendations.

Treatment

Levodopa (L-Dopa)

Dopamine Agonists

MAO-B Inhibitors

COMT Inhibitors

Amantadine

Anticholinergics

Deep Brain
Stimulation (DBS)

Photothermal-Based
Treatments

Nucleic Acid-Based
Treatments

Cellular Treatments

Physical Therapy

Exercise and Diet

Psychological
Therapy

Target Symptoms

Motor symptoms

Motor and selected non-
motor symptoms

Mild motor symptoms

Motor fluctuations

Dyskinesia and motor
symptoms

Tremor

Advanced motor
symptoms resistant to
medication
Motor symptoms and

localized brain regions

Genetic contributors to
Parkinson’s disease

Progressive motor and
non-motor symptoms

Motor and balance issues

Overall symptoms

Non-motor symptoms
(e.g., depression, anxiety)

Mechanism of Action
Converts to dopamine in the
brain to replenish deficient levels
[16].

Directly stimulate dopamine
receptors [18].

Inhibit dopamine breakdown by
blocking monoamine oxidase-B
[20].

Prolong dopamine activity
by inhibiting catechol-O-
methyltransferase [22].

Antagonizes NMDA receptors to
modulate glutamate [24].

Reduce acetylcholine activity in
the brain [26].

Stimulates specific brain regions
such as the subthalamic nucleus
[28].

Use of photothermal agents to
target and reduce aggregated
alpha-synuclein proteins through
localized heat [30].
Delivery of RNA interference
(RNAI) or antisense
oligonucleotides to modulate
disease-causing genes [31].

Transplantation of dopaminergic
neurons or stem cells to restore
dopamine production [32].

Enhances mobility, posture, and
gait [33].

Improves muscle strength,
flexibility, and energy levels [34].

Addresses emotional and
cognitive challenges through
structured interventions [35].

Side Effects
Dyskinesia, motor
fluctuations, nausea,
hypotension [17].
Hallucinations,
impulsive behaviors,
peripheral edema,
excessive sleepiness
[19].

Headache, nausea,
insomnia [21].

Diarrhea, liver toxicity,
dyskinesia [23].

Hallucinations,
skin discoloration,
peripheral edema [25].
Cognitive impairment,
dry mouth, blurred
vision, constipation
[27].

Surgical risks, device
complications,
infection [29].
Potential tissue
damage, thermal
sensitivity, off-target
effects [30].
Immune reactions,
off-target gene
suppression, delivery
challenges [31].
Immune rejection,
tumor formation, graft-
induced dyskinesia
[32].

No significant side

effects .

No significant side
effects.

No significant side
effects.
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Recommendations
Often used as first-line therapy;
requires careful monitoring
over long-term use.

Recommended for younger
patients; older patients
require monitoring for
neuropsychiatric effects.

Commonly used in early
stages or as adjunct therapy
with levodopa.
Typically combined with
levodopa to enhance its
effects.

Effective for controlling
dyskinesia; used as an adjunct
therapy.

Suitable for younger patients
with predominant tremor;
caution advised for older
individuals.
Effective in advanced stages;
patient selection is crucial for
success.

Currently experimental; may
provide non-invasive options
for localized treatment.

Promising for genetic forms
of Parkinson'’s; further clinical
trials needed.

Effective in preclinical models;
patient safety and graft
functionality are key concerns.

Recommended as a
complementary intervention at
all disease stages.
Critical for improving quality
of life and managing overall
health.

Plays an essential role
in managing non-motor
symptoms.

relief by stimulating postsynaptic D1-D3 dopamine
receptors without affecting dopamine metabolism
[44]. They cause fewer motor complications than
L-dopa and are often used as first-line monotherapy,
particularly in younger patients with early-onset
PD, to delay the initiation of L-dopa therapy [42].
Monoamine Oxidases (MAOs) are enzymes that
catalyze the oxidation of monoamines, including

dopamine. There are two isoforms of MAO: MAO-A,
predominantly found in the small intestine, and
MAO-B, primarily located in the brain [45,46].
MAO inhibitors with specificity and selectivity for
MAO-B prolong dopamine activity in the striatum
by inhibiting the breakdown of both exogenous and
endogenous dopamine. As a result, these inhibitors
can be used as monotherapy in the early stages of PD
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Figure 1 Treatment agents for dopaminergic therapy of PD. (Figure were drawn using the BioRender application).

or as adjunctive therapy in levodopa-treated patients
experiencing motor complications [47].

The balance between acetylcholine and dopamine
neurotransmitters is crucial for the coordinated
functioning of striated muscles. Agents such as
trihexyphenidyl and benztropine can help manage
tremors and muscle stiffness. In patients with PD, a
reduction in dopamine levels and a relative increase
in acetylcholine contribute to symptoms such as
muscle stiffness and tremors. Anticholinergic drugs,
which decrease cholinergic activity, were among the
first medications developed for PD treatment and are
now widely used, either alone or in combination with
other drugs. However, their use should be avoided in
elderly and cognitively impaired patients due to the
risk of confusion [48].

Amantadine, an antiviral agent initially developed
for the treatment of influenza, was serendipitously
found to improve the symptoms of PD. It is used to
manage rigidity, resting tremors, and, in some cases,
fatigue, offering short-term symptomatic relief for

patients. Additionally, amantadine has been shown
to reduce the risk of levodopa-induced dyskinesia by
enabling a reduction in the required dose of levodopa
[48].

COMT is an enzyme that catalyzes the methylation
of catechol substrates, first identified by Axelrod
and Tomchick in 1958 [49]. COMT inhibitors extend
the duration of levodopa’s effects by preventing
its breakdown. COMT substrates include various
catechols, such as catecholamines, their hydroxylated
metabolites, catechol estrogens, ascorbic acid, and
medicinal compounds [50]. Additionally, COMT
metabolizes L-dopa in the periphery to form
3-0-methyldopa. By inhibiting this process, COMT
inhibitors increase the amount of L-dopa that reaches
the brain. These inhibitors must always be used in
combination with L-dopa, as they are ineffective
as monotherapy. Currently used COMT inhibitors
include tolcapone, entacapone, and nitecapone [42].

Tolcapone is effective in the central nervous
system due to its ability to cross the blood-brain
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barrier, whereas entacapone and nitecapone act
only peripherally. The use of COMT inhibitors has
significantly improved levodopa treatment for
advanced stages of PD. However, the currently
available inhibitors have certain limitations, and
safety concerns regarding some of them restrict their
clinical use and effectiveness. Further research is
needed to develop COMT inhibitors that are both safer
and more effective for the treatment of PD [42].

Gene-based treatment approaches

Evidence from multiple components of genetic
risk and genes that cause disease has confirmed that
these are involved in the pathophysiology of PD [51].
Several loci (EIF4G1, PARK 13, PARK 15, and PARK 1)
and risk components (HLA, GAK, MAP, BST1, PARK
16, GBA, and LRRK2, SNCA) have been identified in
linkage analyses and association studies [52].

Gene therapy is a method of regulating genes
in human cells or preventing diseases [53]. A more
complex definition would include the replacing,
silencing, or modifying of a faulty gene with a
beneficial gene [54]. Non-replicating viral vectors
and multiple serotypes of recombinant Adeno-
Associated Virus (AAV) are involved with this
molecular engineering method [55].

Alpha-Synuclein (AS) is a protein, has a crucial
function in the pathogenesis of PD, because
mutations and duplications of the AS gene (SNCA)
locus give rise to familial PD [56,57]. Aggregated AS
is a prime constituent of Lewy bodies and a mark of
AS-associated PD and most idiopathic cases; it is also
possible for it to be secreted into the extracellular
space and "spread" to anatomically connected brain
regions trans-synaptically [58].

Therapeutics that are specifically targeted to
limit the accumulation of AS may prevent or reduce
the speed of the neurodegenerative processes
seen both in PD and different synucleinopathies.
The small molecule alpha-synuclein misfolding
inhibitor, NPT200-11 significantly reduces AS
aggregation. Its impact on AS neuropathology
have been assessed using human alpha-synuclein
expression in animal models and have been shown
to reduce alpha-synuclein pathology in the cortex,
reduce the neuroinflammation associated with this
(astrogliosis), normalize levels of striatal Dopamine
Transporter (DAT), and improve motor function [59].

Anlei8b (MODAG GmbH) is an AS aggregation
inhibitor now in development for synucleinopathy
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multisystem atrophy which could potentially be used
in PD; it is currently undergoing a Phase 1 safety and
tolerability trial (NCT04208152) [60].

The process of neurodegeneration activates
the tyrosine kinase Abl. A study has revealed that
lentiviral expression of a-synuclein in mouse
substantia nigra causes the activation of Abl
(phosphorylation), and that lentiviral Abl expression
increases the levels of a-synuclein in PD brains,
consistent with Abl activation. Administering the
tyrosine kinase inhibitor nilotinib reduces Abl
activity and leads to better autophagic clearance of
a-synuclein in transgenic and lentiviral gene transfer
models. According to the data, it may be possible to
use nilotinib therapeutically to degrade a-synuclein
in both PD and other a-synucleinopathies [61,62].

Soon after LRRK2 (the leucine-rich repeat kinase
2) gene at the PARKS8 locus on chromosome 12
had been cloned and identified , it was found that
disease-associated mutant forms of the protein could
cause CNS neuron death [63]. In the last decade,
considerable efforts have been made to develop
potent and selective small-molecule inhibitors of
LRRK2 and to conduct preclinical tests in various
PD models [64]. Administration of an LRRK2 kinase
inhibitor in a mouse model of synucleinopathy
reduced a-synuclein aggregation through enhancing
the interaction of a-synuclein with the pathway of
lysosomal degradation. These findings indicate that
LRRK2-mediated RAB35 phosphorylation could be a
therapeutic target in terms of altering the progression
of disease [65].

B-Glucocerebrosidase is an enzyme with
glucosylceramidase activity and heterogeneous
mutations in the GBA1 gene encoding the enzyme is
one of the major genetic causes of PD [66,67]. This
mutation increases the risk of PD by 20 times [68].
In phenotypical terms, it is virtually impossible to
distinguish between IPD and GBA-PD apart from the
acceleration of the progress of motor and non-motor
symptoms in those with GBA-PD [69,70]. GCase
deficiency can give rise to AS accumulation through
oligomer stabilization, which can lead to even more
decrease in GCase activity, giving the effect of a
bidirectional positive feedback loop [71]. This "toxic"
relationship has been developed both in vitro and in
vivo, and the most favored hypothesis is that GCase
deficiency causes first lysosomal dysfunction and
then proteinopathy in synucleinopathies [72]. These
results strengthen the view that the restoration of
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normal levels of GCase enzyme activity may limit
the speed at which PD progresses in patients with
GBA1 mutations. In mouse models it has been shown
that using PR00O1, an AAV9 vector-based gene
therapy developed in order to deliver a functional
GBA1 gene to the brain, may slow down or halt the
disease. At present, PR001 is being clinically trialed in
Parkinson's patients who have GBA1 mutations [73].
Another study investigated a-synuclein metabolism
in LIMP-2-deficient mice, as it is closely linked to
the expression of Lysosomal Integral Membrane
Protein Type 2 (LIMP-2). In an in vivo study, mice
exhibited a dose-dependent a-synuclein phenotype,
which included severe neurological deficits as well
as premature death. A significant reduction in GCase
activity in LIMP-2-deficient brains brought about
inflammation, lipid storage, impaired autophagic/
lysosomal function, a-synuclein accumulation,
mediating neurotoxicity of Dopaminergic (DA)
neurons, and apoptotic cell death. Heterologous
expression of LIMP-2 increased the speed at which
overexpressed a-synuclein was cleared, possibly
through an increase in the activity of lysosomal GCase.
In human PD midbrain DA neurons which survived,
there was an increase in levels of LIMP-2, perhaps as
compensation for the lack of lysosomal GCase. The
manipulation of LIMP-2 expression to increase the
amount of lysosomal GCase activity may thus show
promise in treating synucleinopathies in a strategic
manner [74].

While it is true that gene therapy has not as yet
led to a cure for PD, growing evidence supports the
idea that this treatment modality is a vital avenue to
explore in the future.

Photothermal-based treatments

Phototherapies are currently undergoing a rapid
evolution; they are therapeutic modalities which use
various wavelengths of light to cause photothermal
or photochemical alterations within a specifically
targeted tissue [75]. The most frequently encountered
phototherapies are Photodynamic Therapy (PDT) and
Photothermal Therapy (PTT), which deploy light
and exogenous or endogenous absorbers in order to
generate cytotoxic Reactive Oxygen Species (ROS) and
to elevate the local temperature, respectively [76].

PTT typically uses light that is Near-Infrared (NIR)
to increase the temperature of tissue and bring about
localized photocoagulation. PTT uses a light power
that is relatively high to achieve subcoagulative (43-
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55°C) or coagulative (55-100°C) temperatures that will
lead to rapid cell death through damage to the cell
membrane and protein denaturation. Recent research
has provided confirmation that low-temperature
photothermal treatment (LTPTT, 41-43°C) with
an 808 nm NIR laser enhances BBB permeability,
increases the accumulation of drugs in the brain,
and demonstrates good therapeutic outcomes in
neurodegenerative diseases [77,78]. Furthermore,
LTPTT is able to improve the cell membrane’s
permeability, which results in a important increase
in cellular uptake [79,80]. Moreover, using an NIR
laser to irradiate cells with internal photothermal
Nanoparticles (NPs) is able to bring about endo/
lysosomal cavitation, which may facilitate the
escape of gene drugs from endo/lysosomes to
prevent enzymolysis [80]. Therefore, combining
low-temperature photothermal techniques and
nanotechnology may be a basis for gene therapy in
PD.

One primary limiting factors in treating PD is
the blood-brain barrier. Therefore, developing
therapeutic agents that are able to cross this
barrier is crucial. In one recent study, MgOp@PPLP
nanoparticles containing MgO nanoparticles as
substrate, polydopamine-coated anti-SNCA plasmid,
and polyethylene glycol, lactoferrin, and puerarin
were used to improve the hydrophilicity, brain
targeting and antioxidant properties of the particles,
respectively. In vitro and in vivo models, MgOp@
PPLP was shown to have good neuroprotective
effects. Therefore, the MgOp@PPLP nanoplatform
with good biocompatibility is, when combined with
Non-Invasive Near-Infrared (NIR) radiation, is an
ideal way of combatting neurodegenerative diseases
[81].

In another study, a novel 2D graphdiyne
(GDY)-based nano platform was used to deliver
minoxycycline [82], a semisynthetic tetracycline-
derived antibiotic, a drug candidate for PD treatment
known to show, across the blood-brain barrier,
anti-apoptotic, antioxidant, and anti-inflammatory
effects. GDY nanosheets loaded with minoxycycline
have been shown to trigger the release of more than
30 percent of the drug molecule by near-infrared
irradiation. The GDY nano platform, capable of
Photothermal (PT) conversion and has no significant
in vitro toxicity, has been demonstrated the blood-
brain barrier in animal and cellular models. The
behavioral defects of PD mice can be corrected by
restoring the number of dopaminergic neurons to
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normal levels after chemical synergistic treatment
by PT and GDY. Nanosheet-mediated PT treatment
shows therapeutic results comparable to L-DOPA,
which is a commercially available PD drug. The GDI-
based delivery system shows promise as a platform on
which chemical drugs that target neurodegenerative
diseases, in particular PD, can be loaded [83].

Yuan], etal. [84], designed a Cu2-xSe-anti-TRPV1
nanoparticle (CS- in NPS) with the aim of targeting
microglia and inducing Ca2+ influx to activate ATG5
and Ca2+/ by opening surface Transient Receptor
Potential Vanilloid 1 (TRPV1) channels through second
Near-Infrared (NIR-II) laser irradiation. (A) Cu2-
xSe-anti-TRPV1 nanoparticle opens TRPV1 channels
in a controlled manner, allowing Ca to pass into the
cell. Intracellular Ca entry leads to alpha synuclein
degradation, promoting microglial autophagy and
apoptosis through both the calmodulin/Ca complex
and the mTORC1/AMPK pathway. (B) Since there is
no Ca passage into the cell due to the closed TRPV1
channel, Lewy bodies are formed as a result of alpha

A Cuy.-Se-anti-TRPV1 nanoparticles

Cal/Calmodulin
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synuclein aggregation and this causes degeneration
in motor neurons (Figure 2). The CaMKK2/AMPK/
mTOR pathway promotes degradation of a-syn and
phagocytosis. It was found that CS-AT NPs were
delivered efficiently through focused ultrasound into
the striatum of PD mice with high TRPV1 receptor
expression, and the athletic performance of PD mice
treated with CS-AT NPs and NIR-II irradiation was
significantly better as a result of enhanced autophagy
and phagocytotic clearance of a-syn by microglia.
Tyrosine hydroxylase enzyme, glial fibrillary
acidic protein, ionized calcium-binding adaptor
protein 1, and pSeri29-o-syn (p-a-syn) of the PD
mice were found to be restored to the near normal
levels of healthy mice. As a result of this study,
it was demonstrated that the rationally designed
photothermal nanoagent enhanced the therapeutic
efficacy of PD by increasing microglial phagocytosis
and autophagy to degrade o-synuclein through the
controlled opening of Transient Receptor Potential
Vanilloid 1 (TRPV1) channels.

1 = phagocylosis - > ,\;}, ‘/
o O T £25
Alpha synuclein Alpha synuclein

Microglia \—p degredation E

Figure 2 Increasing microglial phagocytosis and autophagy to degrade a-synuclein through the controlled opening of Transient Receptor
Potential Vanilloid 1 (TRPV1) channels (Figure were drawn using the BioRender application).

Degenataring motor neuron
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Nucleic acid based-treatments

RNAs play a role in key processes during the
progression of disease and are viewed as strong
diagnostic biomarkers and therapeutic targets [85].In
particular, oligonucleotide therapeutics are emerging
as a promising new class of drugs for specifically
targeting coding or non-coding RNA molecules in
ways that aim to revolutionize how various diseases
are treated [86].

Recent research has demonstrated that nucleic
acid-based therapies are effective in the treatment
of neurological diseases and have thus increased
the possibility that new molecular therapies will
be developed for PD [87]. Many small nucleic acid
particles, such as miRNA, siRNA, shRNA, and plasmid
DNA, are used to silence specific gene regions that
cause many diseases, particularly PD [86].

Approximately 20-25 nucleotides long, miRNAs
are non-coding RNAs. That non-coding RNA regulate
gene expression after transcription by binding to
their target mRNA’s 3' Untranslated Region (UTR)
[88]. In a healthy human brain, miRNAs control
cellular mRNA levels [89]. miRNAs have a pathogenic
role that contributes to the basic causes of PD through
their abnormal production while also emerging as
an essential therapeutic agent in treatment [88].
In particular, it is possible to transfer miRNAs
associated with microglia-derived extracellular
vesicles from cell to cell and to regulate target genes
so that the functions of recipient cells are modulated
[89]. Zhu Y, et al. [90]. Targeted extracellular vesicles
containing the PRAK inhibitor GLPG0259 miRNAs
that were derived from microglia treated with
monomeric a-synuclein into cells. As a result of the
study, extracellular vesicles that were derived from
monomeric «-synuclein-treated microglia were
shown to reduce neuroinflammation by promoting
anti-inflammatory microglia through the delivery of
PRAK-targeting miRNAs to recipient microglia [91].

Small interfering RNAs (siRNAs) have double
chain and are short regulatory RNA molecules that
are able to silence post-transcriptional genes and,
in some cases, the transcriptional level. siRNA
therapy is a promising tool for treating neurological
disorders such as PD. In one study, anti-SNCA siRNA
was administered to the brain (substantia nigra) of a
monkey model, and a decrease in o-syn mRNA protein
levels was observed. No tissue-specific or systemic
toxicity was determined in these monkeys. Systemic
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toxicity was written into them, demonstrating the
safety and viability of using siRNA [92]. Kim YC, et al.
[93], employed a Viral vector (AAV vector) with a-syn
siRNA in a mouse model. The vector was well tolerated
in mouse models of PD and there was a reduction of
o-syn mRNA and protein.

While RNAi-based therapies offer several
advantages, there are also persistent issues related
to competition with cellular RNAi components and
how to effectively deliver them in vivo. While recent
research and studies in numerous animal models
confirm that most effects that are offtarget are
not dangerous, a number of other issues need to be
resolved before RNAi-based drugs can be used in a
clinical setting. Indeed, several RNAi-based human
clinical trials are already underway [94]. The hope is
that this technology will have a variety of practical
uses in terms of treating neurodegenerative diseases,
particularly PD.

Cellular treatments

Stem cells can form in any human body tissue
and thus have great potential with regard to future
therapies involving tissue regeneration and repair. To
meet the definition of a "stem cell," cells must have
two key features. First, stem cells have to be capable
of unlimited self-renewal so that their progeny are
exactly like the original cell. This is also the case
with cancer cells, although such cells divide in an
uncontrollable manner, while the division of stem
cells is very regulated. The supplementary necessary
for stem cells is thus that they must be able to produce
a specific type of cell that can become part of a healthy
animal [95].

The promise of stem cell therapies is that they will
be able to treat cancer and degenerative diseases and
repair damaged tissues where therapeutic options are
presently limited or unavailable. This potential has
been recognized for many years, and the development
of induced Pluripotent Stem Cells (iPSCs) has
expanded the field of stem cells, giving rise to further
innnovations and greater knowledge [96].

Several stem cell types have been investigated
in terms of their potential use in PD therapy.
Mesenchymal Stem Cells (MSCs) are stem cells in
the adult state, are found in the connective tissues
of cells and are potentiated by their capacity for
differentiation. Further GDNF treatment led to
an increase in the proportion of DAergic neurons.
Subsequently, multi-lineage, differentiating, stress-
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resistant (Muse) cells with stage-specific embryonic
antigen-3 (SSEA-3) were discovered [97]. Using
Muse cells to treat CNS disorders is another line of
inquiry. Intranasal delivery of MSCs may also be an
attractive clinical option [98,99]. However, there
has a yet been no successful data involving MSCs for
patients with PD [100].

Cell replacement therapy that employs dopamine
neurons derived from human Pluripotent Stem
Cell (hPSC) derived may have significant promise.
It offers an innovative regenerative strategy that
builds on a long history involving fetal tissue grafts
and captures the potential of hPSCs to function as a
standardized and scalable cell source. The progress
made to establish protocols for direct differentiation
from hPSCs into midbrain Dopamine (mDA) neurons
has been a catalyst in developing cell-based therapies
for PD. As a result, various groups have been able to
derive clinical-grade mDA neuron precursors, with
well-understood clinical manufacturing practices
leading towards clinical testing in patients with PD
[101].

In recent decades, swift progress in stem cell
technology, which has included the creation of
robust manufacturing processes and differentiation
protocols, has made easier the design of first-
generation hPSC-derived DA neuron technologies
that will eventually be used in the clinical trials in
humans [102].

Neurotrophic factors

The word neurotrophin was formed by combining
the words ‘neuron’ meaning nerve cell and ‘trophe’
meaning nutrition in Greek. Neurotrophins (NTs) are
a family of polypeptidestructured growth factors that
affect the survival and function of neurons and control
synaptic function and synaptic plasticity [103].

Neurotrophins form a class of neurotrophic
factors including neurokines and ligands of the Glial
Cell-Derived Neurotrophic Factor (GDNF) family.
Neurons express GDNF and, interestingly, are derived
from a single neuronal subpopulation. Studies and
emerging evidence have shown that neurotrophins
may contribute to the pathogenesis of PD. Lewy body
formation maylead toamodulation of GDNF and BDNF
levels, which result in decreased BDNF expression
and altered neuronal BDNF transport [104,105]. Also,
a number of postmortem studies since 1999 have
shown that levels of BDNF are reduced in PD patients’
SNc and striatal cell bodies [106].
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Conclusion

Results from recent clinical trials have provided
insight into both new treatments for PD and ways to
makeknown therapies more effective. New treatments
and formulations, such as extended-release
levodopa/carbidopa and sublingual apomorphine,
offer additional tools for managing motor symptoms,
especially when fluctuations become challenging.
These advancements highlight the ongoing effort to
enhance the clinical management of individuals with
PD and their quality of life.

Although several medical and surgical treatments
have proven successful for motor symptoms, non-
motor symptoms, for example cognitive impairment,
anxiety, and hypotension cannot be treated alone.
A severe clinical need exists for specific treatments
targeted at these symptoms. Addressing these
symptoms often requires a multifaceted approach,
including pharmacological and non-pharmacological
interventions. Research focused both on developing
targeted therapies for non-motor symptoms and
minimizing the side effects of existing treatments, is
crucial for improving the overall management of PD.
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