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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that primarily affects
movement. It occurs due to gradual loss of dopamine-producing brain cells, particularly in the
substantia nigra. The exact cause of Parkinson's disease is not fully understood, but it is
believed to involve a combination of genetic and environmental factors. Currently available
treatments provide symptomatic relief but do not halt disease progression. Research efforts
are currently focused on developing disease-modifying therapies that target the underlying
pathological mechanisms of PD. Breakthroughs in PD biomarkers hold immense promise: earlier
diagnosis, better monitoring, and targeted treatment based on individual response could
significantly improve patient outcomes and ease the burden of this disease.

Research into PD is an active and evolving field, with ongoing efforts focused on understanding
disease mechanisms, identifying biomarkers, developing new treatments, and improving
patient care. In this paper, we analyze data from the CAS Content Collection to summarize the
research progress in PD. We examine the publication landscape in effort to provide insights
into current knowledge advances and developments. We also review the most discussed and
emerging concepts and assess the strategies to combat the disease. We explore genetic risk
factors, pharmacological targets, and comorbid diseases, inspect clinical applications of
products against PD with their development pipelines and efforts for drug repurposing. The
objective of this review is to provide a broad overview of the evolving landscape of current
knowledge regarding PD, to outline challenges, and evaluate growth opportunities to further
efforts in combating the disease.

Keywords: Parkinson’s disease; pathogenesis; aging; dopaminergic neuron; alpha-synuclein; Lewy
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Introduction

Parkinson's disease is a progressive neurodegenerative disorder that primarily affects
movement. 13 It is characterized by the gradual loss of dopamine-producing neurons in the
brain, particularly in a region called the substantia nigra. Dopamine is a neurotransmitter
involved in coordinating movement, and its deficiency leads to the characteristic motor
symptoms of Parkinson's disease, including tremors, bradykinesia (slowness of movement),
muscle rigidity, and postural instability. * Additionally, Parkinson's disease can cause a range of
non-motor symptoms, such as cognitive impairment, depression, and sleep disturbances. >
While the exact cause of Parkinson's disease is not fully understood, it is believed to involve a
combination of genetic, environmental, and age-related factors. There is currently no cure for
Parkinson's disease, but treatments are available to help manage its symptoms and improve
quality of life for affected individuals.

Parkinson's disease (PD) is the second most common neurodegenerative disorder after
Alzheimer's disease. © Its prevalence increases with age, with the majority of cases occurring in
individuals over the age of 60. Estimates of prevalence vary globally, but it is generally reported
to affect around 1-2% of individuals over the age of 65. 7 Prevalence rates tend to be higher in
industrialized countries compared to developing nations. While most cases of PD are sporadic,
a small percentage (~¥5-10%) are believed to have a genetic component. & Certain genetic
mutations have been linked to familial forms of Parkinson's disease, which may present at an
earlier age and have a stronger family history. Parkinson's disease prevalence rates can vary
across different regions and countries. ° Factors such as environmental exposures, lifestyle
habits, and access to healthcare may contribute to these variations with some studies
suggesting higher prevalence rates in certain regions, such as Europe and North America,
compared to other parts of the world. ° Research into the epidemiology of Parkinson's disease
continues to evolve, with efforts to understand regional differences and trends over time.

In this paper, we analyze data from the CAS Content Collection to summarize the research
progress in Parkinson’s disease. We examine the publication landscape in the area in effort to
provide insights into current knowledge advances and developments. We review the most
discussed and emerging concepts and assess the strategies to combat the disease. We explore
the genetic risk factors, pharmacological targets, and comorbid diseases. Finally, we inspect
clinical applications of products against PD with their development pipelines and efforts for drug
repurposing. The objective of this review is to provide a broad overview of the evolving
landscape of current knowledge regarding the class of PD, to outline challenges, and evaluate
growth opportunities to further efforts in combating the diseases.

The objective of this review is to provide a broad outline of the evolving landscape of
current knowledge regarding PD, to delineate challenges, and evaluate growth opportunities, to
further efforts in solving the problems that remain. The novelty and merit of the article stem
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from the extensive, wide-ranging coverage of the most up-to-date scientific information
accumulated in the CAS Content Collection allowing unique, unmatched breadth of landscape
analysis and in-depth insights.

Overview of Parkinson’s disease

Etiology and Risk Factors

The etiology of Parkinson's disease is complex and not fully understood, but it is believed to
involve a combination of genetic, environmental, and age-related factors. 3

— Aging is the most significant risk factor for Parkinson's disease, with the majority of
cases diagnosed in individuals over the age of 60. 1° As people age, there is a natural decline in
the function and integrity of dopamine-producing neurons in the brain, which may contribute to
the development of PD.

— While most cases of PD are sporadic (occurring randomly), a small percentage (around 5-
10%) are believed to have a genetic component. 1113 Several genes have been implicated in
familial forms of PD, including mutations in the SNCA (a-synuclein), LRRK2 (leucine-rich repeat
kinase 2), Parkin (PARK2), PINK1 (PARK6), and DJ-1 (PARK7) genes. 117 These genetic mutations
can disrupt cellular processes involved in protein degradation, mitochondrial function, and
oxidative stress response, leading to neuronal dysfunction and degeneration in the brain.

— Exposure to certain environmental toxins and chemicals has been linked to an increased
risk of developing PD. 8 1% The most well-known environmental risk factor for PD is exposure to
pesticides and herbicides 2%, particularly those containing compounds like rotenone and
paraquat. Other potential environmental risk factors include industrial chemicals, heavy metals
(e.g., lead, manganese), and certain solvents (e.g., trichloroethylene). Some studies have also
suggested a possible association between PD risk and factors such as rural living, well-water
consumption, and exposure to certain metals in drinking water. 2!

— Certain medical conditions and lifestyle factors have also been implicated as potential
risk factors for PD, although their roles are less well-established. 2 These include head injuries,
prior exposure to viral infections, smoking, and caffeine consumption. Chronic inflammation
and oxidative stress are thought to play roles in the pathogenesis of PD, and factors that
contribute to these processes may influence disease risk. 23

Pathophysiology

The pathophysiology of PD is multifactorial, involving a complex interplay of genetic,
environmental, and molecular factors. It involves complex changes in the brain, particularly in
regions associated with movement and motor control.

The hallmark feature of Parkinson's disease is the dopaminergic neurodegeneration —
progressive loss of dopamine-producing neurons in the substantia nigra, a region of the brain
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involved in movement control. 2426 Dopamine is a neurotransmitter that plays a critical role in
regulating motor function and coordination. Its depletion leads to the characteristic motor
symptoms of PD, such as tremors, rigidity, and bradykinesia (slowness of movement).

Another characteristic feature of PD is the accumulation of abnormal protein aggregates
known as Lewy bodies within neurons. 2’2° Lewy bodies primarily consist of misfolded a-
synuclein protein and are found in various brain regions, including the substantia nigra and
other structures involved in motor and cognitive function. The presence of Lewy bodies is
thought to contribute to neuronal dysfunction and degeneration, although the exact role they
play in the pathogenesis of PD is still under investigation.

Chronic inflammation and oxidative stress are also believed to play significant roles in
the progression of Parkinson's disease. 2% 3032 |nflammatory processes in the brain, mediated
by activated microglia and astrocytes, can lead to neuronal damage and contribute to the
degenerative cascade. Oxidative stress, resulting from an imbalance between reactive oxygen
species (ROS) and antioxidant defenses, can damage cellular components and exacerbate
neuronal dysfunction and death.

Dysfunction of mitochondria, the cellular organelles responsible for energy production,
has been implicated in the pathophysiology of PD. 333> Mitochondrial impairment can lead to
energy deficits, increased oxidative stress, and activation of cell death pathways, contributing to
neuronal degeneration. Mutations in genes associated with mitochondrial function, such as
PINK1 and Parkin, have been linked to familial forms of Parkinson's disease.

Dysfunction in protein clearance mechanisms, including autophagy and the ubiquitin-
proteasome system, may contribute to the accumulation of misfolded proteins and the
formation of Lewy bodies. 3638 Impaired clearance of damaged or aggregated proteins can
overwhelm cellular defenses and lead to neuronal toxicity and degeneration.

Diagnosis

The diagnosis of PD requires a comprehensive evaluation by a healthcare professional
experienced in movement disorders, incorporating clinical judgment, symptom assessment, and
supportive diagnostic tests as needed. Early diagnosis is crucial for initiating appropriate

treatment and supportive care to improve outcomes and quality of life for patients with PD. % 3%
40

Diagnosis of PD is primarily based on clinical evaluation, including assessment of motor
symptoms, medical history, and neurological examination. While there is no definitive test to
diagnose PD, healthcare professionals use established criteria and a combination of diagnostic
tools to make an accurate diagnosis. A detailed physical examination is performed to evaluate
motor function, including assessment of tremor, bradykinesia (slowness of movement), muscle
rigidity, and postural stability. Non-motor symptoms, such as cognitive impairment, psychiatric
symptoms, autonomic dysfunction, and sleep disturbances, may also be assessed during the
evaluation. Response to dopaminergic medications, particularly levodopa (L-dopa), can provide
supportive evidence for the diagnosis of PD. 4143
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While neuroimaging is not typically required for diagnosing PD, it may be used to
support the diagnosis and rule out other conditions that can mimic PD. 44¢ Structural
neuroimaging techniques such as magnetic resonance imaging (MRI) may be used to exclude
other causes of parkinsonism, such as tumors or stroke. Functional imaging techniques such as
dopamine transporter (DAT) imaging with single-photon emission computed tomography
(SPECT) or positron emission tomography (PET) can assess dopamine transporter activity in the
brain, which is typically reduced in PD.

Several sets of clinical diagnostic criteria have been developed to aid in the diagnosis of
PD, including the UK Brain Bank Criteria 4" %8 and the Movement Disorder Society (MDS) Clinical
Diagnostic Criteria for Parkinson's Disease % >°. These criteria incorporate clinical features,
response to medication, and exclusion of other parkinsonian syndromes to establish a diagnosis
of PD.

Treatment

While there is currently no cure for PD, treatments are available to help alleviate
symptoms, improve quality of life, and slow disease progression. Therapeutic approaches
include pharmacotherapy with dopaminergic medications (e.g., levodopa, dopamine agonists,
MAO-B inhibitors) >, deep brain stimulation (DBS) surgery °2, focused ultrasound >3, physical
therapy, occupational therapy, speech therapy, and lifestyle modifications. >* >> The specific
treatment plan is tailored to each individual based on their symptoms, disease stage, and
overall health. Additionally, ongoing research continues to explore potential therapies aimed at
slowing or halting the progression of the disease. Early diagnosis and intervention are crucial in
managing PD and improving quality of life for affected individuals. Overall, the management of
PD is multidisciplinary and requires a collaborative approach involving healthcare professionals,
patients, and caregivers. By addressing motor and non-motor symptoms, optimizing medication
regimens, promoting healthy lifestyle habits, and providing supportive care, it is possible to
enhance quality of life and functional independence for individuals living with PD.

Medications and surgical interventions

o Levodopa (L-dopa) is the most effective medication for managing motor symptoms of
PD. %557 It is converted into dopamine in the brain, replenishing dopamine levels and improving
motor function.

o Dopamine agonists mimic the action of dopamine in the brain and can be used alone or
in combination with levodopa. > >°

o Monoamine oxidase type B (MAO-B) inhibitors help prevent the breakdown of
dopamine and prolong its effects, thereby reducing motor symptoms. 0 61

o Catechol-O-methyltransferase (COMT) inhibitors prolong the effects of levodopa by
inhibiting its breakdown. 62 63

o Amantadine can help alleviate dyskinesias (involuntary movements) and may also
provide modest benefits for other PD symptoms. 6% 5

o Anticholinergic drugs may be used to manage tremors and dystonia in some cases.

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

o Duopa is a gel formulation of levodopa and carbidopa that is delivered continuously
through a pump system directly into the small intestine. It can provide more stable levodopa
levels and improve motor fluctuations in advanced PD. ©6-¢8

o Deep Brain Stimulation involves implanting electrodes into specific brain regions and
delivering electrical impulses to modulate abnormal neuronal activity. >% ®° It can help improve
motor symptoms and reduce medication-related complications in certain patients.

o Focused ultrasound targets and ablates the globus pallidus to treat mobility symptoms,
tremor, rigidity, and dyskinesia in both tremor-dominant and advanced Parkinson’s disease
patients. >3

Rehabilitative therapies and lifestyle modifications

Rehabilitation is considered as supplementary to pharmacological and surgical treatments
for PD in effort to maximize functional ability and minimize secondary complications. 7072

o Physical therapy can help improve mobility, balance, flexibility, and strength in PD
patients. It may also include exercises to address gait abnormalities and freezing of gait.

o Occupational therapists can assist PD patients in developing strategies to perform daily
activities more independently and safely, as well as recommend assistive devices and
modifications to the home environment.

o Speech therapists can work with PD patients to address speech and swallowing
difficulties, improve vocal projection, and teach techniques to enhance communication.

o Exercise, including aerobic activities, strength training, and balance exercises, can help
improve motor function, mobility, and overall well-being in PD patients.

o A balanced diet rich in fruits, vegetables, whole grains, and lean proteins may support
overall health and help manage constipation, a common non-motor symptom of PD.

o Stress management techniques such as mindfulness, relaxation exercises, and stress
reduction strategies may help alleviate anxiety and improve coping mechanisms.

Landscape analysis of Parkinson’s disease research

Journal publication and patent trends

The CAS Content Collection 2 is the largest human-compiled collection of published scientific
information. It represents a valuable resource to access and keep up to date on the scientific literature all
over the world, across disciplines, including chemistry, biomedical sciences, engineering, materials
science, agricultural science, and many more. This allows quantitative analysis of global research
publications across various parameters including time, geography, scientific area, medical application,
disease, and chemical composition. Currently, there are over 220,000 scientific publications (mainly
journal articles and patents) in the CAS Content Collection related to the Parkinson’s disease. There has
been a steady growth of these documents over the last two decades, with an >30% increase since 2019
(Figure 1A). The growth rate in the area of PD research is similar to that in the general class of
neurodegenerative diseases, with PD growth being faster in the earlier years (2023-2015), but slightly
lagging behind recently (Figure 1B). The scientific journal publications notably dominate (journal/patent
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ratio ~4-6), but in the recent three years the number of patents exhibited notable growth, correlating
with the initial accumulation of scientific knowledge and its subsequent transfer into patentable

applications.
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Figure 1. (A) Yearly trend of the number of documents (journal articles and patents) in the CAS Content
Collection™ related to PD; (B) comparison between relative growth in the number of documents related
to PD (light blue bars) and all neurodegenerative diseases (dark blue bars); orange and yellow lines
compare the journal/patent ratio for the class of PD and all neurodegenerative diseases, respectively.

The United States, China, Japan, South Korea, Germany, France, the United Kingdom, Italy, and
Canada, are the leaders with respect to the number of published journal articles and patents related to
PD research, with ~1/3 of the patents coming from the United States (Figure 2). The journals
Movements Disorders, Parkinsonism & Related Disorders, Neurology, and PLoS One have published the
highest number of articles related to PD research (Figure 3).

The National Institutes of health (NIH),USA, the Capital Medical University, China, the University
of California, USA, Juntendo University School of Medicine, Japan, and the University of Cambridge, UK,
have the largest number of published articles in scientific journals (Figure 4A). Patenting activity is
dominated by corporate players as compared to academics (Figure 4B,C). F. Hoffmann-La Roche,
AstraZeneca, Merck (MSD), Neurosearch, and Pfizer have the highest number of patent applications
among commercial organizations (Figure 4B), while the University of California, CNRS (France), Korea
Institute of Science and Technology, Massachusetts General Hospital, and Johns Hopkins University lead
among the non-commercial organizations (Figure 4C).

The class of organic/inorganic small molecules dominate the PD field (Figure 5). There is
considerable variation in the distribution of substance classes between journal articles and patents.
While small molecules strongly dominate in the patents (>70%), in the journal articles small molecules,
nucleic acids, and proteins/peptides are nearly equally represented (28%, 39%, and 27%, respectively)
(Figure 5, inset). That difference is not unexpected, since small molecule drugs are of certain commercial
interest and thus more represented in patents, while journal articles generally discuss more fundamental
features of the disease thus discussing all three classes of substances.
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the CAS Content Collection for the period 2003-2023.
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Aging is the most widely explored concepts in the Parkinson’s disease research

We further explored distribution of the assortment of PD-related concepts in the published
documents (journal articles and patents) (Figure 6A). Aging is the most widely explored
concept, it has been discussed in nearly 1/3 of the PD-related published documents (Figure 6A).
Aging is a leading risk factor for developing PD, as it is for most neurodegenerative diseases,
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including Alzheimer’s disease, Huntington’s disease, and frontotemporal lobar dementia. 74 7>
Whilst PD involves a complex range of symptoms, a key brain region affected by critical cell loss
in PD is the substantia nigra, which is also the main reason for the motor symptoms associated
with this disease. Specifically, it is the dopaminergic neurons of the pars compacta within the
substantia nigra that are lost. 1 The substantia nigra neurons are specific dopaminergic
neurons in certain ways: they are pigmented (contain the pigment neuromelanin), exhibit
autonomous pacemaking activity and increased susceptibility to oxidative stress. 107678 They
are also thought to be particularly susceptible to the mitochondrial dysfunction which
accumulates within them with advancing age. Thus, understandably, brain, neuron, and
substantia nigra are also in the top concepts considered in the PD research (Figure 6).

It has been explicated that the pathogenesis of PD and other neurodegenerative
diseases is closely associated with the major hallmarks of ageing. 728 Specifically,
mitochondrial dysfunction, inflammation, and impaired protein clearance are essential
attributes of aging and PD (Figure 6B).

Parkinson’s Disease Hallmarks of Aging
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Figure 6. (A) Key concepts related to PD explored in the scientific publications found in the CAS Content
Collection; (B) Intersection between PD hallmarks and the hallmarks of aging.

Association of Parkinson’s disease with other diseases

A large assortment of comorbid diseases is associated with PD. Emerging evidence shows
that chronic diseases such as diabetes, depression, anemia, and cancer may be associated with
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the pathogenesis and progression of PD. 840 Studies have identified comorbid conditions such
as bone fractures, cancer, dementia, diabetes, and stroke in PD patients. 8> 868 Recent
research indicates that certain comorbidities may enhance the risk of PD and precede the
manifestation of motor symptoms. Furthermore, medications for treating diabetes and cancer
have prompted neuroprotective effects in PD models. Yet, the mechanisms underlying the co-
occurrence of these diseases remain unclear.

We examined the co-occurrence of certain diseases with PD as reflected by the co-
occurrence of the concepts in the documents of the CAS Content Collection (Figure 7A).
Dementia and inflammation are between the expected co-occurrences. Several studies have
shown that patients with PD suffer frequently from depression. °* Moreover, depression has
been proposed to be a risk factor for PD. Inflammation has been commonly associated with
both depression and neurodegeneration. Proinflammatory cytokines cause modifications in
serotonin and dopamine neurotransmission leading to depression and PD. °? Yet the precise
mechanism underlying the relationship between depression and PD remains unclear.
Relationship between PD and diabetes has been reported more than three decades ago °? and
confirmed by multiple studies later on. 8 PD and diabetes share similar dysregulated pathways
such as inflammation, mitochondrial dysfunction, impaired autophagy and insulin signaling %3,
as well as certain genetic and environmental risk factors °4°¢, Medications used to treat
diabetes have indicated promise in alleviating motor symptoms in PD patients. °/ Studies have
reported association between cancer and PD, indicating a decreased risk of PD among most of
the cancer types, e.g., analysis have shown that diagnosis of PD is associated with al 27%
decreased risk of cancer °8; another study reported a 17% decreased risk of cancer in PD
patients %. Prostate, lung, bladder, colorectal, blood and uterus cancers have been reported as
the most reduced in PD patients. 1%

11
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Figure 7. (A) Co-occurrence of the PD concept with other disease concepts in the CAS Content
Collection documents; (B) Therapeutic agent classes explored in PD therapy as judged by their
co-occurrence with the PD concept in the CAS Content Collection documents.

Pathophysiological hallmarks of Parkinson’s disease

The hallmarks of PD are the key pathological attributes and clinical manifestations that
characterize the condition. 2191 102 These hallmarks encompass both the underlying molecular
and cellular changes within the brain, such as dopaminergic neuron degeneration, a-synuclein
pathology, and neuroinflammation, as well as the observable characteristic motor and non-
motor symptoms that define the clinical presentation of the disease. Understanding these
hallmarks is crucial for elucidating disease mechanisms, developing diagnostic biomarkers, and
identifying potential therapeutic targets for PD.

The hallmark pathological feature of PD is the progressive degeneration of dopaminergic
neurons in the substantia nigra pars compacta, a region of the brain involved in movement
control. 24-26:103,104 popamine is a neurotransmitter that plays a critical role in regulating motor
function and coordination. This neuronal loss leads to a significant reduction in dopamine
levels in the basal ganglia, impairing motor control and contributing to the development of
motor symptoms such as bradykinesia, tremor, rigidity, and postural instability.
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Another characteristic feature of PD is the accumulation of abnormal protein aggregates
known as Lewy bodies within neurons of PD patients. 27-2% 10> 106 | ewy bodies, considered a
pathological hallmark of PD, primarily consist of misfolded a-synuclein protein and are found in
various brain regions, including the substantia nigra and other structures involved in motor and
cognitive function. The presence of Lewy bodies is thought to contribute to neuronal
dysfunction and degeneration, although the exact role they play in the pathogenesis of PD is still
under investigation.

a-Synuclein aggregation and deposition are central to the pathogenesis of Parkinson's
disease. 197199 g-Synuclein is a presynaptic protein involved in regulating neurotransmitter
release. In Parkinson's disease, a-synuclein misfolds and aggregates into insoluble fibrils,
forming Lewy bodies and Lewy neurites. This pathological accumulation of a-synuclein is
believed to contribute to dopaminergic neuron dysfunction and degeneration.

Chronic inflammation and oxidative stress are believed to play significant roles in the
progression of PD. 30-32110-112 |nflammatory processes in the brain, characterized by microglial
activation and increased pro-inflammatory cytokine production, can lead to neuronal damage
and contribute to the degenerative cascade, exacerbating disease progression. Inflammatory
mechanisms may be triggered by a-synuclein pathology, oxidative stress, mitochondrial
dysfunction, and other factors. Oxidative stress, resulting from an imbalance between reactive
oxygen species (ROS) and antioxidant defenses, can damage cellular components and
exacerbate neuronal dysfunction and death. 23 113-116

Motor symptoms are a hallmark clinical manifestation of Parkinson's disease and include
bradykinesia (slowness of movement), resting tremor, rigidity (stiffness of muscles), and
postural instability. 117-1*° These motor symptoms result from the progressive loss of
dopaminergic neurons and the subsequent imbalance of neurotransmitters within the basal
ganglia circuitry.

Parkinson's disease is associated with a wide range of non-motor symptoms that can
significantly impact quality of life. These include cognitive impairment, psychiatric symptoms
(such as depression, anxiety, and psychosis), autonomic dysfunction (e.g., constipation, urinary
problems, orthostatic hypotension), sleep disturbances, sensory symptoms (e.g., hyposmia,
visual disturbances), and others. > 120. 121

Dysfunction of mitochondria, the cellular organelles responsible for energy production,
has been implicated in the pathophysiology of PD. 3335 122124 Mitochondrial impairment can
lead to energy deficits, increased oxidative stress, and activation of cell death pathways,
contributing to neuronal degeneration. Mutations in genes associated with mitochondrial
function, such as PINK1 and Parkin, have been linked to familial forms of Parkinson's disease.

Dysfunction in protein clearance mechanisms, including autophagy and the ubiquitin-
proteasome system, may contribute to the accumulation of misfolded proteins and the
formation of Lewy bodies. Impaired clearance of damaged or aggregated proteins can
overwhelm cellular defenses and lead to neuronal toxicity and degeneration. 36-38 125,126

Genetic and Environmental Factors. While most cases of PD are sporadic, genetic factors
contribute to disease susceptibility and may interact with environmental exposures. 1113
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Mutations in genes such as SNCA (a-synuclein), LRRK2 (leucine-rich repeat kinase 2), Parkin,
PINK1, and DJ-1 are associated with familial forms of PD, providing insights into disease
mechanisms. Environmental factors, including pesticides, herbicides, heavy metals, and other
toxins, may increase the risk of developing PD by contributing to oxidative stress, mitochondrial
dysfunction, and a-synuclein aggregation. 1820

We examined the documents in the CAS Content Collection associated with the PD
research from the viewpoint of their relation to the pathophysiological PD hallmarks (Figure 8A),
as well their relative growth in the last five years (2019-2023) (Figure 8B). The largest portion of
the PD-related documents are associated with the genetic factors for PD pathophysiology, while
the mitochondrial disfunction, along with neuroinflammation and environmental factors, exhibit
the fastest and steady growth.

a-Synuclein accumulation
15,244

. Dopaminergic neurodegeneration
A 9,906 B
Mitochondrial dysfunction
6,493

Oxidative stress
14,181
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#2020
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i 2023

Neuroinflammation
13,877

Impaired protein clearance

Number of documents relative growth, %

14,219 10
Pathophysiologic
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Figure 8. Pathophysiological hallmarks of PD: (A) Distribution of documents related to each hallmark
within the CAS Content Collection; (B) Relative growth of the number of documents related to the PD
hallmarks in the last 5-year period (2019-2023).

Risk factors of Parkinson’s disease

PD is a multifactorial disorder influenced by a combination of genetic, environmental, and
lifestyle factors. While the exact cause of Parkinson's disease remains unclear, several risk
factors have been identified that may increase an individual's likelihood of developing the
condition, 127131
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Advancing age is the most significant risk factor for PD. The incidence of PD increases with
age, with the majority of cases diagnosed in individuals over the age of 60. However, PD can
also occur in younger adults, known as early-onset or young-onset PD.

While most cases of Parkinson's disease are sporadic (without a known genetic cause),
genetic factors play a role in disease susceptibility. Several genes have been implicated in both
familial and sporadic forms of PD, including SNCA (a-synuclein), LRRK2 (leucine-rich repeat
kinase 2), Parkin (PARK2), PINK1 (PTEN-induced kinase 1), and GBA (glucocerebrosidase).
Mutations or variations in these genes can increase the risk of developing Parkinson's disease.

Individuals with a family history of Parkinson's disease are at a higher risk of developing
the condition themselves. Having a first-degree relative, such as a parent or sibling, with PD
increases the risk of developing the disease compared to individuals without a family history.

Exposure to certain environmental toxins and chemicals has been associated with an
increased risk of Parkinson's disease. Pesticides, herbicides, industrial chemicals, and heavy
metals such as lead and manganese have been implicated as potential environmental risk
factors for PD. Rural living and agricultural occupations, where exposure to pesticides may be
more common, have been linked to a higher risk of Parkinson's disease.

Certain lifestyle factors, such as diet, physical activity, and caffeine consumption, have been
investigated for their potential influence on Parkinson's disease risk. Some studies suggest that
a diet rich in fruits, vegetables, and antioxidants may be associated with a lower risk of PD,
while regular physical activity and moderate caffeine intake may also have protective effects.

We examined the documents in the CAS Content Collection associated with the PD
research from the viewpoint of their relation to the PD risk factors (Figure 9A), as well their
relative growth in the last five years (2019-2023) (Figure 9B). Understandably, the largest
portion of the PD-related documents are associated with aging as a risk factor. Relatively small
number of documents are associated with the lifestyle as a risk factor, but it clearly attracts
attention in the recent years and exhibits the fastest growth.
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Figure 9. Risk factors for PD: (A) Distribution of documents related to each risk factor within the CAS
Content Collection; (B) Relative growth of the number of documents related to the PD risk factors in the
last 5-year period (2019-2023).

Genetic background of the Parkinson’s disease

The genetic background of PD encompasses a complex interplay of monogenic and
polygenic risk factors, gene-environment interactions, and modifiers of disease penetrance and
expressivity, which all contribute to disease susceptibility. While the majority of PD cases are
sporadic (without a known genetic cause), a small percentage of cases are considered familial,
meaning they have a genetic component. 132136 Understanding the genetic basis of PD is
essential for elucidating disease mechanisms, identifying novel therapeutic targets, and
developing personalized treatment approaches for affected individuals.

Monogenic forms of PD are caused by mutations in a single gene and are typically inherited
in an autosomal dominant or recessive manner. Mutations in several genes have been
implicated in familial forms of PD:

= SNCA (A-Synuclein). Mutations, duplications, or triplications in the SNCA gene lead to
abnormal accumulation of a-synuclein protein, forming Lewy bodies, a pathological hallmark of
PD.
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* LRRK2 (Leucine-Rich Repeat Kinase 2). Mutations in the LRRK2 gene are the most common
cause of familial PD and are associated with both autosomal dominant and recessive
inheritance patterns. LRRK2 mutations may increase the risk of developing sporadic PD as well.

= PARK2 (Parkin), PINK1 (PTEN-Induced Kinase 1), and DJ-1 (PARK7). Mutations in these genes
are associated with autosomal recessive forms of PD and are involved in mitochondrial function,
oxidative stress response, and protein degradation pathways.

» GBA (Glucocerebrosidase). Mutations in the GBA gene are a common genetic risk factor for
PD and are associated with an increased risk of developing both familial and sporadic PD. GBA
mutations are also implicated in Gaucher's disease, a lysosomal storage disorder.

Polygenic Risk Factors. In addition to monogenic forms, PD risk is influenced by multiple
genetic variants across the genome, each contributing small effects. Genome-wide association
studies (GWAS) have identified numerous common genetic variants associated with an
increased risk of PD. These variants are located in or near genes involved in various pathways,
including a-synuclein aggregation, lysosomal function, immune response, and synaptic
transmission.

Gene-Environment Interactions. While genetics play a significant role in PD risk,
environmental factors also contribute to disease susceptibility, and gene-environment
interactions may modulate risk. Environmental exposures, such as pesticides, herbicides, heavy
metals, and traumatic brain injury, may interact with genetic factors to increase the risk of
developing PD.

Incomplete Penetrance and Variable Expressivity. Not all individuals with pathogenic
mutations in PD-associated genes develop the disease, indicating incomplete penetrance.
Variable expressivity refers to the wide range of clinical features and disease severity observed
among individuals with the same genetic mutation.

We examined the documents in the CAS Content Collection associated with the PD
research from the viewpoint of their relation to genes implicated in familial forms of PD (Figure
10A), as well their relative growth in the last five years (2019-2023) (Figure 10B). PARK2, PINK1,
and GBA are those with highest relative growth in the recent years.
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Figure 10. Major genes implicated in familial forms of PD: (A) Distribution of documents related
to these genes within the CAS Content Collection; (B) Relative growth of the number of
documents related to the genes in the last 5-year period (2019-2023).

Biomarkers for Parkinson's disease

Biomarkers for PD are objective measures that can be used to detect, diagnose, monitor
disease progression, assess treatment response, and predict outcomes in affected individuals.
Identifying reliable biomarkers is crucial for improving early diagnosis, developing disease-
modifying therapies, and advancing personalized medicine approaches in PD. 137-148 Qverall,
while several promising biomarkers for Parkinson's disease have been identified, further
validation and standardization are needed to establish their clinical utility in diagnosis,
prognosis, and therapeutic development. Integration of multiple biomarkers from different
modalities may enhance diagnostic accuracy, improve patient stratification, and facilitate
personalized treatment approaches in PD.

Clinical biomarkers: (i) Motor symptoms such as bradykinesia, rigidity, tremor, and postural
instability are hallmark clinical manifestations of PD and are used in diagnosis and monitoring
disease progression; (ii) Non-motor symptoms, including cognitive impairment, psychiatric
symptoms, autonomic dysfunction, and sleep disturbances, may serve as biomarkers for PD
severity and progression. 14> 147, 143-154
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Neuroimaging biomarkers: (i) Dopamine transporter (DAT) imaging with single-photon emission
computed tomography (SPECT) or positron emission tomography (PET) can assess presynaptic
dopaminergic function and differentiate PD from other parkinsonian syndromes; (ii) Functional
MRI (fMRI) can evaluate changes in brain activity and connectivity patterns associated with PD,
providing insights into disease pathophysiology and compensatory mechanisms; (iii) Structural
MRI techniques, such as volumetric analysis and diffusion tensor imaging (DTI), can detect

changes in brain morphology, white matter integrity, and gray matter density associated with
PD. 45, 145, 155-157

Cerebrospinal fluid (CSF) biomarkers: (i) Measurement of a-Synuclein levels or specific a-
synuclein species (e.g., oligomeric forms) in CSF may reflect underlying pathology and serve as a
diagnostic or prognostic biomarker for PD; (ii) Elevated levels of Tau and phosphorylated Tau (p-
Tau) in CSF have been reported in PD patients and may indicate neurodegeneration and tau
pathology. 151, 153, 158-160

Blood-based biomarkers: (i) Blood-based assays for a-Synuclein levels and post-translational
modifications are under investigation as potential biomarkers for PD. However, blood-based a-
synuclein assays have been challenging due to low concentrations and high variability; (ii)
Biomarkers of neuroinflammation, such as cytokines, chemokines, and inflammatory mediators,

have been proposed as potential indicators of disease activity and progression in PD. 1°3 157,159,
161

Genetic biomarkers: (i) Genetic variants associated with PD risk identified through genome-
wide association studies (GWAS) and next-generation sequencing may serve as genetic
biomarkers for disease susceptibility and progression; (ii) Pathogenic monogenic mutations in
genes such as SNCA, LRRK2, PARK2, and GBA are associated with familial forms of PD and may
serve as biomarkers for genetic testing and personalized risk assessment, 47, 161-163

Peripheral biomarkers: (i) Olfactory dysfunction, commonly observed in PD patients, may serve
as a peripheral biomarker for early disease detection and monitoring; (ii) Alterations in gut
microbiota composition and metabolites have been reported in PD patients and may represent
peripheral biomarkers of disease risk and progression. 6% 16>

Therapeutic classes considered for treating Parkinson’s disease

Several drug classes have been explored for treating PD, leveraging their potential
neuroprotective, symptomatic, or disease-modifying effects. Some of these drugs are well
identified in treating other diseases. Drug repurposing offers a promising strategy for
identifying new treatments for PD by leveraging existing drugs with known safety profiles and
mechanisms of action. The occurrence of certain drug class concepts within the PD research
area in the documents of the CAS Content Collection are illustrated in Figure 7B.

— Tricyclic antidepressants and selective serotonin reuptake inhibitors (SSRIs) have been
investigated for their potential to alleviate depression and anxiety symptoms in PD patients.
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Certain antidepressants may also modulate neurotransmitter systems implicated in PD
pathophysiology, such as dopamine and serotonin.

— Antihypertensives: Calcium channel blockers, such as isradipine, have been studied for
their potential neuroprotective effects in PD. These agents may exert neuroprotective effects by
blocking calcium influx, reducing oxidative stress, and preserving dopaminergic function.

— Nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids, and other anti-
inflammatory agents have been investigated for their potential to mitigate neuroinflammation
and oxidative stress in PD. Chronic neuroinflammation is thought to contribute to
neurodegeneration in PD, and anti-inflammatory drugs may have neuroprotective effects.

— Glucagon-Like Peptide-1 (GLP-1) Receptor Agonists, originally developed for the
treatment of type 2 diabetes, have shown promise for their neuroprotective effects in PD.
Drugs such as exenatide and liraglutide may promote neuronal survival, enhance dopamine
release, and reduce inflammation in the brain.

— Some antiviral drugs, including amantadine and favipiravir, have been repurposed for
the treatment of PD. Amantadine is used to alleviate dyskinesias and motor fluctuations in PD
patients, while favipiravir has shown potential neuroprotective effects in preclinical models of
PD.

— Dantrolene, a muscle relaxant used to treat muscle spasticity, has been investigated for
its potential neuroprotective effects in PD. It may modulate calcium release from intracellular
stores and protect against neurotoxicity.

— Antioxidants, including coenzyme Q10, vitamin E, and N-acetylcysteine, have been
studied for their potential to reduce oxidative stress and mitochondrial dysfunction in PD.
These agents may have neuroprotective effects and could potentially slow disease progression.

— Bisphosphonates, commonly used to treat osteoporosis and bone-related conditions,
have been investigated for their potential neuroprotective effects in PD. Some studies suggest
that bisphosphonates may reduce neuroinflammation and protect against dopaminergic cell
loss in PD models.

Specific drugs considered for repurposing to treat PD are presented further in the paper, in
the drug repurposing section.

Clinical trial research

Clinical trials currently researching the treatment of Parkinson’s disease are explored in this
section to gain an overall view of the current state of clinical development. Around 1000 clinical trials
have been registered on clinicaltrials.gov over the last 10 years for the treatment of Parkinson’s disease,
showing lower numbers but continued growth of clinical development for treatments of this debilitating
disease. Figure 11. shows an increasing oscillating curve through 2018, with continued upward growth
onwards, starting at just a few clinical trials in 2003, and raising to around 150 clinical trials in 2023.
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Figure 11. Number of Parkinson’s disease therapeutic clinical trials by year.

Analysis of Parkinson’s disease therapeutic clinical trials, reveals that around 64% of all trials are
not phased, these trials include interventions without FDA-defined phases such as medical devices or
behavior interventions (Figure 12A). The phase that contains the next largest group of trials is Phase |
and Phase Il studies, researching the safety and efficacy of newer anti- Huntington’s disease agents. This
indicates efforts being placed on researching newer anti-Parkinson agents and testing their safety and
efficacy. Over half of all clinical trials in the past 10 years have been completed (Figure 12B). The status
with the next largest group of trials is the recruiting status which is encouraging as new clinical trials are
created and carried out to research the treatment of Parkinson’s disease, offering hope to patients

worldwide.
A
Early Phase || Phase | | Phase I/ll| Phase II| Phase Il/lll [Phase lllPhase IV| NA
2% 10% 3% 13% 1% 5% 4% 64%
B
Not yet recruiting Recruiting Active Completed Withdrawn/Terminated/Suspended
7% 24% 7% 52% 10%

Figure 12. Percentage of Parkinson’s disease clinical trials in various: (A) phases; (B) statuses.

Representative clinical trials examining Parkinson’s disease therapeutics are highlighted in Table
1. These are examined in further detail below to showcase a variety of interventions, drug classes and
mechanism of actions, sponsors, locations, statuses, and phases.
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Table 1. Highlighted Parkinson’s disease clinical trials

Status

Not yet
recruiting

Recruiting

Enrolling
by
invitation

Active

Active

Active

Active

Completed
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Intervention

MitoCell

NouvNeu001

Tavapadon

ABBV-951

Bydureon

MSK-DAO1

Prasinezuma
b

Buntanetap

Drug class/mechanism of action

MitoCell is an autologous stem cell
product. It improves the brain
microenvironment by modulating
the immune response, and secreting
more BDNF and SDF-1 neurotrophic
factors protecting and repairing
damaged dopamine neurons and
stimulating regeneration. 1
NouvNeu0O01 is a chemically induced
human dopaminergic neuron
precursor derived from induced
pluripotent stem cells. Following
transplantation, the cells
differentiate into new dopaminergic
neurons that establish connections
with existing neurons and increase
dopamine release. 7

Tavapadon is a dopamine D1/D5
receptor partial agonist designed
activate at levels that maximize
motor benefits without receptor
overexcitation and desensitization.
168

ABBV-951 is carbidopa and levodopa
prodrugs delivered subcutaneously.
Levodopa is converted into
dopamine and carbidopa makes
more levodopa available for
transport to the brain. 1

Bydureon is an extended-release
formulation of exenatide, a GLP-1
receptor agonist that supports
dopamine neuron function and
reduces inflammation. 17°
MSK-DAO1 is a cell therapy derived
from pluripotent stem cells that are
human embryonic stem cells. Once
transplanted, they can reform
affected neural networks restore
motor and non-motor function to
patients. 171

Prasinezumab is a humanized IgG1
monoclonal antibody directed
against aggregated a-synuclein.
Buntanetap suppresses APP, tau,
and a-synuclein protein synthesis
reducing nerve cell death and
neurodegeneration. 173

172

Sponsor, location

Taiwan
Mitochondrion
Applied
Technology

iRegene
Therapeutics

Cerevel
Therapeutics

AbbVie

University College,

London

BlueRock
Therapeutics

Hoffmann-La
Roche

Annovis Bio

Phase

Phase |

Phase I/ Il

Phase lll

Phase lll

Phase lll

Phase |

Phase I

Phase Il

NCT Number

NCT05094011

NCT06167681

NCT04760769

NCT04750226

NCT04232969

NCT04802733

NCT04777331

NCT05357989
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Completed  Nilotinib Nilotinib is a tyrosine kinase inhibitor ~ Northwestern Phase lll NCT03205488
with the highest affinity to inhibit University
Abelson and discoidin domain
receptors. It reduces the level of
brain a-synuclein and reduces
inflammation. ¥4

Current Treatment and Management of Parkinson's disease

The treatment and management of PD aims to alleviate symptoms, improve quality of
life, and slow disease progression. Treatment strategies typically involve a combination of
medications, lifestyle modifications, rehabilitative therapies, and surgical interventions. The
specific treatment plan is tailored to each individual based on their symptoms, disease stage,
and overall health. Overall, the management of PD is multidisciplinary and requires a
collaborative approach involving healthcare professionals, patients, and caregivers. By
addressing motor and non-motor symptoms, optimizing medication regimens, promoting
healthy lifestyle habits, and providing supportive care, it is possible to enhance quality of life
and functional independence for individuals living with PD. 3% 175179

Medications

e Levodopa (L-dopa) is the most effective medication for managing motor symptoms of PD. It
is converted into dopamine in the brain, replenishing dopamine levels and improving motor
function. Levodopa is combined with carbidopa or benserazide, which prevent the peripheral
conversion of levodopa to dopamine outside the brain, reducing peripheral side effects such as
nausea. Common brand names include Sinemet, Madopar, and Stalevo.

e  Dopamine Agonists mimic the action of dopamine in the brain and can be used as
monotherapy or in combination with levodopa. They stimulate dopamine receptors and help
alleviate motor symptoms. Examples include pramipexole (Mirapex), ropinirole (Requip),
rotigotine (Neupro), and apomorphine (Apokyn).

e  Monoamine Oxidase Type B (MAO-B) Inhibitors block the enzyme monoamine oxidase
type B, which metabolizes dopamine in the brain, thereby increasing dopamine levels. They can
be used as monotherapy in early PD or as adjunctive therapy with levodopa. Examples include
selegiline (Eldepryl, Zelapar) and rasagiline (Azilect).

e Catechol-O-Methyltransferase (COMT) Inhibitors prolong the effects of levodopa by
inhibiting its breakdown, reducing motor fluctuations. They are often used in combination with
levodopa/carbidopa. Examples include entacapone (Comtan), tolcapone (Tasmar), and
opicapone (Ongentys).
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e Anticholinergic drugs may be used to manage tremors and dystonia in some PD patients.
They work by blocking the action of acetylcholine, a neurotransmitter involved in motor control.
Examples include trihexyphenidyl (Artane) and benztropine (Cogentin).

e Amantadine can provide relief from dyskinesias (involuntary movements) and may also
have modest benefits for other PD symptoms. Its exact mechanism of action in PD is not fully
understood but may involve dopamine release and NMDA receptor antagonism. Commonly
used as an adjunctive therapy in advanced PD.

Although levodopa is the most effective medication available for treating the motor
symptoms of PD, in certain instances, other medications such as MAO-B Inhibitors, amantadine,
anticholinergics, B-blockers, or dopamine agonists may be introduced initially to avoid
levodopa-related motor complications. Modifying the levodopa dosing regimen or combining it
with other medications, such as MAO-B Inhibitors, catechol-O-methyltransferase inhibitors, or
dopamine agonists may help managing motor fluctuations. Reducing or withdrawing
dopaminergic medication, particularly dopamine agonists, may help manage impulse control
disorders. 18 Along these lines, using levodopa and dopamine agonists for motor symptoms at
all stages of PD has been proven beneficial. Dopamine agonists and drugs that block dopamine
metabolism are effective for motor fluctuations. Regarding non-motor symptoms, clozapine has
been found effective for hallucinations, cholinesterase inhibitors may improve symptoms of
dementia, and antidepressants and pramipexole may improve depression. &

Table 2 summarizes common PD medication for treating motor symptoms, with their
chemical structures, indications, and an exemplary clinical trial.

Table 2. Treatment of motor symptoms of Parkinson disease *&°

Drug Name ‘ CAS RN ’ Structure ‘ Indication ’ NCT Number
Levodopa (+ peripheral dopa decarboxylase inhibitor)
Levodopa 59-92-7 i e All motor symptoms | NCT06236230
Levodopa- 59-92-7; k a All motor symptoms | NCT05471609
carbidopa 28860- J}iA@iw
95_9 HOY . S
carbidopa
Levodopa- 59-92-7; ”’Q\/n All motor symptoms | NCT03097211
benserazide 322-35-0 | T \J\h
benserazide
Dopamine agonists
Pramipexole 104632- s SN All motor symptoms | NCT00321854
26-0 _QIO/
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Ropinirole 91374- All motor symptoms | NCT01536574
21-9 W
/
)
Rotigotine 99755- B All motor symptoms | NCT06247410
59-6 CQQ\/\ >
Apomorphine 58-00-4 ‘ T All motor symptoms | NCT04887467
MAO-B Inhibitors
Selegiline 14611- @_}<—: Early, mild NCT00640159
519 symptoms and
motor fluctuations
Rasagiline 136236- n\/// Early, mild NCT00203060
51-6 % symptoms and
motor fluctuations
COMT Inhibitors
Entacapone 130929- i i Motor fluctuations NCT00247247
57-6 - NS
I
Tolcapone 134308- j i Motor fluctuations NCT00906828
13-7 ° O O
Opicapone 923287- N/ Motor fluctuations | NCT02071810
50-7 Wand :Ob\/if
U//N : N N\O
Antidyskinetic
Amantadine 768-94-5 e Gait dysfunction and | NCT00632762
@/ dyskinesia
B-Blockers
Propranolol 525-66-6 \/k/\( Tremor NCT03832712
Anticholinergic
Trihexyphenidyl | 144-11-6 i ﬁND Tremor n/a
[
Benztropine 86-13-5 *%\/ Tremor n/a
e () Q
@
Neuroleptic
Clozapine 5786-21- >//\ Tremor and NCT00004826
0 N>—v('_>— dyskinesia
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Drug repurposing

Since there is no cure for PD, drug repurposing studies have been intensely searching to identify
existing drugs that could be repositioned to treat PD. As the pharmaceutical development process is
both time-consuming and costly, drug repurposing provides a chance to accelerate it by exploring the
PD-related effects of agents approved for other disorders. These drugs have established safety profiles,
pharmacokinetic description, formulations, dosages, and manufacturing procedures. Recently, in silico
pharmacology has been widely applied and various computer applications including machine learning
and artificial intelligence approaches have been explored in identifying potential drugs for repurposing to
PD. Drug repurposing has already been attempted in PD with various methodologies applied and several
clinical trials are currently evaluating drug-repurposing candidates for PD. Exemplary drugs for PD
repurposing are summarized in Table 3.

Table 3. Exemplary drugs commonly considered for repurposing to P

D 181-210

Drug CAS RN Structure Original therapeutic indication
Exenatide 141758-74-9 Protein/Peptide Sequence Type |l diabetes
Sequence Length: 39
Semaglutide 910463-68-2 Protein/Peptide Sequence Type |l diabetes
Sequence Length: 34
Omarigliptin 1226781-44-7 Q b“ CL/ s Type |l diabetes
Metformin 657-24-9 Type |l diabetes
\N N NH
‘ H
Felodipine 72509-76-3 — : | Hypertension
_} N
Telmisartan 144701-48-4 P > Hypertension
wfhf
\/\
Candesartan 139481-59-7 /\\/\> - Hypertension, heart failure
ﬂ )
Triflusal 322-79-2 i \:/ I Thromboembolic prophylaxis
f
Levetiracetam 102767-28-2 ?\)L Epilepsy
o \
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Vitamin B12 68-19-9 Vitamin B12 deficiencies
Pomalidomide 19171-19-8 A \PIB: Multiple myeloma
n— o
H 7 (\/ Ny
Dabrafenib 1195765-45-7 | ™ j e Metastatic melanoma
“\7"‘ C\\(‘/| o
'S Ky,
>r4;n‘.
AN
Nilotinib 641571-10-0 < Chronic myelogenous leukemia
=
\:\/NJ\/_? 7 N\
L0
Exemestane 107868-30-4 /fg Breast cancer, postmenopausal
e > 4
e h
Salbutamol 18559-94-9 H» Bronchospasm, chronic
bronchopulmonary disorders
Pentamidine 100-33-4 ﬁ’ N \E/\( Pneumocystis carinii pneumonia
. 1. N\,\ .
Vilazodone 163521-12-8 \ N/@'\)_& Antidepressant
Methylene blue 61-73-4 Acquired methemoglobinemia
Dimethyl fumarate 624-49-7 Multiple sclerosis
Raloxifene 84449-90-1 Osteoporosis, postmenopausal
Nalbuphine 20594-83-6 Analgesic
Ketamine 6740-88-1 General anesthetic
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antibiotic)

Nitazoxanide 55981-09-4 @\H/H Gastrointestinal infection
N s 4
o Q Uh\\
Ceftriaxone 73384-59-5 o d Jg\ « U Bacterial infections (antibiotic)
| AL
" 4 W
)\%;%m 3
l':fN\ v
Ketoconazole 65277-42-1 » e Fungal infections
RO VAN A ~ 8
Y
Kanamycin 59-01-8 b/ S Bacterial infections (antibiotic)
H;N/é ?j
Incyclinide CMT-3 15866-90-7 0 Tel 1 Reduced antibiotic activity
Doxycycline 564-25-0 Bacterial infections (broad-spectrum

Surgical interventions

Deep Brain Stimulation (DBS) involves implanting electrodes into specific brain regions and

delivering electrical impulses to modulate abnormal neuronal activity. It can help improve
motor symptoms and reduce medication-related complications in certain patients. Duopa

pump therapy includes a gel formulation of levodopa and carbidopa (Duopa) that is delivered

continuously through a pump system directly into the small intestine. It can provide more stable

levodopa levels and improve motor fluctuations in advanced PD. Exablate Neuro uses focused

ultrasound to target and ablate the globus pallidus to treat mobility symptoms, tremor, rigidity,
and dyskinesia in both tremor-dominant and advanced Parkinson’s disease patients. >3

Rehabilitative therapies

Physical therapy can help improve mobility, balance, flexibility, and strength in PD patients.

It may also include exercises to address gait abnormalities and freezing of gait. Occupational

therapy can assist PD patients in developing strategies to perform daily activities more
independently and safely, as well as recommend assistive devices and modifications to the

home environment. Speech therapy can help PD patients to address speech and swallowing

difficulties, improve vocal projection, and teach techniques to enhance communication.
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Lifestyle modifications

Regular exercise, including aerobic activities, strength training, and balance exercises, can
help improve motor function, mobility, and overall well-being in PD patients. Healthy diet rich
in fruits, vegetables, whole grains, and lean proteins may support overall health and help
manage constipation, a common non-motor symptom of PD. Stress management techniques
such as mindfulness, relaxation exercises, and stress reduction strategies may help alleviate
anxiety and improve coping mechanisms.

Drug delivery systems

While there is currently no cure for PD, there are medications that can help to manage
the symptoms. However, these medications can have limitations, such as short-lived effects and
difficulty crossing the blood-brain barrier. The blood-brain barrier is a highly selective barrier
that protects the brain from harmful substances in the bloodstream. Unfortunately, it also
prevents many drugs from reaching the brain, where they are needed to treat PD. Drug delivery
systems are being developed to overcome these limitations. Drug delivery systems are designed
to deliver drugs to specific sites in the body, including the brain. For PD, drug delivery systems
are being investigated as a way to (i) improve the delivery of drugs to the brain; (ii) reduce
harmful side effects; (iii) provide sustained release of medication.

Pharmaceutical nanotechnologies enables novel approaches to drug delivery. 21% 212

Nanoparticles, as drug carriers, impart certain advantages concerning improved efficacy as well
as reduced adverse drug reactions. Pharmaceutical nanoparticles allow overcoming
pharmacological limitations such as low solubility, rapid biodegradation, low bioavailability,
adverse effects, and low permeability through biological barriers. The main challenges in
developing PD drug formulations include crossing through the blood-brain barrier and
controlled drug release to prevent concentration fluctuations.

Pharmaceutical nanoparticles can be prepared from various materials offering variable
physicochemical characteristic. Some of the most successful polymeric materials used include
gelatin, hyaluronic acid, alginate, chitosan, polylactic-co-glycolic acid (PLGA), polylactide,
polyethylene glycol (PEG), and polycaprolactone. 213 For instance, polymeric nanoparticles has
been developed based on PEG— polycaprolactone, encapsulating Ginkgolide B, which is believed
to act as a neuroprotectant and treat PD. ?'* PLGA nanoparticles loaded with L-DOPA have been
reported to increase motor function in PD patients. 21> PLGA-PEG nanoparticles were
engineered as carriers of coumarin, a potent drug inhibitor of monoamine oxidase B, which
could cross the intestinal and brain membranes, allowing the successful transport of coumarin
to the brain. 216

Lipid nanoparticles have certain advantages that make them attractive to be used as
nanocarriers in PD, mainly their composition based that is physiologically tolerable and their
high bioavailability. 2% 217 Liposomes loaded with dopamine hydrochloride and functionalized
with transferrin exhibited outstanding stability and improved ability to cross the blood-brain
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barrier. ¥ Semaglutide loaded liposomes demonstrated high stability, bioavailability, passage
through the blood-brain barrier, and avoids toxic accumulation due to a half-life of
approximately one week. 2*° Nalbuphine loaded solid lipid nanoparticles allowed oral/nasal
administration and greater dosage control. 22°

Current research and future directions on Parkinson's disease

Research into PD is an active and evolving field, with ongoing efforts focused on
understanding disease mechanisms, identifying biomarkers, developing new treatments, and
improving patient care. Ongoing research efforts in PD aim to deepen our understanding of
disease mechanisms, advance precision medicine approaches, and develop new therapeutic
strategies to improve outcomes for individuals living with PD. Collaboration among researchers,
clinicians, patients, advocacy organizations, and industry partners is essential to accelerate
progress and translate scientific discoveries into meaningful benefits for patients and families
affected by PD.

Disease mechanisms and pathogenesis. (i) Investigating the underlying mechanisms of PD
pathology, including protein aggregation, mitochondrial dysfunction, neuroinflammation, and
oxidative stress; (ii) Studying the role of genetic factors, environmental exposures, and
epigenetic modifications in disease susceptibility and progression; (iii) Exploring the interplay
between different cell types in the brain, including neurons, glial cells, and immune cells, in the
development and progression of PD.

Biomarkers for early detection and diagnosis. (i) Identifying reliable biomarkers, such as
imaging markers, fluid biomarkers (e.g., cerebrospinal fluid proteins), and genetic markers, for
early detection and accurate diagnosis of PD; (ii) Developing non-invasive and accessible
biomarkers that can be used in clinical practice to aid in disease monitoring, prognosis, and
treatment response assessment.

Neuroprotective and disease-modifying therapies. (i) Developing neuroprotective and disease-
modifying therapies aimed at slowing or halting the progression of PD; (ii) Investigating novel
pharmacological agents, gene therapies, and biologics targeting specific pathways implicated in
PD pathology, such as a-synuclein aggregation, mitochondrial dysfunction, and
neuroinflammation; (iii) Repurposing existing drugs or compounds with potential
neuroprotective effects for PD treatment.

Precision medicine and personalized therapies. (i) Advancing precision medicine approaches to
tailor treatment strategies based on individual patient characteristics, including genetic profiles,
biomarker profiles, and clinical phenotypes; (ii) Using omics technologies, including genomics,
transcriptomics, proteomics, and metabolomics, to identify patient subtypes and predict
treatment response.

Non-motor symptoms and quality of life. (i) Investigating the underlying mechanisms of non-
motor symptoms in PD, such as cognitive impairment, psychiatric symptoms, autonomic
dysfunction, and sleep disturbances; (ii) Developing targeted interventions and supportive care
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strategies to address non-motor symptoms and improve quality of life for PD patients and their
caregivers.

Advanced therapies and surgical interventions. (i) Advancing surgical interventions, such as
deep brain stimulation (DBS), focused ultrasound, and gene therapy, for the management of
motor complications and non-motor symptoms in PD; (ii) Exploring novel targets and
techniques for neuromodulation and neurostimulation to improve treatment outcomes and
reduce adverse effects.

Digital health and technology innovations. (i) Harnessing digital health technologies, including
wearable devices, smartphone applications, and remote monitoring systems, for continuous
monitoring of PD symptoms, motor fluctuations, and medication adherence; (ii) Integrating
artificial intelligence (Al) and machine learning algorithms to analyze large-scale data sets and
identify patterns in disease progression, treatment response, and patient outcomes.

Clinical trials and translational research. (i) Conducting well-designed clinical trials to evaluate
the safety and efficacy of new therapies, including disease-modifying treatments, symptomatic
therapies, and supportive interventions; (ii) Facilitating translational research to bridge the gap
between basic science discoveries and clinical applications, accelerating the development of
innovative treatments and improving patient care.

Outlook, roadblocks, and perspectives

Continued research efforts hold promise for developing novel treatments, identifying
biomarkers for early diagnosis, and understanding disease mechanisms. Personalized treatment
approaches based on genetic, biomarker, and clinical profiles may improve outcomes and tailor
therapy to individual patient needs. Integration of digital health technologies, wearable
devices, and artificial intelligence (Al) could revolutionize disease monitoring, management, and
therapeutic interventions.

Emphasis on patient-centered care, shared decision-making, and holistic approaches to
treatment may enhance quality of life and well-being for PD patients and their caregivers.
Collaboration among researchers, clinicians, patients, advocacy groups, and industry partners is
essential for accelerating progress, translating scientific discoveries into clinical applications, and
addressing unmet needs. Empowering patients and caregivers through education, support
services, and advocacy initiatives can raise awareness, reduce stigma, and drive policy changes
to improve access to care and resources.

Despite significant research efforts, there are currently no disease-modifying therapies
available to slow or halt the progression of PD. Developing effective neuroprotective treatments
remains a major challenge. Non-motor symptoms of PD, including cognitive impairment,
psychiatric symptoms, autonomic dysfunction, and sleep disturbances, can be challenging to
manage and may have a significant impact on quality of life. There is variability in treatment
response among PD patients, and individualized approaches to therapy are needed to optimize
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outcomes. Identifying predictors of treatment response and refining precision medicine
strategies are ongoing challenges. Disparities in access to specialized care, support services,
and research opportunities exist among PD patients, particularly in underserved communities
and rural areas. Addressing these disparities is crucial for ensuring equitable care delivery and
improving outcomes.

In summary, while there are reasons for optimism regarding advancements in PD research,
personalized care approaches, and technological innovations, significant challenges and
roadblocks remain. Overcoming these challenges will require sustained efforts, collaboration,
and a multifaceted approach to improving the outlook and quality of life for individuals affected
by Parkinson's disease.

Notes

The authors declare no competing financial interest.

Acknowledgement

The authors sincerely appreciate Dharmini Patel for project coordination and are grateful to Manuel
Guzman, Michael Dennis, Dawn Riedel, Dawn George, and Hong Xie for executive sponsorship. The
authors also appreciate the rest of the Science Connect team at CAS for their support and insightful
discussions.

Funding: None

Author Contribution

R.T. and J.M.S: Conceptualization, investigation, methodology, data acquisition, writing, editing. Q.A.Z.:
Conceptualization, investigation, methodology, validation, data and resource acquisition. All authors
have approved the submitted final version.

References

1. Kouli, A., Torsney, K., and Kuan, W., Parkinson’s Disease: Etiology, Neuropathology, and
Pathogenesis. In Parkinson’s Disease: Pathogenesis and Clinical Aspects, Stoker, T.; Greenland, J., Eds.
Codon Publications: Brisbane (AU), 2018.

2. What is Parkinson's? https://www.parkinson.org/understanding-parkinsons/what-is-parkinsons
(accessed Apr 3, 2024).

32

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://www.parkinson.org/understanding-parkinsons/what-is-parkinsons
https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

3. Zafar, S., and Yaddanapudi, S., Parkinson Disease. StatPearls Publishing: Treasure Island (FL),

2024.

4, Vdradi, C. (2020) Clinical Features of Parkinson's Disease: The Evolution of Critical Symptoms.
Biology (Basel) 9.

5. Poewe, W. (2008) Non-motor symptoms in Parkinson's disease. Eur J Neurol 15 Suppl 1, 14-20.
6. Parkinson's Disease: Challenges, Progress, and Promise. https://www.ninds.nih.gov/current-

research/focus-disorders/parkinsons-disease-research/parkinsons-disease-challenges-progress-and-
promise#:~:text=Following%20Alzheimer's%20disease%2C%20Parkinson's%20disease,before%20the%20
age%200f%2050. (accessed Apr 3, 2024).

7. Galvez-Jiménez, N., 5 - Parkinson's Disease. In Neurobiology of Disease, Gilman, S., Ed. Academic
Press: Burlington, 2007; pp 51-67.

8. Frohlich, F., Chapter 23 - Parkinson's Disease. In Network Neuroscience, Frohlich, F., Ed.
Academic Press: San Diego, 2016; pp 291-296.

9. Ou, Z., Pan, J,, Tang, S., Duan, D., Yu, D., Nong, H., and Wang, Z. (2021) Global Trends in the
Incidence, Prevalence, and Years Lived With Disability of Parkinson's Disease in 204 Countries/Territories
From 1990 to 2019. Front Public Health 9, 776847.

10. Reeve, A., Simcox, E., and Turnbull, D. (2014) Ageing and Parkinson's disease: why is advancing
age the biggest risk factor? Ageing Res Rev 14, 19-30.

11. Chai, C., and Lim, K. L. (2013) Genetic insights into sporadic Parkinson's disease pathogenesis.
Curr Genomics 14, 486-501.

12. Billingsley, K. J., Bandres-Ciga, S., Saez-Atienzar, S., and Singleton, A. B. (2018) Genetic risk factors
in Parkinson's disease. Cell Tissue Res 373, 9-20.

13. Lesage, S., and Brice, A. (2009) Parkinson's disease: from monogenic forms to genetic
susceptibility factors. Human Molecular Genetics 18, R48-R59.

14. Nuytemans, K., Theuns, J., Cruts, M., and Van Broeckhoven, C. (2010) Genetic etiology of
Parkinson disease associated with mutations in the SNCA, PARK2, PINK1, PARK7, and LRRK2 genes: a
mutation update. Hum Mutat 31, 763-780.

15. Li, J.-Q., Tan, L., and Yu, J.-T. (2014) The role of the LRRK2 gene in Parkinsonism. Molecular
Neurodegeneration 9, 47.

16. Li, W,, Fu, Y., Halliday, G. M., and Sue, C. M. (2021) PARK Genes Link Mitochondrial Dysfunction
and Alpha-Synuclein Pathology in Sporadic Parkinson’s Disease. Frontiers in Cell and Developmental
Biology 9.

17. Selvaraj, S., and Piramanayagam, S. (2019) Impact of gene mutation in the development of
Parkinson's disease. Genes & Diseases 6, 120-128.

18. Nandipati, S., and Litvan, I. (2016) Environmental Exposures and Parkinson's Disease. Int J
Environ Res Public Health 13.

109. Shan, L., Heusinkveld, H. J., Paul, K. C., Hughes, S., Darweesh, S. K. L., Bloem, B. R., and Homberg,
J. R. (2023) Towards improved screening of toxins for Parkinson’s risk. npj Parkinson's Disease 9, 169.

20. Pesticide and Herbicide Use Linked to Parkinson Disease Risk According to New Study.
https://practicalneurology.com/news/pesticide-and-herbicide-use-linked-to-parkinson-disease-risk-
according-to-new-study (accessed Apr 3, 2024).

21. Cagac, A. (2020) Farming, well water consumption, rural living, and pesticide exposure in early
life as the risk factors for Parkinson disease in Igdir province. Neurosciences (Riyadh) 25, 129-133.

22. Andrew, A. S., Anderson, F. L., Lee, S. L., Von Herrmann, K. M., and Havrda, M. C. (2021) Lifestyle
Factors and Parkinson's Disease Risk in a Rural New England Case-Control Study. Parkinsons Dis 2021,
5541760.

23. Dias, V., Junn, E., and Mouradian, M. M. (2013) The role of oxidative stress in Parkinson's
disease. J Parkinsons Dis 3, 461-491.

33

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://www.ninds.nih.gov/current-research/focus-disorders/parkinsons-disease-research/parkinsons-disease-challenges-progress-and-promise#:~:text=Following%20Alzheimer's%20disease%2C%20Parkinson's%20disease,before%20the%20age%20of%2050
https://www.ninds.nih.gov/current-research/focus-disorders/parkinsons-disease-research/parkinsons-disease-challenges-progress-and-promise#:~:text=Following%20Alzheimer's%20disease%2C%20Parkinson's%20disease,before%20the%20age%20of%2050
https://www.ninds.nih.gov/current-research/focus-disorders/parkinsons-disease-research/parkinsons-disease-challenges-progress-and-promise#:~:text=Following%20Alzheimer's%20disease%2C%20Parkinson's%20disease,before%20the%20age%20of%2050
https://www.ninds.nih.gov/current-research/focus-disorders/parkinsons-disease-research/parkinsons-disease-challenges-progress-and-promise#:~:text=Following%20Alzheimer's%20disease%2C%20Parkinson's%20disease,before%20the%20age%20of%2050
https://practicalneurology.com/news/pesticide-and-herbicide-use-linked-to-parkinson-disease-risk-according-to-new-study
https://practicalneurology.com/news/pesticide-and-herbicide-use-linked-to-parkinson-disease-risk-according-to-new-study
https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

24. Blesa, J., and Przedborski, S. (2014) Parkinson's disease: animal models and dopaminergic cell
vulnerability. Front Neuroanat 8, 155.

25. Guatteo, E., Berretta, N., Monda, V., Ledonne, A., and Mercuri, N. B. (2022) Pathophysiological
Features of Nigral Dopaminergic Neurons in Animal Models of Parkinson's Disease. International journal
of molecular sciences 23.

26. Antony, P. M. A,, Diederich, N. J., Krtiger, R., and Balling, R. (2013) The hallmarks of Parkinson's
disease. The FEBS journal 280, 5981-5993.

27. Araki, K., Yagi, N., Aoyama, K., Choong, C. J., Hayakawa, H., Fujimura, H., Nagai, Y., Goto, Y., and
Mochizuki, H. (2019) Parkinson's disease is a type of amyloidosis featuring accumulation of amyloid
fibrils of a-synuclein. Proc Natl Acad Sci U S A 116, 17963-17969.

28. Wakabayashi, K., Tanji, K., Mori, F., and Takahashi, H. (2007) The Lewy body in Parkinson's
disease: molecules implicated in the formation and degradation of alpha-synuclein aggregates.
Neuropathology 27, 494-506.

29. Mahul-Mellier, A.-L., Burtscher, J., Maharjan, N., Weerens, L., Croisier, M., Kuttler, F.,, Leleu, M.,
Knott, G. W., and Lashuel, H. A. (2020) The process of Lewy body formation, rather than simply a-
synuclein fibrillization, is one of the major drivers of neurodegeneration. Proceedings of the National
Academy of Sciences 117, 4971-4982.

30. The Link Between Inflammation & Early Parkinson’s. https://www.parkinson.org/blog/science-
news/inflammation#:~:text=Individuals%20with%20Parkinson's%20showed%20significantly,the%20bloo
d%20and%20cerebrospinal%20fluid. (accessed Apr 3, 2024).

31. Pajares, M., A, I. R., Manda, G., Bosc3, L., and Cuadrado, A. (2020) Inflammation in Parkinson's
Disease: Mechanisms and Therapeutic Implications. Cells 9.

32. Tansey, M. G., Wallings, R. L., Houser, M. C., Herrick, M. K., Keating, C. E., and Joers, V. (2022)
Inflammation and immune dysfunction in Parkinson disease. Nature Reviews Immunology 22, 657-673.
33. Moon, H. E., and Paek, S. H. (2015) Mitochondrial Dysfunction in Parkinson's Disease. Exp
Neurobiol 24, 103-116.

34, Henrich, M. T., Oertel, W. H., Surmeier, D. J., and Geibl, F. F. (2023) Mitochondrial dysfunction in
Parkinson’s disease — a key disease hallmark with therapeutic potential. Molecular Neurodegeneration
18, 83.

35. Gao, X.-Y,, Yang, T,, Gu, Y., and Sun, X.-H. (2022) Mitochondrial Dysfunction in Parkinson’s
Disease: From Mechanistic Insights to Therapy. Frontiers in Aging Neuroscience 14.

36. Chen, C., Hertz, E., Chen, Y., and Sidransky, E. (2022) Targeting protein clearance pathways in
GBA1l-associated Parkinson disease. Expert Opinion on Therapeutic Targets 26, 1031-1035.

37. Ebrahimi-Fakhari, D., Wahlster, L., and McLean, P. J. (2012) Protein degradation pathways in
Parkinson's disease: curse or blessing. Acta Neuropathol 124, 153-172.

38. Lehtonen, S., Sonninen, T.-M., Wojciechowski, S., Goldsteins, G., and Koistinaho, J. (2019)
Dysfunction of Cellular Proteostasis in Parkinson’s Disease. Frontiers in Neuroscience 13.

39. Halli-Tierney, A. D., Luker, J., and Carroll, D. G. (2020) Parkinson Disease. Am Fam Physician 102,
679-691.

40. Jankovic, J. (2008) Parkinson’s disease: clinical features and diagnosis. Journal of Neurology,
Neurosurgery &amp; Psychiatry 79, 368-376.

41. Kanellos, F. S., Tsamis, K. ., Rigas, G., Simos, Y. V., Katsenos, A. P., Kartsakalis, G., Fotiadis, D. I.,
Vezyraki, P., Peschos, D., and Konitsiotis, S. (2023) Clinical Evaluation in Parkinson's Disease: Is the Golden
Standard Shiny Enough? Sensors (Basel) 23.

42. Johns, P., Chapter 13 - Parkinson's disease. In Clinical Neuroscience, Johns, P., Ed. Churchill
Livingstone: 2014; pp 163-179.

34

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://www.parkinson.org/blog/science-news/inflammation#:~:text=Individuals%20with%20Parkinson's%20showed%20significantly,the%20blood%20and%20cerebrospinal%20fluid
https://www.parkinson.org/blog/science-news/inflammation#:~:text=Individuals%20with%20Parkinson's%20showed%20significantly,the%20blood%20and%20cerebrospinal%20fluid
https://www.parkinson.org/blog/science-news/inflammation#:~:text=Individuals%20with%20Parkinson's%20showed%20significantly,the%20blood%20and%20cerebrospinal%20fluid
https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

43, Erro, R., and Stamelou, M., Chapter Two - The Motor Syndrome of Parkinson's Disease. In
International Review of Neurobiology, Bhatia, K. P.; Chaudhuri, K. R.; Stamelou, M., Eds. Academic Press:
2017; Vol. 132, pp 25-32.

44, Zhang, Y., Tartaglia, M. C., Zhan, W., and Ofori, E. (2023) Editorial: Neuroimaging in Parkinson's
disease and Parkinsonism. Frontiers in Neurology 14.

45, Bidesi, N. S. R., Vang Andersen, ., Windhorst, A. D., Shalgunov, V., and Herth, M. M. (2021) The
role of neuroimaging in Parkinson's disease. ] Neurochem 159, 660-689.

46. Saeed, U., Lang, A. E., and Masellis, M. (2020) Neuroimaging Advances in Parkinson's Disease
and Atypical Parkinsonian Syndromes. Frontiers in Neurology 11.

47. Clarke, C., Patel, S., and Ives, N. Clinical effectiveness and cost-effectiveness of physiotherapy and
occupational therapy versus no therapy in mild to moderate Parkinson’s disease: a large pragmatic
randomised controlled trial. Appendix 1, UK Parkinson’s Disease Society Brain Bank Diagnostic Criteria.
https://www.ncbi.nlm.nih.gov/books/NBK379754/ (accessed Apr 3, 2024).

48. UK PARKINSON’S DISEASE SOCIETY BRAIN BANK CLINICAL DIAGNOSTIC CRITERIA.
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/GetPdf.cgi?id=phd000042 (accessed Apr 3, 2024).
49, Postuma, R. B., Berg, D., Stern, M., Poewe, W., Olanow, C. W., Oertel, W., Obeso, J., Marek, K.,
Litvan, I., Lang, A. E., et al. (2015) MDS clinical diagnostic criteria for Parkinson's disease. Mov Disord 30,
1591-1601.

50. Postuma, R. B., Poewe, W., Litvan, I., Lewis, S., Lang, A. E., Halliday, G., Goetz, C. G., Chan, P,,
Slow, E., Seppi, K., et al. (2018) Validation of the MDS clinical diagnostic criteria for Parkinson's disease.
Mov Disord 33, 1601-1608.

51. DeMaagd, G., and Philip, A. (2015) Part 2: Introduction to the Pharmacotherapy of Parkinson's
Disease, With a Focus on the Use of Dopaminergic Agents. P t 40, 590-600.

52. Graoiss, S. J., Wojtecki, L., Sidmeyer, M., and Schnitzler, A. (2009) Deep brain stimulation in
Parkinson's disease. Ther Adv Neurol Disord 2, 20-28.

53. Krishna, V., Fishman, P. S., Eisenberg, H. M., Kaplitt, M., Baltuch, G., Chang, J. W., Chang, W.-C,,
Fernandez, R. M., Alamo, M. d., Halpern, C. H., et al. (2023) Trial of Globus Pallidus Focused Ultrasound
Ablation in Parkinson’s Disease. New England Journal of Medicine 388, 683-693.

54, Radder, D. L. M., Sturkenboom, I. H., van Nimwegen, M., Keus, S. H., Bloem, B. R., and de Vries,
N. M. (2017) Physical therapy and occupational therapy in Parkinson's disease. International Journal of
Neuroscience 127, 930-943.

55. Rehabilitation Programs (Physical Therapy, Speech Therapy, and Occupational Therapy).
https://www.apdaparkinson.org/community/massachusetts/resources-support-ma/wellness/ (accessed
Apr 3, 2024).

56. Poewe, W., Antonini, A., Zijimans, J. C., Burkhard, P. R., and Vingerhoets, F. (2010) Levodopa in
the treatment of Parkinson's disease: an old drug still going strong. Clin Interv Aging 5, 229-238.

57. Aldred, J., and Nutt, J. G., Levodopa. In Encyclopedia of Movement Disorders, Kompoliti, K.;
Metman, L. V., Eds. Academic Press: Oxford, 2010; pp 132-137.

58. Isaacson, S. H., Hauser, R. A., Pahwa, R., Gray, D., and Duvvuri, S. (2023) Dopamine agonists in
Parkinson’s disease: Impact of D1-like or D2-like dopamine receptor subtype selectivity and avenues for
future treatment. Clinical Parkinsonism & Related Disorders 9, 100212.

59. Hitzeman, N., and Rafii, F. (2009) Dopamine agonists for early Parkinson disease. Am Fam
Physician 80, 28-30.

60. Tan, Y. Y., Jenner, P, and Chen, S. D. (2022) Monoamine Oxidase-B Inhibitors for the Treatment of
Parkinson's Disease: Past, Present, and Future. J Parkinsons Dis 12, 477-493.

61. Tsuboi, T., Satake, Y., Hiraga, K., Yokoi, K., Hattori, M., Suzuki, M., Hara, K., Ramirez-Zamora, A.,
Okun, M. S., and Katsuno, M. (2022) Effects of MAO-B inhibitors on non-motor symptoms and quality of
life in Parkinson’s disease: A systematic review. npj Parkinson's Disease 8, 75.

35

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://www.ncbi.nlm.nih.gov/books/NBK379754/
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/GetPdf.cgi?id=phd000042
https://www.apdaparkinson.org/community/massachusetts/resources-support-ma/wellness/
https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

62. Miller, T. (2015) Catechol-O-methyltransferase inhibitors in Parkinson's disease. Drugs 75, 157-
174.

63. Fabbri, M., Ferreira, J. J., and Rascol, O. (2022) COMT Inhibitors in the Management of
Parkinson's Disease. CNS Drugs 36, 261-282.

64. Crosby, N., Deane, K. H., and Clarke, C. E. (2003) Amantadine in Parkinson's disease. Cochrane
Database Syst Rev 2003, Cd003468.

65. Rascol, 0., Fabbri, M., and Poewe, W. (2021) Amantadine in the treatment of Parkinson's disease
and other movement disorders. Lancet Neurol 20, 1048-1056.

66. Nyholm, D. (2012) Duodopa® treatment for advanced Parkinson's disease: a review of efficacy
and safety. Parkinsonism Relat Disord 18, 916-929.

67. Duopa. https://www.parkinson.org/living-with-parkinsons/treatment/surgical-treatment-
options/duopa (accessed Apr 3, 2024).

68. DUOPA®(carbidopa and levodopa) enteral suspension.

https://www.rxabbvie.com/pdf/duopa pi.pdf (accessed Apr 3, 2024).

69. Hariz, M., and Blomstedst, P. (2022) Deep brain stimulation for Parkinson's disease. J Intern Med

292, 764-778.

70. Abbruzzese, G., Marchese, R., Avanzino, L., and Pelosin, E. (2016) Rehabilitation for Parkinson's
disease: Current outlook and future challenges. Parkinsonism Relat Disord 22 Suppl 1, S60-64.

71. Saluja, A., Goyal, V., and Dhamija, R. K. (2023) Multi-Modal Rehabilitation Therapy in Parkinson's
Disease and Related Disorders. Ann Indian Acad Neurol 26, S15-s25.

72. Luciana Auxiliadora de Paula, V., Parkinson’s Disease Rehabilitation: Effectiveness Approaches
and New Perspectives. In Physical Therapy Effectiveness, Mario, B.-F.; Danubiada Cunha de, S.-C.; Redha,
T., Eds. IntechOpen: Rijeka, 2019; p Ch. 6.

73. CAS Content Collection. https://www.cas.org/about/cas-content (accessed Mar 31, 2024).

74. Azam, S., Haque, M. E., Balakrishnan, R., Kim, |.-S., and Choi, D.-K. (2021) The Ageing Brain:
Molecular and Cellular Basis of Neurodegeneration. Frontiers in Cell and Developmental Biology 9.

75. Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., and Bohr, V. A. (2019)
Ageing as a risk factor for neurodegenerative disease. Nature Reviews Neurology 15, 565-581.

76. Worbe, Y., Yelnik, J., and Lehéricy, S., Basal Ganglia. In Encyclopedia of Behavioral Neuroscience,
Koob, G. F.; Moal, M. L.; Thompson, R. F., Eds. Academic Press: Oxford, 2010; pp 118-126.

77. Trist, B. G., Hare, D. J., and Double, K. L. (2019) Oxidative stress in the aging substantia nigra and
the etiology of Parkinson's disease. Aging Cell 18, e13031.

78. Guzman, J. N., Sanchez-Padilla, J., Chan, C. S., and Surmeier, D. J. (2009) Robust pacemaking in
substantia nigra dopaminergic neurons. J Neurosci 29, 11011-11019.

79. Coleman, C., and Martin, I. (2022) Unraveling Parkinson's Disease Neurodegeneration: Does
Aging Hold the Clues? J Parkinsons Dis 12, 2321-2338.

80. Lépez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013) The hallmarks of
aging. Cell 153, 1194-1217.

81. Lépez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2023) Hallmarks of
aging: An expanding universe. Cell 186, 243-278.

82. Mattson, M. P., and Arumugam, T. V. (2018) Hallmarks of Brain Aging: Adaptive and Pathological
Modification by Metabolic States. Cell Metab 27, 1176-1199.

83. Tenchov, R., Sasso, J. M., Wang, X., and Zhou, Q. A. (2024) Aging Hallmarks and Progression and
Age-Related Diseases: A Landscape View of Research Advancement. ACS Chemical Neuroscience 15, 1-
30.

84. Santiago, J. A., Bottero, V., and Potashkin, J. A. (2017) Biological and Clinical Implications of
Comorbidities in Parkinson's Disease. Front Aging Neurosci 9, 394.

36

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://www.parkinson.org/living-with-parkinsons/treatment/surgical-treatment-options/duopa
https://www.parkinson.org/living-with-parkinsons/treatment/surgical-treatment-options/duopa
https://www.rxabbvie.com/pdf/duopa_pi.pdf
https://www.cas.org/about/cas-content
https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

85. Leibson, C. L., Maraganore, D. M., Bower, J. H., Ransom, J. E., O'Brien P, C., and Rocca, W. A.
(2006) Comorbid conditions associated with Parkinson's disease: a population-based study. Mov Disord
21, 446-455.

86. Garcia, D. S., Castro, E. S., Expdsito, I., De Deus, T., Tufias, C., Aneiros, A., Fernandez, M. L., Arias,
D. N., and Torres, M. B. (2017) Comorbid conditions associated with Parkinson's disease: a longitudinal
and comparative study with Alzheimer disease and control subjects. Journal of the neurological sciences
373, 210-215.

87. Wang, X., Zeng, F., Jin, W. S., Zhu, C., Wang, Q. H., Bu, X. L., Luo, H. B., Zou, H. Q., Pu, J., Zhou, Z.
H., et al. (2017) Comorbidity burden of patients with Parkinson's disease and Parkinsonism between
2003 and 2012: A multicentre, nationwide, retrospective study in China. Scientific reports 7, 1671.

88. Hommel, A. L. A. J,, Krijthe, J. H., Darweesh, S., and Bloem, B. R. (2022) The association of
comorbidity with Parkinson's disease-related hospitalizations. Parkinsonism & Related Disorders 104,
123-128.

89. Martignoni, E., Godi, L., Citterio, A., Zangaglia, R., Riboldazzi, G., Calandrella, D., Pacchetti, C.,
Nappi, G., and and the Parkinson’s Disease Comorbidity Study, G. (2004) Comorbid disorders and
hospitalisation in Parkinson’s disease: a prospective study. Neurological Sciences 25, 66-71.

90. Martinez-Horta, S., Bejr-Kasem, H., Horta-Barba, A., Pascual-Sedano, B., Santos-Garcia, D., de
Deus-Fonticoba, T, Jesus, S., Aguilar, M., Planellas, L., Garcia-Caldentey, J., et al. (2021) Identifying
comorbidities and lifestyle factors contributing to the cognitive profile of early Parkinson’s disease. BMC
Neurology 21, 477.

91. Nilsson, F. M., Kessing, L. V., Sgrensen, T. M., Andersen, P. K., and Bolwig, T. G. (2002) Major
depressive disorder in Parkinson's disease: a register-based study. Acta Psychiatrica Scandinavica 106,
202-211.

92. Pessoa Rocha, N., Reis, H. J., Vanden Berghe, P., and Cirillo, C. (2014) Depression and cognitive
impairment in Parkinson's disease: a role for inflammation and immunomodulation?
Neuroimmunomodulation 21, 88-94.

93. Santiago, J. A., and Potashkin, J. A. (2013) Shared dysregulated pathways lead to Parkinson's
disease and diabetes. Trends in molecular medicine 19, 176-186.

94, Li, X.-Y., Teng, J.-)., Liu, Y., Wu, Y.-B., Zheng, Y., and Xie, A-M. (2016) Association of AKT1 gene
polymorphisms with sporadic Parkinson’s disease in Chinese Han population. Neuroscience Letters 629,
38-42.

95. Willis, A. W., Evanoff, B. A,, Lian, M., Galarza, A., Wegrzyn, A., Schootman, M., and Racette, B. A.
(2010) Metal emissions and urban incident Parkinson disease: a community health study of Medicare
beneficiaries by using geographic information systems. American journal of epidemiology 172, 1357-
1363.

96. Alonso-Magdalena, P., Quesada, |., and Nadal, A. (2011) Endocrine disruptors in the etiology of
type 2 diabetes mellitus. Nature Reviews Endocrinology 7, 346-353.

97. Aviles-Olmos, I., Dickson, J., Kefalopoulou, Z., Djamshidian, A., Kahan, J., Ell, P., Whitton, P., Wyse,
R., Isaacs, T., and Lees, A. (2014) Motor and cognitive advantages persist 12 months after exenatide
exposure in Parkinson’s disease. Journal of Parkinson's disease 4, 337-344.

98. Bajaj, A., Driver, J. A., and Schernhammer, E. S. (2010) Parkinson’s disease and cancer risk: a
systematic review and meta-analysis. Cancer Causes & Control 21, 697-707.
99. Catala-Lépez, F., Suarez-Pinilla, M., Suarez-Pinilla, P., Valderas, J. M., Gdmez-Beneyto, M.,

Martinez, S., Balanza-Martinez, V., Climent, J., Valencia, A., and McGrath, J., Inverse and direct cancer
comorbidity in people with central nervous system disorders: a meta-analysis of cancer incidence in
577,013 participants of 50 observational studies. S. Karger AG Basel, Switzerland: 2014; Vol. 83, pp 89-
105.

37

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

100. Feng, D. D., Cai, W,, and Chen, X. (2015) The associations between Parkinson’s disease and
cancer: the plot thickens. Translational neurodegeneration 4, 1-14.

101.  Hallmarks of Parkinson’s Disease. MDPI: Basel ¢ Beijing ® Wuhan ¢ Barcelona ¢ Belgrade e
Manchester ® Tokyo e Cluj e Tianjin, 2022.

102.  Wilson, D. M., Cookson, M. R., Van Den Bosch, L., Zetterberg, H., Holtzman, D. M., and
Dewachter, I. (2023) Hallmarks of neurodegenerative diseases. Cell 186, 693-714.

103.  Surmeier, D. J. (2018) Determinants of dopaminergic neuron loss in Parkinson's disease. The
FEBS journal 285, 3657-3668.

104. Zhou, Z.D.,Yi, L. X., Wang, D. Q., Lim, T. M., and Tan, E. K. (2023) Role of dopamine in the
pathophysiology of Parkinson’s disease. Translational Neurodegeneration 12, 44.

105. Gibb, W. R,, and Lees, A. J. (1988) The relevance of the Lewy body to the pathogenesis of
idiopathic Parkinson's disease. Journal of Neurology, Neurosurgery &amp; Psychiatry 51, 745-752.

106. Lewis, P. A., and Spillane, J. E., Chapter 3 - Parkinson’s Disease. In The Molecular and Clinical
Pathology of Neurodegenerative Disease, Lewis, P. A.; Spillane, J. E., Eds. Academic Press: 2019; pp 83-
121.

107.  Calabresi, P., Mechelli, A., Natale, G., Volpicelli-Daley, L., Di Lazzaro, G., and Ghiglieri, V. (2023)
Alpha-synuclein in Parkinson’s disease and other synucleinopathies: from overt neurodegeneration back
to early synaptic dysfunction. Cell Death & Disease 14, 176.

108.  Stefanis, L. (2012) a-Synuclein in Parkinson's disease. Cold Spring Harb Perspect Med 2,
a009399-a009399.

109. de Oliveira, G. A. P,, and Silva, J. L. (2019) Alpha-synuclein stepwise aggregation reveals features
of an early onset mutation in Parkinson’s disease. Communications Biology 2, 374.

110. Adams, B., Nunes, J. M., Page, M. J., Roberts, T., Carr, J., Nell, T. A., Kell, D. B., and Pretorius, E.
(2019) Parkinson's Disease: A Systemic Inflammatory Disease Accompanied by Bacterial Inflammagens.
Front Aging Neurosci 11, 210.

111.  The Role of Inflammation in Parkinson’s disease. https://www.apdaparkinson.org/article/the-
role-of-inflammation-in-parkinsons-disease/ (accessed Apr 3, 2024).

112.  Caggiu, E., Arru, G., Hosseini, S., Niegowska, M., Sechi, G., Zarbo, I. R., and Sechi, L. A. (2019)
Inflammation, Infectious Triggers, and Parkinson's Disease. Frontiers in Neurology 10.

113.  Blesa, J., Trigo-Damas, I., Quiroga-Varela, A., and Jackson-Lewis, V. R. (2015) Oxidative stress and
Parkinson’s disease. Frontiers in Neuroanatomy 9.

114.  Percario, S., da Silva Barbosa, A., Varela, E. L. P., Gomes, A. R. Q., Ferreira, M. E. S., de Nazaré
Araujo Moreira, T., and Dolabela, M. F. (2020) Oxidative Stress in Parkinson’s Disease: Potential Benefits
of Antioxidant Supplementation. Oxidative Medicine and Cellular Longevity 2020, 2360872.

115. Chang, K.-H., and Chen, C.-M. (2020) The Role of Oxidative Stress in Parkinson’s Disease.
Antioxidants 9, 597.

116.  Dorszewska, J., Kowalska, M., Prendecki, M., Piekut, T., Koztowska, J., and Kozubski, W. (2021)
Oxidative stress factors in Parkinson’s disease. Neural Regeneration Research 16.

117. Moustafa, A. A., Chakravarthy, S., Phillips, J. R., Gupta, A., Keri, S., Polner, B., Frank, M. J., and
Jahanshahi, M. (2016) Motor symptoms in Parkinson's disease: A unified framework. Neurosci Biobehav
Rev 68, 727-740.

118.  Mazzoni, P, Shabbott, B., and Cortés, J. C. (2012) Motor control abnormalities in Parkinson's
disease. Cold Spring Harb Perspect Med 2, a009282.

119. Ramesh, V., and Bilal, E. (2022) Detecting motor symptom fluctuations in Parkinson’s disease
with generative adversarial networks. npj Digital Medicine 5, 138.

120. Kumaresan, M., and Khan, S. (2021) Spectrum of Non-Motor Symptoms in Parkinson's Disease.
Cureus 13, e13275.

38

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://www.apdaparkinson.org/article/the-role-of-inflammation-in-parkinsons-disease/
https://www.apdaparkinson.org/article/the-role-of-inflammation-in-parkinsons-disease/
https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

121.  Schapira, A. H. V., Chaudhuri, K. R., and Jenner, P. (2017) Non-motor features of Parkinson
disease. Nature Reviews Neuroscience 18, 435-450.

122.  Chen, C., Turnbull, D. M., and Reeve, A. K. (2019) Mitochondrial Dysfunction in Parkinson's
Disease-Cause or Consequence? Biology (Basel) 8.

123.  Exner, N,, Lutz, A. K., Haass, C., and Winklhofer, K. F. (2012) Mitochondrial dysfunction in
Parkinson's disease: molecular mechanisms and pathophysiological consequences. The EMBO Journal
31, 3038-3062.

124.  Malpartida, A. B., Williamson, M., Narendra, D. P, Wade-Martins, R., and Ryan, B. J. (2021)
Mitochondrial Dysfunction and Mitophagy in Parkinson&#x2019;s Disease: From Mechanism to Therapy.
Trends in Biochemical Sciences 46, 329-343.

125.  Bi, M., Dy, X,, liao, Q., Chen, X., and Jiang, H. (2021) Expanding the role of proteasome
homeostasis in Parkinson’s disease: beyond protein breakdown. Cell Death & Disease 12, 154.

126.  Cook, C., Stetler, C., and Petrucelli, L. (2012) Disruption of protein quality control in Parkinson's
disease. Cold Spring Harb Perspect Med 2, a009423.

127. Parkinson's Disease Risk Factors and Causes.
https://www.hopkinsmedicine.org/health/conditions-and-diseases/parkinsons-disease/parkinsons-
disease-risk-factors-and-causes (accessed Apr 3, 2024).

128.  Belvisi, D., Pellicciari, R., Fabbrini, A., Costanzo, M., Pietracupa, S., De Lucia, M., Modugno, N.,
Magrinelli, F., Dallocchio, C., Ercoli, T., et al. (2020) Risk factors of Parkinson disease: Simultaneous
assessment, interactions, and etiologic subtypes. Neurology 95, e2500-e2508.

129. Rajan, S., and Kaas, B. (2022) Parkinson's Disease: Risk Factor Modification and Prevention.
Semin Neurol 42, 626-638.

130. Schrag, A., Bohlken, J.,, Dammertz, L., Teipel, S., Hermann, W., Akmatov, M. K., Batzing, J., and
Holstiege, J. (2023) Widening the Spectrum of Risk Factors, Comorbidities, and Prodromal Features of
Parkinson Disease. JAMA Neurology 80, 161-171.

131. Emamzadeh, F. N., and Surguchov, A. (2018) Parkinson’s Disease: Biomarkers, Treatment, and
Risk Factors. Frontiers in Neuroscience 12.

132. The Genetic Link to Parkinson's Disease. https://www.hopkinsmedicine.org/health/conditions-
and-diseases/parkinsons-disease/the-genetic-link-to-parkinsons-
diseasetf:~:text=About%2015%20percent%200f%20people,SNCA%20gene%20(see%20below). (accessed
Apr 3, 2024).

133.  Kalinderi, K., Bostantjopoulou, S., and Fidani, L. (2016) The genetic background of Parkinson's
disease: current progress and future prospects. Acta Neurol Scand 134, 314-326.

134. Genetics & Parkinson's. https://www.parkinson.org/understanding-parkinsons/causes/genetics
(accessed Apr 3, 2024).

135. Klein, C., and Westenberger, A. (2012) Genetics of Parkinson's disease. Cold Spring Harb Perspect
Med 2, a008888.

136. Funayama, M., Nishioka, K., Li, Y., and Hattori, N. (2023) Molecular genetics of Parkinson’s
disease: Contributions and global trends. Journal of Human Genetics 68, 125-130.

137. Li, T., and Le, W. (2020) Biomarkers for Parkinson's Disease: How Good Are They? Neurosci Bull
36, 183-194.

138. Yamashita, K. Y., Bhoopatiraju, S., Silverglate, B. D., and Grossberg, G. T. (2023) Biomarkers in
Parkinson’s disease: A state of the art review. Biomarkers in Neuropsychiatry 9, 100074.

139. Tonges, L., Buhmann, C., Klebe, S., Klucken, J., Kwon, E. H., Miiller, T., Pedrosa, D. J., Schroter, N.,
Riederer, P., and Lingor, P. (2022) Blood-based biomarker in Parkinson's disease: potential for future
applications in clinical research and practice. J Neural Transm (Vienna) 129, 1201-1217.

140. He, R, Yan, X., Guo, J., Xu, Q., Tang, B., and Sun, Q. (2018) Recent Advances in Biomarkers for
Parkinson’s Disease. Frontiers in Aging Neuroscience 10.

39

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://www.hopkinsmedicine.org/health/conditions-and-diseases/parkinsons-disease/parkinsons-disease-risk-factors-and-causes
https://www.hopkinsmedicine.org/health/conditions-and-diseases/parkinsons-disease/parkinsons-disease-risk-factors-and-causes
https://www.hopkinsmedicine.org/health/conditions-and-diseases/parkinsons-disease/the-genetic-link-to-parkinsons-disease#:~:text=About%2015%20percent%20of%20people,SNCA%20gene%20(see%20below
https://www.hopkinsmedicine.org/health/conditions-and-diseases/parkinsons-disease/the-genetic-link-to-parkinsons-disease#:~:text=About%2015%20percent%20of%20people,SNCA%20gene%20(see%20below
https://www.hopkinsmedicine.org/health/conditions-and-diseases/parkinsons-disease/the-genetic-link-to-parkinsons-disease#:~:text=About%2015%20percent%20of%20people,SNCA%20gene%20(see%20below
https://www.parkinson.org/understanding-parkinsons/causes/genetics
https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

141.  Parnetti, L., Gaetani, L., Eusebi, P., Paciotti, S., Hansson, O., El-Agnaf, O., Mollenhauer, B.,
Blennow, K., and Calabresi, P. (2019) CSF and blood biomarkers for Parkinson's disease. The Lancet
Neurology 18, 573-586.

142.  Vijiaratnam, N., and Foltynie, T. (2023) How should we be using biomarkers in trials of disease
modification in Parkinson’s disease? Brain 146, 4845-4869.

143. Deng, X., Saffari, S. E., Liu, N., Xiao, B., Allen, J. C., Ng, S. Y. E., Chia, N., Tan, V. J., Choi, X., Heng, D.
L., et al. (2022) Biomarker characterization of clinical subtypes of Parkinson Disease. npj Parkinson's
Disease 8, 109.

144.  Pereira, J. B., Kumar, A., Hall, S., Palmqvist, S., Stomrud, E., Bali, D., Parchi, P., Mattsson-Carlgren,
N., Janelidze, S., and Hansson, O. (2023) DOPA decarboxylase is an emerging biomarker for Parkinsonian
disorders including preclinical Lewy body disease. Nature Aging 3, 1201-1209.

145. Das, S., and Ramteke, H. (2024) A Comprehensive Review of the Role of Biomarkers in Early
Diagnosis of Parkinson’s Disease. Cureus 16, e54337.

146.  Michell, A. W, Lewis, S. J. G., Foltynie, T., and Barker, R. A. (2004) Biomarkers and Parkinson's
disease. Brain 127, 1693-1705.

147. Delenclos, M., Jones, D. R., McLean, P. J., and Uitti, R. J. (2016) Biomarkers in Parkinson's disease:
Advances and strategies. Parkinsonism & Related Disorders 22, S106-S110.

148. Adams, J. L., and La Morgia, C. (2018) The search for Parkinson disease biomarkers. Neurology
91, 493-494.

149. Wy, Y., Le, W., and Jankovic, J. (2011) Preclinical Biomarkers of Parkinson Disease. Archives of
Neurology 68, 22-30.

150. Cova, l., and Priori, A. (2018) Diagnostic biomarkers for Parkinson’s disease at a glance: where
are we? Journal of Neural Transmission 125, 1417-1432.

151.  Hall, S., Surova, Y., Ohrfelt, A., Zetterberg, H., Lindqvist, D., and Hansson, O. (2015) CSF
biomarkers and clinical progression of Parkinson disease. Neurology 84, 57-63.

152.  Abdelmoaty, M. M., Lu, E., Kadry, R., Foster, E. G., Bhattarai, S., Mosley, R. L., and Gendelman, H.
E. (2023) Clinical biomarkers for Lewy body diseases. Cell & Bioscience 13, 209.

153.  Coughlin, D. G., and Irwin, D. J. (2023) Fluid and Biopsy Based Biomarkers in Parkinson’s Disease.
Neurotherapeutics 20, 932-954.

154.  Alieva, A. K., Filatova, E. V., Karabanov, A. V., lllarioshkin, S. N., Slominsky, P. A., and Shadrina, M.
I. (2015) Potential Biomarkers of the Earliest Clinical Stages of Parkinson’s Disease. Parkinson’s Disease
2015, 294396.

155.  Mitchell, T., Lehéricy, S., Chiu, S. Y., Strafella, A. P., Stoessl, A. J., and Vaillancourt, D. E. (2021)
Emerging Neuroimaging Biomarkers Across Disease Stage in Parkinson Disease: A Review. JAMA Neurol
78,1262-1272.

156.  Perlmutter, J. S., and Norris, S. A. (2014) Neuroimaging biomarkers for Parkinson disease: facts
and fantasy. Ann Neurol 76, 769-783.

157. Wang, Y., Ning, H,, Ren, J., Pan, C., Yu, M., Xue, C., Wang, X., Zhou, G., Chen, Y., and Liu, W. (2022)
Integrated Clinical Features with Plasma and Multi-modal Neuroimaging Biomarkers to Diagnose Mild
Cognitive Impairment in Early Drug-Naive Parkinson’s Disease. ACS Chemical Neuroscience 13, 3523-
3533.

158. Kwon, E. H., Tennagels, S., Gold, R., Gerwert, K., Beyer, L., and Tonges, L. (2022) Update on CSF
Biomarkers in Parkinson’s Disease. Biomolecules 12, 329.

159.  Mollenhauer, B. (2023) Status of Current Biofluid Biomarkers in Parkinson's Disease. Movement
Disorders Clinical Practice 10, S18-520.

160. Xiang, C., Cong, S., Tan, X., Ma, S., Liu, Y., Wang, H., and Cong, S. (2022) A meta-analysis of the
diagnostic utility of biomarkers in cerebrospinal fluid in Parkinson’s disease. npj Parkinson's Disease 8,
165.

40

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

161.  Vijiaratnam, N., Lawton, M., Heslegrave, A. )., Guo, T., Tan, M., Jabbari, E., Real, R., Woodside, J.,
Grosset, K., Chelban, V., et al. (2022) Combining biomarkers for prognostic modelling of Parkinson’s
disease. Journal of Neurology, Neurosurgery &amp; Psychiatry 93, 707-715.

162. Hennecke, G., and Scherzer, C. R. (2008) RNA Biomarkers of Parkinson‘s Disease: Developing
Tools For Novel Therapies. Biomarkers in Medicine 2, 41-53.

163.  Krokidis, M. G. (2019) Identification of biomarkers associated with Parkinson's disease by gene
expression profiling studies and bioinformatics analysis. AIMS Neurosci 6, 333-345.

164. Simon, D. K., Simuni, T.,, Elm, J., Clark-Matott, J., Graebner, A. K., Baker, L., Dunlop, S. R., Emborg,
M., Kamp, C., Morgan, J. C,, et al. (2015) Peripheral Biomarkers of Parkinson's Disease Progression and
Pioglitazone Effects. J Parkinsons Dis 5, 731-736.

165. Li, Y, Yang, Y., Zhao, A., Luo, N., Niu, M., Kang, W., Xie, A,, Lu, H., Chen, L., and Liu, J. (2022)
Parkinson's disease peripheral immune biomarker profile: a multicentre, cross-sectional and longitudinal
study. Journal of Neuroinflammation 19, 116.

166.  Evaluating Safety, Tolerability, and Efficacy of Autologous MitoCell Transplantation in Subjects
With Idiopathic Parkinson's Disease. https://classic.clinicaltrials.gov/ct2/show/NCT05094011 (accessed
Jun 5, 2024).

167. NouvNeu001 Achieves Milestone with Successful Dosing of First Patient, Signaling Smooth
Progress in iRegene Therapeutics' Multicenter Clinical Trial for Innovative Novel Parkinson's Disease
Therapy. https://www.biospace.com/article/releases/nouvneu001-achieves-milestone-with-successful-
dosing-of-first-patient-signaling-smooth-progress-in-iregene-therapeutics-multicenter-clinical-trial-for-
innovative-novel-parkinson-s-disease-therapy/ (accessed Jun 5, 2024).

168.  Tavapadon. https://www.cerevel.com/compounds/tavapadon/ (accessed Jun 5, 2024).

169.  ABBV-951 for motor fluctuations in Parkinson’s disease. https://www.io.nihr.ac.uk/wp-
content/uploads/2022/01/27135-Foslevodopa-Foscarbidopa-ABBV-951-for-Parkinsons-Disease-V1.0-
SEP2020.-non-CONF.pdf (accessed Jun 5, 2024).

170.  Exenatide and Parkinson’s. https://cureparkinsons.org.uk/exenatide/ (accessed Jun 5, 2024).
171.  BlueRock Therapeutics receives FDA Regenerative Medicine Advanced Therapy designation for
Parkinson’s disease cell therapy candidate bemdaneprocel. https://www.bluerocktx.com/bluerock-
therapeutics-receives-fda-regenerative-medicine-advanced-therapy-designation-for-parkinsons-disease-
cell-therapy-candidate-bemdaneprocel/ (accessed Jun 5, 2024).

172.  Prasinezumab. https://www.alzforum.org/therapeutics/prasinezumab (accessed Jun 5, 2024).
173. Fang, C., Hernandez, P., Liow, K., Damiano, E., Zetterberg, H., Blennow, K., Feng, D., Chen, M., and
Maccecchini, M. (2023) Buntanetap, a Novel Translational Inhibitor of Multiple Neurotoxic Proteins,
Proves to Be Safe and Promising in Both Alzheimer’s and Parkinson’s Patients. The Journal of Prevention
of Alzheimer's Disease 10, 25-33.

174.  Pagan, F. L, Hebron, M. L., Wilmarth, B., Torres-Yaghi, Y., Lawler, A., Mundel, E. E., Yusuf, N., Starr,
N. J,, Arellano, J., Howard, H. H., et al. (2019) Pharmacokinetics and pharmacodynamics of a single dose
Nilotinib in individuals with Parkinson's disease. Pharmacology Research & Perspectives 7, e00470.

175.  Parkinson's disease. https://www.mayoclinic.org/diseases-conditions/parkinsons-
disease/diagnosis-treatment/drc-20376062 (accessed Apr 3, 2024).

176.  Goldenberg, M. M. (2008) Medical management of Parkinson's disease. P t 33, 590-606.

177.  Schapira, A. H. V. (2007) Treatment Options in the Modern Management of Parkinson Disease.
Archives of Neurology 64, 1083-1088.

178. Foltynie, T., Bruno, V., Fox, S., Kiihn, A. A., Lindop, F., and Lees, A. J. (2024) Medical, surgical, and
physical treatments for Parkinson's disease. The Lancet 403, 305-324.

179.  Fahn, S., Jankovic, J., Hallett, M., and Jenner, P., Chapter 6 - Medical Treatment of Parkinson
Disease. In Principles and Practice of Movement Disorders, Fahn, S.; Jankovic, J.; Hallett, M.; Jenner, P,,
Eds. Churchill Livingstone: Philadelphia, 2007; pp 129-165.

41

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://classic.clinicaltrials.gov/ct2/show/NCT05094011
https://www.biospace.com/article/releases/nouvneu001-achieves-milestone-with-successful-dosing-of-first-patient-signaling-smooth-progress-in-iregene-therapeutics-multicenter-clinical-trial-for-innovative-novel-parkinson-s-disease-therapy/
https://www.biospace.com/article/releases/nouvneu001-achieves-milestone-with-successful-dosing-of-first-patient-signaling-smooth-progress-in-iregene-therapeutics-multicenter-clinical-trial-for-innovative-novel-parkinson-s-disease-therapy/
https://www.biospace.com/article/releases/nouvneu001-achieves-milestone-with-successful-dosing-of-first-patient-signaling-smooth-progress-in-iregene-therapeutics-multicenter-clinical-trial-for-innovative-novel-parkinson-s-disease-therapy/
https://www.cerevel.com/compounds/tavapadon/
https://www.io.nihr.ac.uk/wp-content/uploads/2022/01/27135-Foslevodopa-Foscarbidopa-ABBV-951-for-Parkinsons-Disease-V1.0-SEP2020.-non-CONF.pdf
https://www.io.nihr.ac.uk/wp-content/uploads/2022/01/27135-Foslevodopa-Foscarbidopa-ABBV-951-for-Parkinsons-Disease-V1.0-SEP2020.-non-CONF.pdf
https://www.io.nihr.ac.uk/wp-content/uploads/2022/01/27135-Foslevodopa-Foscarbidopa-ABBV-951-for-Parkinsons-Disease-V1.0-SEP2020.-non-CONF.pdf
https://cureparkinsons.org.uk/exenatide/
https://www.bluerocktx.com/bluerock-therapeutics-receives-fda-regenerative-medicine-advanced-therapy-designation-for-parkinsons-disease-cell-therapy-candidate-bemdaneprocel/
https://www.bluerocktx.com/bluerock-therapeutics-receives-fda-regenerative-medicine-advanced-therapy-designation-for-parkinsons-disease-cell-therapy-candidate-bemdaneprocel/
https://www.bluerocktx.com/bluerock-therapeutics-receives-fda-regenerative-medicine-advanced-therapy-designation-for-parkinsons-disease-cell-therapy-candidate-bemdaneprocel/
https://www.alzforum.org/therapeutics/prasinezumab
https://www.mayoclinic.org/diseases-conditions/parkinsons-disease/diagnosis-treatment/drc-20376062
https://www.mayoclinic.org/diseases-conditions/parkinsons-disease/diagnosis-treatment/drc-20376062
https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

180. Connolly, B. S., and Lang, A. E. (2014) Pharmacological treatment of Parkinson disease: a review.
Jama 311, 1670-1683.

181. Hernandez-Parra, H., Cortés, H., Avalos-Fuentes, J. A., Del Prado-Audelo, M., Floran, B., Leyva-
Gbémez, G., Sharifi-Rad, J., and Cho, W. C. (2022) Repositioning of drugs for Parkinson's disease and
pharmaceutical nanotechnology tools for their optimization. J Nanobiotechnology 20, 413.

182. Athauda, D., Maclagan, K., Skene, S. S., Bajwa-Joseph, M., Letchford, D., Chowdhury, K., Hibbert,
S., Budnik, N., Zampedri, L., and Dickson, J. (2017) Exenatide once weekly versus placebo in Parkinson's
disease: a randomised, double-blind, placebo-controlled trial. The Lancet 390, 1664-1675.

183.  Rassu, M., Biosa, A., Galioto, M., Fais, M., Sini, P., Greggio, E., Piccoli, G., Crosio, C., and laccarino,
C. (2019) Levetiracetam treatment ameliorates LRRK2 pathological mutant phenotype. Journal of Cellular
and Molecular Medicine 23, 8505-8510.

184. Zhang, L., Zhang, L., Li, L., and Holscher, C. (2019) Semaglutide is neuroprotective and reduces a-
synuclein levels in the chronic MPTP mouse model of Parkinson’s disease. Journal of Parkinson's disease
9,157-171.

185. Schaffner, A., Li, X., Gomez-Llorente, Y., Leandrou, E., Memou, A., Clemente, N., Yao, C., Afsari, F.,
Zhi, L., and Pan, N. (2019) Vitamin B12 modulates Parkinson’s disease LRRK2 kinase activity through
allosteric regulation and confers neuroprotection. Cell research 29, 313-329.

186.  Casu, M. A., Mocci, |., Isola, R., Pisanu, A., Boi, L., Mulas, G., Greig, N. H., Setzu, M. D., and Carta,
A. R. (2020) Neuroprotection by the immunomodulatory drug pomalidomide in the Drosophila
LRRK2WDA40 genetic model of Parkinson’s disease. Frontiers in Aging Neuroscience 12, 31.

187. Uenaka, T, Satake, W., Cha, P-C., Hayakawa, H., Baba, K., Jiang, S., Kobayashi, K., Kanagawa, M.,
Okada, Y., and Mochizuki, H. (2018) In silico drug screening by using genome-wide association study data
repurposed dabrafenib, an anti-melanoma drug, for Parkinson’s disease. Human molecular genetics 27,
3974-3985.

188.  Styczynska-Soczka, K., Zechini, L., and Zografos, L. (2017) Validating the predicted effect of
astemizole and ketoconazole using a Drosophila model of Parkinson's disease. Assay and drug
development technologies 15, 106-112.

189.  Siddiqi, F. H., Menzies, F. M., Lopez, A., Stamatakou, E., Karabiyik, C., Ureshino, R., Ricketts, T.,
Jimenez-Sanchez, M., Esteban, M. A., Lai, L., et al. (2019) Felodipine induces autophagy in mouse brains
with pharmacokinetics amenable to repurposing. Nat Commun 10, 1817.

190. Poirier, A-A., Coté, M., Bourque, M., Morissette, M., Di Paolo, T., and Soulet, D. (2016)
Neuroprotective and immunomodulatory effects of raloxifene in the myenteric plexus of a mouse model
of Parkinson's disease. Neurobiology of aging 48, 61-71.

191.  Ayoub, B. M., Mowaka, S., Safar, M. M., Ashoush, N., Arafa, M. G., Michel, H. E., Tadros, M. M.,
Elmazar, M. M., and Mousa, S. A. (2018) Repositioning of omarigliptin as a once-weekly intranasal anti-
parkinsonian agent. Scientific reports 8, 8959.

192.  Fletcher, E. J.,, Jamieson, A. D., Williams, G., Doherty, P., and Duty, S. (2019) Targeted
repositioning identifies drugs that increase fibroblast growth factor 20 production and protect against 6-
hydroxydopamine-induced nigral cell loss in rats. Scientific reports 9, 8336.

193. Rodriguez-Perez, A. ., Sucunza, D., Pedrosa, M. A., Garrido-Gil, P., Kulisevsky, J., Lanciego, J. L.,
and Labandeira-Garcia, J. L. (2018) Angiotensin type 1 receptor antagonists protect against alpha-
synuclein-induced neuroinflammation and dopaminergic neuron death. Neurotherapeutics 15, 1063-
1081.

194. Amireddy, N., Puttapaka, S. N., Vinnakota, R. L., Ravuri, H. G., Thonda, S., and Kalivendi, S. V.
(2017) The unintended mitochondrial uncoupling effects of the FDA-approved anti-helminth drug
nitazoxanide mitigates experimental parkinsonism in mice. Journal of Biological Chemistry 292, 15731-
15743.

42

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

195.  Katila, N., Bhurtel, S., Shadfar, S., Srivastay, S., Neupane, S., Ojha, U., Jeong, G.-S., and Choi, D.-Y.
(2017) Metformin lowers a-synuclein phosphorylation and upregulates neurotrophic factor in the MPTP
mouse model of Parkinson's disease. Neuropharmacology 125, 396-407.

196.  Ozbey, G., Nemutlu-Samur, D., Parlak, H., Yildirim, S., Aslan, M., Tanriover, G., and Agar, A. (2020)
Metformin protects rotenone-induced dopaminergic neurodegeneration by reducing lipid peroxidation.
Pharmacological Reports 72, 1397-1406.

197. Pagan, F. L., Hebron, M. L., Wilmarth, B., Torres-Yaghi, Y., Lawler, A., Mundel, E. E., Yusuf, N., Starr,
N. J., Anjum, M., and Arellano, J. (2020) Nilotinib effects on safety, tolerability, and potential biomarkers
in Parkinson disease: a phase 2 randomized clinical trial. JAMA neurology 77, 309-317.

198.  Von Eichborn, J., Murgueitio, M. S., Dunkel, M., Koerner, S., Bourne, P. E., and Preissner, R. (2010)
PROMISCUOUS: a database for network-based drug-repositioning. Nucleic Acids Res 39, D1060-D1066.
199. Son, H.J, Han,S. H., Lee, J. A, Shin, E. J., and Hwang, O. (2017) Potential repositioning of
exemestane as a neuroprotective agent for Parkinson’s disease. Free Radical Research 51, 633-645.

200. Mittal, S., Bjgrnevik, K., Im, D. S., Flierl, A., Dong, X., Locascio, J. J., Abo, K. M., Long, E., Jin, M.,
and Xu, B. (2017) B2-Adrenoreceptor is a regulator of the a-synuclein gene driving risk of Parkinson’s
disease. Science (New York, N.Y.) 357, 891-898.

201. Rinaldi, F., Seguella, L., Gigli, S., Hanieh, P. N., Del Favero, E., Canty, L., Pesce, M., Sarnelli, G.,
Marianecci, C., and Esposito, G. (2019) inPentasomes: An innovative nose-to-brain pentamidine delivery
blunts MPTP parkinsonism in mice. Journal of controlled release 294, 17-26.

202. Chotibut, T., Meadows, S., Kasanga, E. A., Mclnnis, T., Cantu, M. A, Bishop, C., and Salvatore, M.
F. (2017) Ceftriaxone reduces |-dopa—induced dyskinesia severity in 6-hydroxydopamine parkinson's
disease model. Movement Disorders 32, 1547-1556.

203. Hernandez, J. )., Pryszlak, M., Smith, L., Yanchus, C., Kuriji, N., Shahani, V. M., and Molinski, S. V.
(2017) Giving drugs a second chance: overcoming regulatory and financial hurdles in repurposing
approved drugs as cancer therapeutics. Frontiers in oncology 7, 273.

204. Bariotto-dos-Santos, K., Padovan-Neto, F. E., Bortolanza, M., dos-Santos-Pereira, M., Raisman-
Vozari, R., Tumas, V., and Del Bel, E. (2019) Repurposing an established drug: an emerging role for
methylene blue in L-DOPA-induced dyskinesia. European Journal of Neuroscience 49, 869-882.

205.  Potts, L. F, Park, E. S., Woo, J. M., Dyavar Shetty, B. L., Singh, A., Braithwaite, S. P., Voronkov, M.,
Papa, S. M., and Mouradian, M. M. (2015) Dual k-agonist/u-antagonist opioid receptor modulation
reduces levodopa-induced dyskinesia and corrects dysregulated striatal changes in the nonhuman
primate model of P arkinson disease. Annals of neurology 77, 930-941.

206. Bartlett, M. J,, Flores, A.J,, Ye, T., Smidt, S. ., Dollish, H. K., Stancati, J. A., Farrell, D. C., Parent, K.
L., Doyle, K. P., and Besselsen, D. G. (2020) Preclinical evidence in support of repurposing sub-anesthetic
ketamine as a treatment for L-DOPA-induced dyskinesia. Experimental neurology 333, 113413.

207. Lastres-Becker, |., Garcia-Yagle, A. J., Scannevin, R. H., Casarejos, M. J., Kigler, S., Rdbano, A., and
Cuadrado, A. (2016) Repurposing the NRF2 activator dimethyl fumarate as therapy against
synucleinopathy in Parkinson's disease. Antioxidants & redox signaling 25, 61-77.

208. Mahapatra, A., Sarkar, S., Biswas, S. C., and Chattopadhyay, K. (2019) An aminoglycoside
antibiotic inhibits both lipid-induced and solution-phase fibrillation of a-synuclein in vitro. Chemical
communications 55, 11052-11055.

209. Gonzalez-Lizarraga, F., Ploper, D., Avila, C. L., Socias, S. B., dos-Santos-Pereira, M., Machin, B.,
Del-Bel, E., Michel, P. P, Pietrasanta, L. |., and Raisman-Vozari, R. (2020) CMT-3 targets different a-
synuclein aggregates mitigating their toxic and inflammogenic effects. Scientific reports 10, 20258.

210.  Gonzalez-lizarraga, F., Socias, S. B., Avila, C. L., Torres-Bugeau, C. M., Barbosa, L. R., Binolfi, A.,
Sepulveda-Diaz, J. E., Del-Bel, E., Fernandez, C. O., and Papy-Garcia, D. (2017) Repurposing doxycycline
for synucleinopathies: remodelling of a-synuclein oligomers towards non-toxic parallel beta-sheet
structured species. Scientific reports 7, 1-13.

43

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

211.  Tenchov, R., Bird, R., Curtze, A. E., and Zhou, Q. (2021) Lipid Nanoparticles—From Liposomes to
mMRNA Vaccine Delivery, a Landscape of Research Diversity and Advancement. ACS Nano.

212.  Mazayen, Z. M., Ghoneim, A. M., Elbatanony, R. S., Basalious, E. B., and Bendas, E. R. (2022)
Pharmaceutical nanotechnology: from the bench to the market. Futur J Pharm Sci 8, 12.

213.  Urrejola, M. C., Soto, L. V., Zumaran, C. C., Pefialoza, J. P., Alvarez, B., Fuentevilla, I., and Haidar, Z.
S. (2018) Polymeric nanoparticle systems: Structure, elaboration methods, characteristics, properties,
biofunctionalization and self-assembly layer by layer technologies. Int ] Morphol 36, 1463-1471.

214. Zhao, Y, Xiong, S., Liu, P, Liu, W., Wang, Q., Liu, Y., Tan, H., Chen, X., Shi, X., and Wang, Q. (2020)
Polymeric nanoparticles-based brain delivery with improved therapeutic efficacy of ginkgolide B in
Parkinson’s disease. Int J Nanomedicine, 10453-10467.

215. Gambaryan, P.,, Kondrasheva, I., Severin, E., Guseva, A., and Kamensky, A. (2014) Increasing the
Efficiency of Parkinson's Disease Treatment Using a poly (lactic-co-glycolic acid)(PLGA) Based L-DOPA
Delivery System. Experimental neurobiology 23, 246.

216. Fernandes, C., Martins, C., Fonseca, A., Nunes, R., Matos, M. J. 0., Silva, R., Garrido, J., Sarmento,
B., Remiao, F., and Otero-Espinar, F. J. (2018) PEGylated PLGA nanoparticles as a smart carrier to increase
the cellular uptake of a coumarin-based monoamine oxidase B inhibitor. ACS applied materials &
interfaces 10, 39557-39569.

217. Mendoza-Munoz, N., Urban-Morlan, Z., Leyva-Gémez, G., de la Luz Zambrano-Zaragoza, M., and
Quintanar-Guerrero, D. (2021) Solid lipid nanoparticles: an approach to improve oral drug delivery.
Journal of Pharmacy & Pharmaceutical Sciences 24, 509-532.

218. Lopalco, A, Cutrignelli, A., Denora, N., Lopedota, A., Franco, M., and Laquintana, V. (2018)
Transferrin functionalized liposomes loading dopamine HCl: development and permeability studies
across an in vitro model of human blood—brain barrier. Nanomaterials 8, 178.

219. Semaglutide liposome and preparation method thereof. CN201310093730, 2013.

220. Khanna, K., Sharma, N., Rawat, S., Khan, N., Karwasra, R., Hasan, N., Kumar, A, Jain, G. K.,
Nishad, D. K., and Khanna, S. (2021) Intranasal solid lipid nanoparticles for management of pain: A full
factorial design approach, characterization & Gamma Scintigraphy. Chemistry and Physics of Lipids 236,
105060.

44

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

TOC graphic

W
-
O
wn
—t
B
y [(e]
zé‘ﬂ'ﬁgaﬂ—’g
=SNGV =
25 ay P ey
5320205 5
Mitochon riag(_o gé‘g%“ﬁ
S 805843
Neurong sss4 1%
Parkinson's disease

Nerve degeneraticn Dopamine
euronflammation

B ra i n (Q Deep Drain Stimulation

Reaclive oxygen specics

Eiomarkers s

Avd

auan

https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2 ORCID: https://orcid.org/0000-0003-4698-6832 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

45


https://doi.org/10.26434/chemrxiv-2024-fp9nj-v2
https://orcid.org/0000-0003-4698-6832
https://creativecommons.org/licenses/by/4.0/

