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ABSTRACT

Background: Parkinson's disease (PD) is a

neurodegenerative illness characterized by both motor and non-motor

progressive

symptoms. It is caused by a combination of environmental and genetic
variables, oxidative stress, mitochondrial dysfunction, alpha-synuclein
aggregation, dopaminergic neuron loss, poor proteostasis, and neurons.
Objective: This study aims to give a comprehensive overview of the
molecular and cellular mechanisms that underlie Parkinson's disease,
talk about the important hereditary and environmental factors that play
a role, and highlight new multi-targeted therapy approaches that try to
change the condition. Methods: The contributions of mitochondrial
failure, oxidative stress, alpha-synuclein aggregation,
neuroinflammation, defective autophagy-lysosomal and ubiquitin-
proteasome pathways, and changes in the gut-brain axis in Parkinson's
disease pathogenesis were examined in a critical review of recent
research. Research on new treatments that target these processes was

also assessed. Results: Parkinson's disease is caused by a combination

of environmental pollutants, mitochondrial malfunction, oxidative stress, proteostasis failure,

neuroinflammation, gut microbiome alterations, and genetic abnormalities (SNCA, LRRK2,

PINK1, GBA). Although dopaminergic treatments help with symptoms, they cannot stop

neurodegeneration. Multi-targeted approaches are being developed to alter the course of

disease, such as anti-inflammatory drugs and antioxidants derived from plants. Conclusion:

Multiple pathogenic pathways must be targeted by integrative therapy due to the intricacy of

Parkinson's disease. Novel approaches to disease-modifying treatments are presented by
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developments in experimental models and molecular research. Personalized, multimodal
techniques must be the focus of future efforts in order to effectively control and change the

course of disease.

» INTRODUCTION

Parkinson's disease (PD) is a complicated neurological condition that is caused by cellular
and molecular processes that are interrelated. a-synuclein misfolds and aggregates to produce
Lewy bodies, which impair neuronal function, especially in the substantia nigra pars
compacta (SNpc), and cause dopaminergic neurodegeneration.™ This imbalance in the
circuits of the direct and indirect basal ganglia causes the distinctive motor deficits./”
Neuronal mortality is accelerated by mitochondrial failure, which is made worse by
mutations in PINK1, Parkin, and DJ-1. This dysfunction impairs energy production and raises
oxidative stress. In addition, malfunctioning protein degradation systems (such as the
autophagy-lysosomal pathway and the ubiquitin-proteasome system) lead to the harmful
buildup of misfolded proteins.!®! The damage is exacerbated by neuroinflammation, which is
fueled by overactive microglia and an excess of pro-inflammatory cytokines. Meanwhile,
new research indicates that the gut-brain axis, primarily the microbiome, influences the
neurotransmission modulation of dopamine and acetylcholine in the brain, indicating that o-
synuclein pathology may start in the gut and spread through the vagus nerve.'! The
daevelopment and susceptibility of disease are influenced by both genetic and epigenetic
factors, including mutations in SNCA, LRRK2, and PINK1. PD's unrelenting
neurodegeneration is caused by a combination of these pathogenic pathways, which
emphasizes the necessity for multi-targeted therapy methods such as dopaminergic
medicines, mitochondrial protectants, neuroinflammation inhibitors, and a-Synuclein-

targeting medications.
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Figure 1- Timeline of Parkinson's Disease Progression with Treatments.

The most prevalent neurodegenerative movement disorder is Parkinson's disease (PD), which
is typified by a variety of non-motor symptoms in addition to growing motor impairment.
According to regional study, the reported frequency in India is between 6 and 53 per 100,000,
with higher rates observed in urban and older populations. However, there are few nationwide
incidence numbers available, and the range is between 6 and 14 per 100,000 people annually.
In Europe, there are between 108 and 257 cases of Parkinson's disease for every 100,000
persons, with an estimated 11 to 19 new cases per 100,000 each year. These figures illustrate
the disease's significant impact on public health.”! The current definition of Parkinson's
disease includes bradykinesia accompanied by stiffness, rest tremor, or both. The clinical
presentation, however, is complex and includes a number of non-motor symptoms.
Prognostic guidance is guided by knowledge of disease subtypes. A possibly protracted
prodromal stage precedes the development of Parkinson's disease. Detecting prodromal
parkinsonism will probably have consequences once disease-modifying drugs are available,
but at the moment, prodromal symptoms have no therapeutic significance beyond symptom

suppression.®!

Tremor is often the first symptom, and it might be followed by bradykinesia and rigidity.
Postural instability can significantly affect quality of life and is often identified late in the
disease. It's also important to remember that some people may experience autonomic
symptoms before motor problems. The majority of patients are diagnosed based on their
clinical presentation and medical history. SPECT scans can be used to rule out other

neurological conditions or in cases of uncertainty.
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A degenerative neurological disorder, Parkinson's disease has a high morbidity and fatality
rate. Most people discuss their Parkinson's disease symptoms with their primary care
physician before consulting a specialist. Although motor symptoms are the main diagnostic
markers of Parkinson's disease, the condition can also include nonmotor symptoms such
autonomic dysfunction, depression, and hallucinations, which can make the first diagnosis
difficult.’

Visual hallucinations, advanced age, biomarker changes including cortical shrinkage,
Alzheimer-like changes on functional MRI and in cerebrospinal fluid, slowness and
frequency variation on EEG, and other risk factors for early dementia progression are also
included. Nevertheless, little is known about the mechanisms behind cognitive decline in
Parkinson's disease. In Lewy body and Alzheimer-type illnesses, cortical involvement is

significant, albeit multiple processes are probably at play.[”

» Parkinson's Disease Pathophysiological Mechanisms: An Interconnected System of

Integrated Factors
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Figure 2 - Parkinson's Condition Pathophysiological Mechanisms: An Integrated
System of Linked Elements.
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The figure highlights the interrelated processes that lead to dopaminergic neurodegeneration
and depicts the intricate pathophysiology of Parkinson's disease (PD). The progressive death
of dopaminergic neurons, mostly in the substantia nigra pars compacta, is a key component of
the disease process and results in dopamine deficit in the striatum™ Critical initiators include
genetic mutations like SNCA, LRRK2, and PARK gene changes, which encourage the
buildup of misfolded o-synuclein and the development of Lewy bodies in neurons.!!
Intracellular protein aggregates caused by defective protein degradation processes, such as
malfunctioning ubiquitin-proteasome systems, further aggravate this pathogenic protein

aggregation.

The resulting energy deficit and mitochondrial malfunction further increase oxidative stress
levels, resulting in a hazardous intracellular environment. Chronic neuroinflammation results
from the release of pro-inflammatory cytokines from microglial activation brought on by a-
synuclein aggregation and oxidative damage!’® These agents of inflammation promote
synaptic dysfunction and neuronal damage. The cardinal motor symptoms of Parkinson's
disease are the clinical manifestation of decreased striatal dopamine levels caused by the
convergence of these processes. Further linking systemic factors to the development of
disease, new research also points to a gut-brain axis involvement, where misfolded o-

synuclein may travel from the enteric nervous system to the brain through the vagus nerve™"

» Recent advancements

over the past five years have included the identification of genetic subtypes and a growing
number of genetic variants linked to the risk of Parkinson's disease, the validation of clinical
diagnostic criteria, and the introduction and testing of research criteria for prodromal
Parkinson's disease. The development of diagnostic biomarkers has advanced significantly,
and imaging and genetic tests are now routinely included in clinical practice regimens. Other
tissue and fluid indications are now being researched. Early diagnosis, the identification of
discrete subgroups with different prognoses, and the creation of novel disease-modifying
medications are all made possible by Parkinson's disease's shift from a clinical to a
biomarker-supported diagnostic entity.!*

Public health attempts to prevent cardiovascular diseases and some types of cancer have
appropriately led to an increase in focus to chronic neurological illnesses like dementia and
Parkinson's disease. Multifaceted preventative strategies are required to address high-risk

focused secondary prevention, population-based primary prevention, and tertiary prevention
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treatment for Parkinson's disease. Triangulating the results of basic, applied, and
epidemiological research will require future international collaborations in order to advance

Parkinson's disease knowledge and prevention worldwide.

PD genetics provides a significant insight into the disease's process by revealing unique
molecular pathways and their impact at the cellular level. This section outlines the
complicated genetics of Parkinson's disease, focusing on the genes that have been most
thoroughly studied.

Changes in NF-«xB expression, a crucial regulator of cellular responses, have been linked to
PD processes. PD disease is characterized by buildup of alpha-synuclein, which activates NF-
kB in neurons and promotes death through many mechanisms.™ Misfolded alpha-synuclein
produced by degenerated neurons triggers signaling pathways in glial cells, leading to NF-xB
activation and pro-inflammatory cytokine production, exacerbating neurodegenerative
processes. However, NF-kB activation can be both beneficial and detrimental to neuronal
survival. NF-kB activation is essential for mitochondrial function, and c-Rel deficiency can
lead to DA neuron death through many routes. NF-kB plays a dual role in Parkinson's
disease. However, strategically changing its processes and pathways can reduce DA neuron
loss and PD.2!

The etiology of sporadic Parkinson's disease is still unknown; however, the interplay of
extrinsic and intrinsic variables may play an important role in the illness's genesis and
progression. Animal models and human postmortem tissue have revealed unique cellular and
molecular alterations in the sick brain, implying intricate interactions between different glial
cell types and molecular pathways. Small changes in the expression of individual genes in

one pathway or cell type may have an impact on others at the cellular and system levels.[*"!

Our understanding of the etiology of Parkinson's disease has evolved significantly during the
last several decades. Although more than 85% of patients with idiopathic or late-onset
Parkinson's disease do not appear to have inherited the condition, a positive family history is
connected with an increased risk of PD. The study of rare large families with clearly
Mendelian inherited parkinsonism (<10%) identified several causative genes, indicating that
mitochondrial or lysosomal dysfunctions, protein aggregation, the ubiquitin-proteasome

system, and kinase signaling pathways all play a major role in the pathogenesis of PD.[*®!
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» Current Treatment Landscape

The goal of allopathic treatment for Parkinson's disease (PD) is to reduce symptoms using
medications and dopaminergic therapy. To increase brain availability and reduce side effects,
the most effective medication, levodopa, is combined with benserazide or carbidopa;
nonetheless, prolonged use may result in motor fluctuations and dyskinesia.*”? While
dopamine agonists (e.g., Pramipexole, Ropinirole) directly stimulate dopamine receptors,
COMT inhibitors (e.g., Entacapone, Opicapone) and MAO-B inhibitors (e.g., Selegiline,
Rasagiline) prolong dopamine effects. This helps with early or adjunct therapy, but it also
carries risks like hallucinations and impulse control disorders. Anticholinergic medications,
including trihexyphenidyl, reduce tremors but may have negative effects on cognition.
Amantadine aids in the treatment of dyskinesias, while adenosine A2A receptor antagonists
(such istradefylline) reduce "off" time.[*®!

Antidepressants (such as SSRIs for depression), rivastigmine for dementia, pimavanserin for
psychosis, and medications for orthostatic hypotension, constipation, and sleep issues are
used to treat non-motor symptoms.!*®! Emerging therapies that aim to postpone the onset of

disease include alpha-synuclein-targeting drugs, gene therapy, and stem cell research.

» An overview of the main features of several therapy for Parkinson's disease is
provided in this comparative table

» Table 1. Comparative table of methods for treating Parkinson's disease that
highlights the salient features of various treatments.

Treatment | Mechanism Advantages Limitations Future Potential

Conver_ts to Most effective for Long-term use Newer formulations
Levodopa dopamine in the causes 1

. motor symptoms . for stability

brain fluctuations
Dopamine Mimic dopamine Useful in early Impulse control Personalized dosing
Agonists action stages disorders possible | improvements
MAO-B Prevent dopamine Mild symptom Limited efficacy Possible .

S . neuroprotective
Inhibitors breakdown relief as monotherapy
effects

D(?EP Br".i'n El_ectrlca_ll . Reduces motor Requires brain Adaptive DBS with
Stimulation | stimulation of brain fluctuations surger Al optimization
(DBS) regions gery P
Gene Modifies genes fo Potential long- Experimental, Disease-modifying

enhance dopamine . o . .
Therapy . term benefits limited trials potential

function
Stem Cell Replaces lost Restores dopamine | Ethical concerns, | Ongoing research in
Therapy neurons production immune rejection | neurodegeneration
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Dopamine agonists, levodopa, and MAO-B inhibitors are used to restore or mimic dopamine
in Parkinson's disease, with differing advantages and disadvantages. Though they have
drawbacks, cutting-edge alternatives like DBS, gene, and stem cell therapies seek to lessen
symptoms or alter disease. Future priorities include regeneration, customisation, and stability.

» Comparative table with specific drugs, success rates, and recent research updates
> Table 2: Table of comparisons with certain medications, success rates, and current

study findings.

Treatment Examples Recent Research
Sinemet Extended-release formulations like
Levodopa (Levodopa/Carbidopa), IPX203 in trials for more stable
Rytary, Stalevo effects
) . Prarr_npexole (erape:x), Newer formulations aim to reduce
Dopamine Agonists Ropinirole (Requip), side effects
Rotigotine (Neupro patch)
_ Rasag_ll_lne (Azilect), Clinical trials assessing
MAO-B Inhibitors Selegiline (Eldepryl), combination therapy benefits
Safinamide (Xadago)
- Entacapone (Comtan), New formulations under review for
COMT Inhibitors Tolcapone (Tasmar),

Opicapone (Ongentys)

longer efficacy

Deep Brain Stimulation

(DBS)

Medtronic Activa, Abbott

Infinity

Adaptive DBS  (Al-controlled
stimulation) in development

Gene Therapy

AAV-GAD, AAV2-neurturin
(CERE-120)

Trials on GDNF & neurturin gene
therapy ongoing

Stem Cell Therapy

IPSC-derived dopaminergic

Clinical trials underway using
IPSC (Induced Pluripotent Stem

neurons
Cells)

Immu_notherapy PDOLA. AFFITOPE New tr_lals e>_<p|c_)r|ng active &
(Vaccines) passive immunization

Gut Microbiome | Probiotics, Fecal Microbiota | Al-driven microbiome research
Therapy Transplant (FMT) accelerating discoveries

Extended-release medication formulations, Al-optimized deep brain stimulation, and novel
gene, stem cell, and microbiome therapies are examples of recent developments in the
treatment of Parkinson's disease. These developments seek to improve symptom

management, reduce adverse effects, and provide possible benefits for disease modification.

» Non-Pharmacological Interventions

Recent advancements in radiation therapy offer encouraging non-invasive options for
managing Parkinson's disease (PD), especially for patients who are not candidates for surgery
or who have symptoms that are not responsive to medication. The subthalamic nucleus (STN)
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and globus pallidus internus (GPi), two deep brain structures, receive high-precision radiation
from Gamma Knife Radiosurgery (GKS), which gradually lessens tremors and rigidity. A
promising substitute for Deep Brain Stimulation (DBS) is Focused Ultrasound (FUS) with
MRI guidance, which creates precise brain lesions and provides quick symptom relief
without the need for surgeries or implants. Radiation-based methods offer long-lasting yet
non-invasive therapies, while DBS is still the gold standard and requires the surgical

implantation of electrodes for personalized symptom management.

Furthermore, although it is still in the experimental stage, proton beam therapy (PBT) is
being investigated for altering the brain circuits implicated in Parkinson's disease. These
radiation treatments, in contrast to DBS, remove the possibility of surgical infections and
hardware issues, but they are not adjustable after the lesion has been created. These
developments give PD patients new treatment options, including safer and easier ways to

manage their symptoms, even if further study is required.

» From Asanas to Antioxidants: A Natural Path to Parkinson’s Disease Management.

Yoga and other non-pharmacological therapies can improve mobility, balance, cognitive
function, and general well-being, which can help manage Parkinson's disease (PD). Asanas,
or poses, including Tree Pose (Vrikshasana) and Warrior Pose (Virabhadrasana), strengthen
muscles and improve postural stability, which reduces the risk of falling.”” Yoga is an
ancient mind-body practice that enhances flexibility, stability, and mental resilience.
Stretching exercises help people become less stiff and rigid, and mindful movements and
breath control (Pranayama) improve motor coordination. In addition to lowering stress,
anxiety, and despair, meditation and deep breathing also promote emotional stability and

relaxation, both of which are critical for managing Parkinson's disease.?!

Respiratory muscles, which may deteriorate as a result of the disease, are further strengthened
by breathing exercises like Kapalabhati and Anulom Vilom™ In addition to yoga, additional
non-pharmacological treatments including physical therapy and fitness regimens like Pilates,
tai chi, and resistance training aid to improve mobility, preserve muscular strength, and lessen
bradykinesia, or slowness of movement®®! For voice modulation and swallowing issues that
may develop in later stages of Parkinson's disease, speech therapy—including Lee Silverman
Voice Treatment (LSVT)-is helpful®! Focus, emotional resilience, and cognitive decline can
all be improved with cognitive training and mindfulness exercises. Nutrition and food are

also important; a Mediterranean diet high in fiber, omega-3 fatty acids, and antioxidants
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supports brain function and helps with digestive problems that are typical in Parkinson's

disease.

When combined with traditional treatments, these non-pharmacological methods can greatly
enhance mental, emotional, and physical health, which will ultimately improve the quality of

life for those with Parkinson's disease.

In experimental Parkinson's disease, phytochemicals may offer neuroprotection by reducing
oxidative stress and mitochondrial dysfunction and by triggering autophagy to break down
harmful a-synuclein molecules. The neuroprotective properties and modes of action of
recently discovered naturally occurring phytochemicals that target oxidative stress and
neurodegeneration at the cellular and molecular levels throughout the progression of
Parkinson's disease are described in this study. Furthermore, we study pharmacological routes
associated with autophagy signaling and Nrf2/ARE.*!

In Parkinson's disease, plant extracts seem to inhibit the oligomerization and fibrillation of a-
syn, a novel therapeutic target. In experimental models of Parkinson's disease, plant extracts
that have been shown to be neuroprotective target pathogenic stages of a-syn conformations,
such as fibrillation and oligomerization.?® a-syn has been demonstrated to be targeted by
plant extracts in Parkinson's disease models, frequently in vitro. Nevertheless, it is unknown
which bioactive components are involved in this effect. In Parkinson's disease caused by

A53T o-syn in Caenorhabditis elegans, Bacopa monnieri prevents neurodegeneration.?”

In addition to reducing proinflammatory cytokines (such as prostaglandin E2, interleukin-6,
interleukin-1p3, and nuclear factor-kB), phytochemicals also inhibit apoptosis, reduce
dopaminergic neuronal loss and depletion, and alter nuclear and cellular inflammatory
signaling®® In the treatment of Parkinson's disease, natural chemicals produced from plants
may be employed as adjuvants or as pharmaceutical drugs in the future, in addition to
conventional therapy approaches, to increase effectiveness and reduce psychological adverse
effects. To evaluate phytochemicals' potential as future drugs for the treatment of
neurodegenerative diseases, well-designed clinical trials are necessary to determine their
healing and preventative benefits.’*!

Although the underlying mechanism is yet unknown, cumulative data has shown that
phytochemicals as nutraceuticals can enhance the status of NDs. One study claim that
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phytochemicals' anti-oxidative and radical-scavenging properties help to ameliorate the
disease Although phytochemicals' exact biological targets are unknown, it is hypothesized
that they may be triggering stress response pathways that the cells will use as a defence
because they are unable to carry out their function by just altering gene expression and

enzyme metabolism.Y

According to an alternative idea, phytochemicals function as ligands, binding to particular
receptors on the nucleus or cell membranes before functioning in a downward signal

transduction cascade and exhibiting their antioxidant properties.'?

The use of dopamine agonists and levodopa to treat motor symptoms in Parkinson's disease at
any stage is well supported by research®. While clozapine works well for hallucinations,
dopamine agonists and dopamine metabolism inhibitors are better for motor disorders.k**!
Pramipexole, cholinesterase inhibitors, and antidepressants may help reduce the symptoms of
dementia.®* It's unclear how well different therapies work for both motor and nonmotor
traits. !

Nowadays, numerous drugs are formulated using nanoparticles (NP), which offers a number
of benefits over traditional therapies.®” Because of its size and makeup, this type of
multifunctional carrier interacts differently with biological systems, which can reduce its
ability to cross the blood-brain barrier, target drug delivery, boost bioavailability at the site of
action, reduce dosage, and cause side effects.!*®!

NP enhances therapeutic efficacy and biodistribution, reduces drug toxicity, conceals
physicochemical characteristics, increases bioavailability, and provides controlled drug
release. Analysing prolonged-release systems and the NP's transit into the brain is also
essential for PD in order to determine whether a formulation actually crosses the blood-brain
barrier, is deposited in the brain, and releases the drug or merely adheres to the lumen.®”

No scientifically proven treatments exist to stop or prevent the progression of the
condition.®®! For early Parkinson's disease, non-ergot dopamine agonists, oral levodopa
formulations, selegiline, and rasagiline are clinically advantageous when used as
monotherapy.®* For early or stable Parkinson's disease, zonisamide, rasagiline, and non-ergot
dopamine agonists are clinically effective adjuvant therapies. While physiotherapy is

clinically valuable, rivastigmine may be useful as an adjuvant therapy in optimized
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Parkinson's disease for general or specific motor symptoms, including gait; structured

patterned exercises and exercise-based movement strategy training may also be helpful.””!

Regarding the prevention or delay of motor disorders, no new research has been conducted,
and the findings have not been altered.*! For motor fluctuations, the majority of non-ergot
dopamine agonists, including pergolide, levodopa ER, levodopa intestinal infusion,
entacapone, opicapone, rasagiline, zonisamide, safinamide, bilateral STN, and GPi DBS, are
clinically helpful. Dyskinesia can be effectively treated with amantadine, clozapine, bilateral
STN DBS, and GPi DBS."*?

Parkinson's disease is a complicated condition that can progress quickly or slowly. Both
pharmaceutical (often levodopa formulations taken with or without other medications) and
nonpharmacologic (exercise and physical, occupational, and speech therapies) treatments are
used in treatment. Levodopa-carbidopa enteral suspension with deep brain stimulation can
help those with drug-resistant tremors, dyskinesias, and worsening symptoms when the

medication wears off.[*’]

> Pathophysiological Models of Parkinson’s Disease

In order to comprehend the pathophysiology of Parkinson's disease (PD), test potential
treatments, and track the disease's development, models are essential.**! With their own
advantages and disadvantages, these models can be generically divided into three categories:
computational, cellular, and animal models. There are alpha-synuclein-based, genetic, and
toxin-induced animal models. PD symptoms are mimicked by toxicity-induced models that
preferentially destroy dopaminergic neurons, such as 6-hydroxydopamine (6-OHDA)(45),
MPTP.[*! rotenonel” and paraquat!®® however they frequently lack essential characteristics
like Lewy bodies. Genetic models reproduce familial Parkinson's disease (PD) mutations,
including SNCA (alpha-synuclein), LRRK2, PINK1, Parkin, DJ-1, and GBA.[*! These
mutations impact dopamine neurons through different ways, such as protein aggregation or
mitochondrial failure. The spread of alpha-synuclein pathology is mimicked by other models,

including viral vector models and preformed fibril (PFF) models.

Cellular models provide controlled settings for molecular research; organoids or 3D cultures
offer more physiologically relevant systems; dopaminergic neuron cultures offer
straightforward but efficient platforms for toxicity screening; and induced pluripotent stem

cells (iPSCs) enable patient-specific studies.®® Simulating brain activity, genetic
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relationships, and pharmacological responses, computational models including neural
network models, systems biology models, and pharmacokinetic/pharmacodynamic (PK/PD)
models help create new treatments.® A combination of these methods is frequently required
for a thorough grasp of Parkinson's disease pathogenesis and treatment options, as each

model captures distinct facets of the condition.

While each model of Parkinson's disease offers distinct insights, none of them accurately
depicts the illness. Computational models enhance medication development and predictive
knowledge, cellular models provide molecular insights, and animal models aid in the study of
neurodegeneration and motor impairments. In order to thoroughly investigate Parkinson's

disease and create efficient treatments, a multi-model approach is necessary.

> Different models used in PD
1. Animal Models

To better understand neurodegeneration and possible therapies, researchers use animal
models that replicate the pathology and symptoms of Parkinson's disease. Toxin-induced
models, genetic models, and alpha-synuclein models are the three primary types.?

A. Toxin-Induced Models

In these models, elements of Parkinson's disease are replicated by selectively damaging

dopaminergic neurons using neurotoxins.

1. 6-Hydroxydopamine (6-OHDA) Model

Among the most popular and well-established experimental models for researching
Parkinson's disease (PD), the 6-hydroxydopamine (6-OHDA) model focuses on the
nigrostriatal dopaminergic pathway's degradation. Due to its active absorption by dopamine
and norepinephrine transporters, 6-OHDA, a hydroxylated analog of dopamine, shows
preferential toxicity toward catecholaminergic neurons. When 6-OHDA is injected
intracerebrally, usually into the striatum, medial forebrain bundle (MFB), or substantia nigra
pars compacta (SNc), it produces a lot of reactive oxygen species (ROS), which leads to
oxidative stress, mitochondrial malfunction, and eventually the death of dopaminergic
neurons. This specific neurodegeneration closely resembles the bradykinesia, stiffness, and

postural instability that are motor deficits seen in Parkinson's disease.!**!
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Rapid onset and reproducibility are two of the 6-OHDA model's main benefits, which enable
researchers to quickly and carefully examine motor dysfunctions. Additionally, the site and
injection dose can be used to fine-tune the severity of the lesion, giving the option to imitate
partial or complete dopaminergic denervation. Assessing the effectiveness of dopaminergic
replacement treatments like L-DOPA, testing neuroprotective drugs, and examining the part
oxidative stress plays in the pathophysiology of Parkinson's disease are all common uses for

the animal.[®*!

2. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) Model

The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model is one of the most
established experimental systems for investigating Parkinson’s disease (PD), especially
dopaminergic neurodegeneration. MPTP is a lipophilic molecule that readily crosses the
blood-brain barrier following systemic administration. Once in the brain, it is metabolized by
monoamine oxidase-B (MAO-B) in glial cells to its toxic metabolite, 1-methyl-4-
phenylpyridinium ion (MPP*). MPP™ is selectively taken up by dopaminergic neurons via the
dopamine transporter (DAT), where it accumulates in mitochondria and inhibits complex | of
the electron transport chain. This results in severe ATP depletion, oxidative stress, and
ultimately dopaminergic neuronal death. The MPTP model effectively mimics the profound
dopamine loss observed in PD and leads to motor symptoms such as bradykinesia, rigidity,
and postural instability.!*!

3. Rotenone Model

The pathogenesis of Parkinson's disease (PD), specifically mitochondrial dysfunction and
oxidative stress-induced neurodegeneration, can be replicated experimentally using the
rotenone model. Naturally occurring rotenone is a lipophilic insecticide that easily penetrates
the blood-brain barrier and specifically blocks dopaminergic neurons' mitochondrial complex
| activity. This inhibition causes oxidative stress, mitochondrial malfunction, and ultimately
neuronal death by interfering with the synthesis of ATP and increasing reactive oxygen
species (ROS) levels. Chronic systemic or direct brain infusion of low doses of rotenone
replicates important clinical aspects of Parkinson's disease (PD), such as the creation of
intracellular a-synuclein aggregates that resemble Lewy bodies and the selective loss of

nigrostriatal dopaminergic neurons.™®
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4. Paraquat and Maneb Models

Experimental methods for examining the role of the environment in the pathophysiology of
Parkinson's disease (PD) include the paraquat and maneb models. Environmental pollutants
such as the common herbicide paraquat and the fungicide maneb have been linked in
epidemiological studies to the development of Parkinson's disease. Maneb mostly damages
mitochondrial activity and antioxidant defences, whereas paraquat causes oxidative stress in
animal models by producing reactive oxygen species (ROS). These substances, when taken
separately or in combination, cause damage to specific dopaminergic neurons in the
substantia nigra, which results in striatal dopamine depletion and motor dysfunctions.
Particularly noteworthy is the synergistic impact of co-administration of paraquat and maneb,
which results in increased neurotoxicity as compared to either drug alone.*” The paraquat
and maneb models' ability to accurately simulate environmental exposures that may be linked
to Parkinson's disease (PD) and offer insights into how chronic toxin exposure may influence
the start and course of the disease is one of its main advantages.®®
B. Genetic Models

Mutations associated with familial Parkinson's disease are replicated in genetic models.™

1. Alpha-Synuclein (SNCA) Models

The genetic models of Parkinson's disease (PD) that have been explored the most are alpha-
synuclein (SNCA) models. The pathological aggregation of alpha-synuclein and the
development of Lewy body-like inclusions are caused by either overexpression of wild-type
alpha-synuclein or expression of mutant versions (such as A53T, A30P, or E46K alterations).
Alpha-synuclein aggregation, a crucial molecular characteristic of Parkinson's disease, may
be mimicked by SNCA models, which makes them useful instruments for researching early

clinical alterations.[®”!

2. LRRK2 Models

The most prevalent genetic cause of both familial and sporadic Parkinson's disease is
mutations in the leucine-rich repeat kinase 2 (LRRK2) gene, namely the G2019S mutation. In
most LRRK2 models, particular mutations are knocked in or mutant LRRK2 is
overexpressed, resulting in dopaminergic dysfunction and altered neural signaling pathways.
Because these models are relevant to human hereditary Parkinson's disease, they are
extremely beneficial for drug development and therapeutic trials. However, LRRK2

transgenic mice frequently only exhibit inconsistent dopaminergic neuron loss and weak or
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incomplete motor impairment, which limits their usefulness in accurately simulating the
course of the illness. LRRK2 models are nevertheless essential for researching kinase

inhibitors and other targeted treatments in spite of these difficulties.[®"

3. PINK1/Parkin/DJ-1 Models

Autosomal recessive early-onset Parkinson's disease is linked to the genes PINKZ1, Parkin,
and DJ-1; models including these genes mostly concentrate on oxidative stress and
mitochondrial malfunction. Mutations in DJ-1 decrease the cellular response to oxidative
stress, while mutations in PINK1 or Parkin hinder mitophagy, all of which increase neuronal
susceptibility. PINK1/Parkin/DJ-1 knockout animals successfully reproduce stress responses
and mitochondrial defects associated with the pathophysiology of Parkinson's disease.
However, there is frequently no discernible loss of dopaminergic neurons in these animals,
and neurodegeneration is usually only mild or delayed. Therefore, they are less appropriate
for reproducing the entire neurodegenerative profile of Parkinson's disease, even though they
are very instructive for researching mitochondrial pathways.®?

4. GBA Models (Glucocerebrosidase Mutations)

The lysosomal enzyme glucocerebrosidase is encoded by the GBA gene, and mutations in
this gene are known to be important genetic risk factors for Parkinson's disease. GBA models
link lysosomal dysfunction to the pathophysiology of Parkinson's disease by simulating
decreased lysosomal function, which leads to the buildup of alpha-synuclein and other
autophagic substrates. These models are especially helpful for investigating the relationship
among neurodegeneration, autophagy, and alpha-synuclein clearance. However, a persistent
drawback of GBA models is that they usually exhibit just a small amount of dopaminergic
neuron loss, which restricts their capacity to mimic the progressive motor decline seen in PD
patients. Nevertheless, they offer a crucial framework for creating treatments that target

alpha-synuclein aggregation and lysosomal pathways.!®*!

C. Alpha-Synuclein Preformed Fibril (PFF) and Viral Models

1. Preformed Fibrils (PFF) Model

A potent method for simulating the pathophysiology of Parkinson's disease (PD) in
experimental animals is the preformed fibrils (PFF) model. This method involves injecting
synthetic alpha-synuclein fibrils into particular brain areas, which causes the endogenous
alpha-synuclein to misfold, clump together, and spread like a prion throughout the nervous

system. This model accurately replicates a number of important aspects of Parkinson's
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disease, such as the loss of dopaminergic neurons and increasing alpha-synuclein pathology.
The PFF model's capacity to replicate the temporal and spatial spread of PD pathology,
closely mirroring the course of the disease in individuals, is one of its main advantages. The
heterogeneity seen between species and even within strains, which results in irregularities in
disease onset and severity, is one of its drawbacks. The PFF model is nevertheless very useful
for researching the processes of illness progression and evaluating anti-aggregation
treatments.[%

2. Viral Vector Models

In viral vector models, human genes linked to Parkinson's disease, like wild-type or mutant
alpha-synuclein, are delivered and expressed directly into specific neuronal populations via
viruses, most frequently adeno-associated virus (AAV) vectors. These models are very
versatile for researching gene-specific contributions to Parkinson's disease pathogenesis
because they provide exact spatial and temporal control over gene expression. Viral vector
models have a significant advantage in that they can cause strong and localized
overexpression of pathogenic proteins, which results in the death of dopaminergic neurons
and motor impairments that resemble the symptoms of Parkinson's disease in humans.
However, a significant drawback is that viral-mediated overexpression can produce
supraphysiological protein levels, which might not fairly represent the gradual, progressive

character of sporadic Parkinson's disease.®

3. Cellular Models

For examining the molecular processes behind Parkinson's disease (PD) and for vetting
possible treatment candidates, cellular models are essential resources. These models allow for
controlled experimental manipulation by simulating particular characteristics of Parkinson's
disease pathology using cultured neuronal or glial cells. Cellular models provide quick,
inexpensive, and highly adaptable platforms for researching disease processes at the cellular

and molecular levels, despite not having all the complexity of in vivo systems.!®®!

A. Induced Pluripotent Stem Cells (iPSCs)

Induced pluripotent stem cells (iPSCs) represent a groundbreaking advancement in modelling
Parkinson’s disease. iPSCs are generated by reprogramming patient-derived somatic cells,
such as skin fibroblasts or blood cells, into pluripotent stem cells, which can then be
differentiated into dopaminergic neurons. This approach enables the creation of personalized

disease models that reflect the genetic and molecular background of individual patients. A
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major strength of iPSC-based models lies in their utility for drug screening, disease
modelling, and understanding genetic contributions to PD. However, the process is both
expensive and time-consuming, and variability in differentiation efficiency remains a
significant technical challenge. Despite these limitations, IPSC technology holds great
promise for advancing personalized medicine in Parkinson’s disease.[®”]

B. Dopaminergic Neuron Cultures

The biology of Parkinson's disease is often studied using primary dopaminergic neuron
cultures, which are usually produced from human stem cells or the embryonic ventral
mesencephalon of rats. Under regulated circumstances, these cultures offer a rather easy-to-
use and accessible method for examining neuronal function, neurotoxicity, and
neuroprotection. For toxicological investigations including exposure to PD-associated
poisons like MPTP or rotenone, they are very helpful. Dopaminergic neuron cultures provide
several benefits, including cost-effectiveness, excellent repeatability, and ease of
manipulation. The lack of the intricate brain microenvironment, which includes glial
interactions and vascular components and is crucial to the pathophysiology of Parkinson's
disease, is a significant drawback. Therefore, when extrapolating results from dopaminergic

neuron cultures to the in vivo setting, care must be used.®®

C. Organoids and 3D Cultures

A major advancement in the creation of more physiologically accurate models of Parkinson's
disease has been made with the creation of brain organoids and three-dimensional (3D)
neuronal cultures. Organoids are stem cell-derived, miniature, self-organizing structures that
can replicate features of the cellular variety and architecture of the brain. When compared to
conventional two-dimensional cultures, these models provide a more realistic depiction of the
cellular environment in vivo. They make it possible to investigate dopaminergic neuron loss,
alpha-synuclein aggregation, and neural network creation in a more natural setting. However,
the study of organoids is still in its infancy, and issues including batch variability, lack of
vascularization, and uniformity make it difficult to use them widely. However, brain
organoids and 3D cultures have a lot of potential for PD research and treatment trials in the

future.[®

4. Computational Models
In the study of Parkinson's disease (PD), computational models have emerged as useful

instruments that offer platforms for simulating the course of the disease, neuronal dynamics,
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and treatment approaches. Computational methods provide insights into the intricate
mechanisms behind Parkinson's disease (PD) and aid in the creation of novel theories and
therapeutic approaches by fusing biological data with mathematical frameworks.
Computational models are becoming more and more crucial for improving experimental
designs, forecasting results, and minimizing the need for lengthy animal testing, even if they

cannot completely replace biological studies.[’”

A. Neural Network Models

Neural network models mimic the activity of dopaminergic neurons and the larger circuits of
the basal ganglia linked to Parkinson's disease by using mathematical formulas and computer
algorithms. These models aid in forecasting how changes in neuronal firing patterns, motor
dysfunction, and symptom manifestation may result from disturbances in dopamine signaling.
Capturing dynamic neuronal interactions and testing the effects of different disease states or
therapies in silico are two of neural network models' main advantages. One significant
drawback, though, is that they frequently oversimplify the brain's cellular heterogeneity and
extremely complicated biological processes, which could reduce the precision of their
predictions. Neural network models, however, are useful for investigating theoretical therapy

approaches and comprehending circuit-level dysfunctions.?®®!

B. Systems Biology Models

Systems biology models apply computational techniques to large-scale biological datasets,
such as genomics, transcriptomics, proteomics, and metabolomics, to map and analyse the
intricate networks of gene and protein interactions involved in Parkinson’s disease. These
models enable researchers to identify critical molecular pathways, predict disease biomarkers,
and uncover potential drug targets that may not be evident through traditional experimental
approaches. A significant advantage of systems biology models is their ability to integrate
multi-omics data, providing a holistic view of PD pathogenesis. However, these models
require extensive, high-quality datasets, and their predictive power heavily depends on the
completeness and accuracy of the input data. Despite these challenges, systems biology
approaches are increasingly recognized for their potential to accelerate therapeutic discovery
inpD.I"!

D. Pharmacokinetic and Pharmacodynamic (PK/PD) Models
Essential computational tools for simulating how drugs are absorbed, distributed,

metabolized, and excreted (pharmacokinetics) and how they affect disease symptoms
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(pharmacodynamics) in the context of Parkinson's disease are pharmacokinetic and
pharmacodynamic (PK/PD) models. The time-course of pharmacological efficacy and
adverse effects is evaluated, therapeutic responses are predicted, and drug dosage schedules
are optimized with the use of these models. The ability to improve personalized medicine
tactics and refine clinical trial designs is one of PK/PD models' main advantages. However,
precise experimental validation and thorough biological knowledge are prerequisites for their
dependability. Therefore, in PD treatments, PK/PD modelling is an essential link between

preclinical results and clinical translation.

» Herbs as Hope: Implementing Plant-Based Therapeutics to Combat Parkinson's
Disease

In the quest for innovative PD treatments, herbal medicines have shown great promise.
Medicinal plants, which are abundant in a variety of phytochemicals, including polyphenols,
alkaloids, flavonoids, and terpenoids, have a range of pharmacological actions that can help
with the intricate pathophysiology of Parkinson's disease.’? Antioxidative, anti-
inflammatory, anti-apoptotic, neurotrophic, and mitochondrial-protective properties are
among them. Many herbs have been used historically in many traditional medical systems,
and preclinical research has shown that they have neuroprotective qualities, indicating that
they may be used as alternative or supplementary treatments for Parkinson's disease.!®!

Essential botanicals that have demonstrated encouraging outcomes in reducing oxidative
stress, preventing neuroinflammation, safeguarding dopaminergic neurons, and enhancing
motor functions in experimental models include Mucuna pruriens (natural source of L-
DOPA), Withania somnifera (ashwagandha), Curcuma longa (turmeric), Ginkgo biloba, and
Bacopa monnieri. Additionally, it has been proposed that certain herbal extracts may alter gut
microbiome, a newly discovered therapeutic target in Parkinson's disease.

The clinical translation of herbal medicines is still in its infancy, despite the promising
preclinical data. This calls for carefully planned trials, extract standardization, and
pharmacokinetic analyses. However, botanicals' multi-targeted therapeutic potential makes
them attractive options for the creation of integrative approaches to the treatment of

Parkinson's disease.l’¥
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> Botanical Neuroprotectants in Parkinson’s Disease: Insights and Innovations.

» Table- 3 Botanical Neuroprotectant plants.

Scientific Common | Key Therapeutic Role in Parkinson’s
Name Name Compounds | Benefits Disease
. Reduces oxidative
Neuroprotective,
Bacopa memory- stress and
pa Brahmi Bacosides y .| neuroinflammation,
monnieri enhancing, anti- | . .
) improves cognitive
inflammatory .
function
Anti- Contains natural
Mucuna Velvet Levodopa, inflammatory;, levodopa, improves
pruriens bean antioxidants enhances motor functions in
locomotion PD
Anti-anxiety, Increases glutathione
Withania Ashwaga | Withanolides, | neuroprotective, | (GSH) levels,
somnifera ndha alkaloids anti- reduces oxidative
inflammatory stress in PD models
Antioxidant, .
. Enhances dopamine
Curcuma . : neuroprotective,
| Turmeric | Curcumin . levels, prevents
onga anti-
. neuronal death
inflammatory
Neuroprotective, Improves
: . s locomotion, muscle
Ginkgo . Flavonoids, cognitive o
: Ginkgo . .| coordination, and
biloba terpenoids enhancer, anti- .
. decreases behavioral
aging S
Impairments
Reduces risk of PD,
Tea plant Antioxidant, black tea protects
. Polyphenols, . .
Camellia M (Green & . neuroprotective, | DA-ergic neurons,
. . o catechins, .
sinensis "W | Black ; anti- enhances TH
theaflavin : o
Tea) inflammatory expression in SN
region
Anti- Reduces
I . inflammatory, X .
Zingiber . Gingerol, d neuroinflammation
2 Ginger neuroprotective, A
officinale shogaol . and oxidative stress
improves .
N in PD models
digestion
Protects neurons
. from oxidative
e Antioxidant,
Vitis vinifera Grapesee | Resveratrol, . damage, enhances
. neuroprotective, . i
d flavonoids anti-agin mitochondrial
ging function in PD
models
Cognitive Enhances neuronal
Centella Gotu Asiaticoside, enhancer, . sur_wvgl, reduces
L . neuroprotective, | oxidative stress and
asiatica Kola madecassoside . X S
anti- neuroinflammation in
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Antioxidant, Prevents neuronal
Citrus Orange Flavonoids, anti- damage by reducing
sinensis Peel vitamin C inflammatory;, oxidative stress and
immune booster | inflammation in PD
. ., | Antioxidant, Enhances brain
. Carnosic acid, - .
Rosmarinus . cognitive function, protects
L Rosemary | rosmarinic
officinalis . enhancer, neurons from damage
acid . .
neuroprotective | in PD models
Anti- Inhibits
inflammatory, neurodegeneration,
Panax . . . .
. Ginseng | Ginsenosides | cognitive modulates
ginseng :
enhancer, neurotransmitter
neuroprotective | activity in PD
Antioxidant, Reduces oxidative
. Holy .
Ocimum Basil Eugenol, anti- stress, prevents
sanctum . ursolic acid inflammatory, dopaminergic neuron
(Tulsi) d .
neuroprotective | loss in PD models
. Protects neurons
Anti- e
. - : from oxidative
Allium . Allicin, sulfur | inflammatory,
. Garlic . damage, enhances
sativum compounds antioxidant, . .
. mitochondrial
neuroprotective L
function in PD

Brahmi, also known as Bacopa monnieri (Bm), is a perennial plant that has antibacterial,
anti-inflammatory, antioxidant, neuroprotective, and memory-boosting propertiest”™ In
toxin-induced models, Bm extract

transgenic and (BME) has anti-parkinsonian

characteristics, suggesting that it may be used to treat Parkinson's disease (PD)!™®

Ayurveda has traditionally utilized the tropical bean Mucuna pruriens (Mp) to treat
Parkinson's disease because of its high concentration of levodopa, which is thought to be the
most effective treatment for the condition. In addition to levodopa, the other ingredients in
Mp may also have therapeutic benefits, enhancing locomotor behaviour in humans and
animal models.[’”!

Withania somnifera (Ws), popularly referred to as ashwagandha, is a well-known nerve tonic
that enhances memory and has anti-inflammatory and antioxidant qualities. By increasing the
levels of glutathione (GSH) and glutathione peroxidase (GPx), Ws root extract restores

oxidative stress in MPTP-induced Parkinson's disease rats.!’®
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Turmeric, or Curcuma longa (Cl), includes curcumin, an antioxidant having antidepressant,
neuroprotective, and anti-inflammatory properties. In animal models of Parkinson's disease,

curcumin has been shown to increase striatal dopamine (DA) levels.[’

In 6-OHDA-induced PD mice, ginkgo biloba (Gb), which possesses anti-aging,
neuroprotective, and antioxidant qualities, has been demonstrated to increase muscular
coordination and locomotor activity while also attenuating behavioural impairments.l”™ The
plant that produces black and green tea, Camellia sinensis (Cs), is rich in flavonoids and

polyphenols, which have anti-inflammatory, antioxidant, and neuroprotective qualities.!®”

While black tea includes theaflavin, which protects dopaminergic neurons and enhances TH
(Tyrosine Hydroxylase) expression in the substantia nigra (SN) of 6-OHDA-induced PD rats,
green tea consumption reduces the incidence of Parkinson's disease. These plants may be
used therapeutically to treat Parkinson's disease because of their exceptional neuroprotective

qualities.®!

Gingerol, shogaol, and zingerone are all found in Zingiber officinale (Zo), or ginger, and they
all have anti-inflammatory, neuroprotective, and antioxidant qualities. By decreasing -
synuclein aggregation, blocking NF-kB signaling, and reducing microglia activation,
phytochemicals can shield dopaminergic neurons from degeneration in Parkinson's disease.
Additionally, Zo reduces intestinal dysbiosis and enhances mitochondrial function, both of

which are connected to the advancement of Parkinson's disease.%

High concentrations of resveratrol, quercetin, catechins, and anthocyanins—all of which have
neuroprotective, antioxidant, and anti-apoptotic properties- are found in Vitis vinifera (Vv),
commonly referred to as grapevine. By activating SIRT1, resveratrol reduces oxidative stress
and neuroinflammation while promoting mitochondrial biogenesis. Additionally, it prevents
PD-associated neurotoxicity by protecting the integrity of the blood-brain barrier and

inhibiting a-synuclein fibrillation.

The chemicals asiaticoside, madecassoside, and centelloside, which are found in Centella
asiatica (Ca), commonly referred to as gotu kola, have synaptogenic, neuroprotective, and
cognitive-enhancing properties.® Through BDNF signaling, these phytochemicals enhance

neurogenesis, inhibit pro-inflammatory cytokines (TNF-o and IL-6), and lessen oxidative
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stress. Through its effects on dopamine metabolism, calcium has been shown to improve

motor deficits in animals with Parkinson's disease.®

The flavonoids hesperidin and naringenin, limonene, and vitamin C found in Citrus sinensis
(Cs), commonly referred to as sweet orange, have anti-inflammatory, antioxidant, and
mitochondrial-protective qualities. By lowering oxidative stress-induced DA neuron loss,
modifying Nrf2/HO-1 signaling, and preventing a-synuclein aggregations, these medications

slow the progression of Parkinson's disease.®

Rosemary, or Rosmarinus officinalis (Ro), contains ursolic acid, carnosic acid, and rosmarinic
acid, all of which have dopaminergic neuroprotective, mitochondrial, and anti-inflammatory
properties. Ro is helpful in models of Parkinson's disease because it controls Nrf2 signaling,
inhibits MAO-B activity (which degrades dopamine), and lowers neurotoxic glutamate
excitotoxicity.®”!

Ginsenosides (Rgl, Rb1, Re) found in Panax ginseng (Pg), sometimes referred to as ginseng,
have neuroprotective, anti-inflammatory, and antioxidant qualities(75). Pg increases
dopamine release via protecting nigrostriatal neurons, inhibiting apoptosis through the
PI3K/Akt pathway, and modulating NF-kB to decrease neuroinflammation. In animals with
Parkinson's disease, it has been demonstrated in experiments to enhance motor performance

and stop DA depletion.

Eugenol, ursolic acid, and flavonoids- which are antioxidants, mitochondrial defenders, and
dopaminergic enhancers—are found in Ocimum sanctum (Os), also referred to as holy basil
(Tulsi). These medications increase dopamine production by controlling TH expression,

decrease neuroinflammation by inhibiting COX-2, and stop a-synuclein aggregation.®!

Allicin, S-allyl cysteine, and diallyl sulfide are components of Allium sativum (As),
commonly referred to as garlic, and they have anti-inflammatory, detoxifying, and
neuroprotective qualities. In order to prevent neurotoxicity linked to Parkinson's disease, Nrf2
activation reduces oxidative stress in DA neurons, inhibits a-Synuclein aggregation, and
increases glutathione (GSH) levels.™”

Phytochemicals obtained from medicinal plants target several molecular pathways involved
in the pathophysiology of Parkinson's disease (PD), exhibiting neuroprotective qualities.

These include NF-kB and TNF-a signaling to reduce neuroinflammation, the Nrf2 pathway to
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fight oxidative stress, the activation of SIRT1 and PGC-1a to restore mitochondrial function,
and the regulation of dopamine metabolism enzymes like MAO-B and tyrosine hydroxylase
(TH) to maintain dopaminergic signaling. According to these multi-targeted activities
demonstrate the therapeutic potential of natural substances in the management of Parkinson's

disease.l™

» CONCLUSION

Parkinson’s disease arises from the convergence of multiple pathological processes, including
mitochondrial dysfunction, oxidative stress, neuroinflammation, impaired proteostasis, and
dopaminergic neuronal loss. Genetic mutations, environmental factors, and gut-brain axis
disruptions further exacerbate disease progression through interconnected molecular
pathways. Advances in experimental models and molecular research have uncovered new
therapeutic targets beyond dopamine replacement. Plant-derived bioactive compounds offer
promising neuroprotective strategies by targeting oxidative and inflammatory cascades and
stabilizing mitochondrial function. Although current animal models provide valuable
mechanistic insights, limitations persist in replicating the full spectrum of human PD
pathology. Moving forward, personalized, multi-targeted therapies integrating
pharmacological agents, natural products, and lifestyle interventions hold the greatest

promise for altering disease course and improving patient outcomes.
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