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Abstract

Parkinson’s disease (PD) is an insidious neurodegenerative disease that is marked by loss of dopaminergic cells of the
substantia nigra (SN) and aggregation of misfolded a-synuclein proteins. It is characterized by typical motor symptoms
such as tremor, rigidity, bradykinesia, and postural instability, along with a wide range of non-motor manifestations
including cognitive impairment, autonomic dysfunction, sleep disturbances, and mood disorders.The pathophysiology
of PD is multifactorial, as it entails protein aggregation, mitochondrial dysfunction, oxidative stress, neuroinflammation,
and genetics. Although significant advancements have been made in levodopa-based therapies and surgical
interventions such as deep brain stimulation, these approaches primarily provide symptomatic relief and do not prevent
disease progression. Emerging therapeutic strategies, including gene therapy, RNA-based therapeutics, immunotherapy,
and stem cell interventions, are currently under investigation for their potential disease-modifying effects. Furthermore,
patient-centered and precision medicine approaches are becoming increasingly important in PD management. This
review integrates clinical, molecular, and therapeutic perspectives, with particular emphasis on challenges associated
with bench-to-bedside translation. It also highlights the urgent need for reliable biomarkers, early diagnosis, and
multidisciplinary disease-modifying strategies for future therapeutic interventions.
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1. Introduction

Parkinson’s Disease (PD) is a chronic and progressive neurodegenerative disease, which mainly involves movement,
but has a broad spectrum of non-motor symptoms that have a very detrimental effect on the quality of life [1]. PD which
is defined by bradykinesia, resting tremor, rigidity and postural instability is the second most prevalent
neurodegenerative disorder after Alzheimer disease, and an increasingly worrisome global health issue [2]. The
underlying pathology is characterized by the selective degeneration of dopaminergic cells in the SN pars compacta and
intracellular inclusions, called Lewy bodies (LB) that are mainly made of aggregated alpha-synuclein protein [3].
Though the precise mechanism has eluded researchers, it is agreeable that multifactorial interaction of genetic
predisposition and environmental exposures play a role in disease onset and progression [4]. The significance of PD
extends beyond its clinical presentation, as it exerts substantial emotional, social, and economic burdens on patients,
caregivers, and healthcare systems worldwide.As the world tends to age, the level of PD has been increasing at an
alarming rate in the past decades. It is estimated such that more than 10 million individuals in the world are living with
PD which is likely to rise to 20 million by 2040 [5]. In most low and middle-income states, late diagnosis, low access to
neurologists, and insufficient treatment also contribute to the burden, and there is a sharp necessity to create better
global awareness, early detection plans, and fair access to treatment. Also, PD has a high disability-adjusted life year
(DALY) and healthcare price, particularly at more severe stages where motor fluctuation, cognitive, and autonomic
dysfunction are more pronounced [6]. PD has had a rich medical history of existence way back to antiquity. The first
clear clinical description of the symptoms similar to those of PD is dated to early Ayurvedic and Chinese medical texts,
however, in 1817, the British physician James Parkinson gave a first account of it in his monograph entitled An Essay
on the Shaking Palsy [7]. His work was the basis of accepting PD as a specific neurological disorder. Subsequently, the
knowledge of its clinical manifestation and pathology was perfected by Jean-Martin Charcot and others [8]. The 20th
and 21st centuries saw a boom of neurobiology and imaging technologies that have demonstrated the intricate interplay
of molecular, cellular, and genetic changes that occur in PD that has moved the emphasis to treating the symptoms to
finding disease-based interventions.

The introduction of levodopa therapy in the 1960s revolutionized the treatment of PD and it remains the gold standard
therapy to date. However, long-term levodopa administration is associated with motor complications, highlighting the
limitations of current symptomatic treatments and the urgent need for more effective disease-modifying therapies.
Recent advances in genetic research have identified several loci associated with PD susceptibility and progression,
including mutations in SNCA, LRRK2, PARK2, PINK1, and DJ-1 genes. These discoveries have provided important
insights into disease pathophysiology and revealed potential therapeutic targets for future interventions [9]. Meanwhile,
a growing awareness of mitochondrial dysfunction, oxidative stress, disrupted autophagy, and neuroinflammation has
widened the molecular picture of PD and strengthened its complexity [10]. With these developments, there is no cure
yet and the treatment options currently available are mostly focused on treating the symptoms of the disease instead of
preventing or reversing the disease process [11]. As a result, new modalities, including gene therapy, stem cell
transplantation, immunotherapy against alpha-synuclein, and RNA-based therapeutics, are of increased interest [12]. It
is against this background that this comprehensive review aims to interwove knowledge across various fields including
clinical neurology and molecular genetics in an attempt to be holistic in understanding PD [13]. This paper tries to
explain the pathophysiological process, genetic basis, clinical developments, and treatment options of PD by following
along the pathway between neurons and genes [14]. Through this, the review identifies existing gaps in knowledge and
future research directions, with a focus on potential to be translational and use of personalized medicine. The review
also emphasises the need to diagnose early, develop biomarkers and use sophisticated models such as induced
pluripotent stem cells (iPSCs) and animal models to better reflect disease features and evaluate emerging therapies. In
the end, this contribution is hoped to contribute to the current world in its quest to comprehend PD, not simply as a
movement disorder, but as a multisystem disease that needs concerted research efforts and novel patient-centred
approaches [15].

2. Clinical Features of PD

2.1 Cardinal Motor Symptoms

Tremor, bradykinesia, rigidity and postural instability are the hallmark motor symptoms of PD [16]. The first and most
commonly known is the resting tremor commonly referred to as pill-rolling tremor, which usually begins asymmetrical.
The most disabling symptom is known as bradykinesia or, in other words, slowness of movement, which causes
problems with the initiation and implementation of voluntary movements [17]. The presence of rigidity which is an
augmentation of the muscle tone is manifested by rigidity and may occur on both flexor and extensor muscles
commonly contributing to pain and decreased range of motion [18]. Late changes include postural instability that is
linked with poor balance and fall risk. These motor symptoms are caused by the progressive destruction of the
dopaminergic cells in the SN which causes disruption of the signalling in the basal ganglia circuitry [19]. Their
symptoms differ in severity and progression in different patients, and this affects the diagnosis, functional ability, and
response to therapy. The motor features need to be recognized and characterized very early so that they can be
intervened with in time and distinguish them with other movement disorders [20].
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2.2 Non-Motor Symptoms (NMS)

There has been an increasing acceptance of NMS as part of the clinical picture of PD and even as a possible antecedent
to the emergence of motor symptoms [21]. The severity of cognitive impairment is between mild executive dysfunction
and PD dementia, which has a great impact on day-to-day functioning and the burden on the caregiver [22]. Insomnia,
excessive daytime sleepiness, and sleep disturbances such as rapid eye movement (REM) sleep behavior disorder (RBD)
are common NMS of PD and are frequently underreported [23]. There is widespread neurodegeneration outside
dopaminergic routes, which may comprise autonomic dysfunction in the form of orthostatic hypotension, urinary
incontinence, constipation, and sexual dysfunction [24]. The mood disorders such as depression, anxiety and apathy are
common and may be enhanced due to the neurochemical change as well as the psychosocial effects of chronic disease
[25]. NMS do not tend to be particularly associated with severity of motor symptoms, but they are good predictors of
poorer quality of life. The problem of multidisciplinary approach is essential to effective management because these
symptoms are frequently inadequate to the usual dopaminergic treatments. They are important in the comprehensive
treatment planning and patient outcomes on PD because of their early detection [26].

2.3 Staging and Progression of the Disease

Clinical stages of the PD are assessable through motor based and neuropathological staging systems [27]. The Hoehn
and Yahr Scale is a common clinical instrument that has five stages of motor disability with the first one (Stage 1) being
unilateral disability and the last one (Stage 5) being wheelchair or bed bound [28]. This staging aids in the monitoring
of disease progress and informing the treatment decision. The Braak staging system, in turn, concentrates on the
pathological diffusion of alpha-synuclein aggregates in the brain [29]. It suggests a six steps model, the first two stages
(Stages 1 and 2) occur in the olfactory bulb, dorsal motor nucleus of the vagus, SN (Stages 3 and 4), and finally in the
cortical areas (Stages 5 and 6). The model confirms the hypothesis that pathology of PD can have its inception in
peripheral systems and climb up to the brain. The fusion of the clinical and pathological staging offers a better idea of
how the disease develops and could help classify patients to qualify them into clinical trials [30].

2.4 Differential Diagnosis

It is important to distinguish the PD in comparison to other PD syndromes to make appropriate diagnosis and treatment
plan. A number of disorders can imitate PD, but differ in pathology, progression and response to treatment, which are
referred to as atypical PD. These are multiple system atrophy (MSA), progressive supranuclear palsy (PSP),
corticobasal degeneration (CBD) and Dementia with LB [31]. Unusual characteristics can include the early postural
instability, slow response to levodopa, early cognitive impairment, supranuclear gaze palsy or autonomic failure, which
can be indicative of alternative diagnoses. There are also essential tremor, vascular PD and drug induced PD that enter
the differential and should be carefully clinically evaluated. Diagnosis may be assisted by neuroimaging, especially
DAT scans which show dopaminergic deficiencies [32]. Nevertheless, PD is not confirmed by only one test; diagnosis is
mainly clinical. Early and precise differentiation is imperative, because the course of the disease, prognosis and
treatment vary widely. Continuous efforts are being made to improve biomarkers and imaging modalities to enhance the
diagnostic accuracy of PD. Figure 1 shows the neuropathology of PD.

Figure 1. Neuropathology of PD.

Singh et al. 25

AMB, Vol. 2, No. 1, March 2026 https://amb.cultechpub.com/amb



3. Molecular Pathophysiology of PD

3.1 Substantia Nigra-Loss of Dopaminergic Neurons

One of the major pathological features of PD is the progressive loss of dopaminergic neurons in the substantia nigra
pars compacta (SN), which disrupts the nigrostriatal pathway and dopamine-mediated motor control [33]. The resulting
dopamine deficiency leads to dysfunction of basal ganglia circuits and contributes to the cardinal motor symptoms of
PD, including bradykinesia, rigidity, tremor, and postural instability [34]. Although the exact mechanisms underlying
neuronal vulnerability remain unclear, mitochondrial dysfunction, oxidative stress, and α-synuclein pathology are
considered important contributors to dopaminergic neurodegeneration [35].

3.2 Aggregation of LB and Alpha-Synuclein

LB are a pathological hallmark of PD and mainly consist of misfolded α-synuclein aggregates [36]. Abnormal post-
translational modifications of α-synuclein promote fibril formation, resulting in toxic protein accumulation that disrupts
mitochondrial function, protein clearance pathways, and synaptic activity. These pathological aggregates contribute to
neuronal dysfunction and degeneration in PD [36-38].

3.3 Microglial Activation and Neuroinflammation

Neuroinflammation plays an important role in PD progression through chronic activation of microglia, the resident
immune cells of the CNS. Activated microglia release pro-inflammatory cytokines, ROS, and nitric oxide, promoting
oxidative stress and neuronal damage. α-synuclein aggregates can further stimulate microglial activation, creating a
cycle of inflammation and neurodegeneration [39-41] (Table 1).

Table 1.Major molecular mechanisms associated with mitochondrial dysfunction and oxidative stress in PD.

Aspect Description Effect on Neurons Result Outcome References

Mitochondrial
Dysfunction

Decreased Complex I activity in the
electron transport chain reduces ATP
production and increases ROS
formation.

Energy failure in
dopaminergic neurons.

Neuronal death due to
energy loss [42]

Genetic Mutations
Mutations in PINK1, Parkin, and DJ-1
impair mitophagy (removal of damaged
mitochondria).

Accumulation of
dysfunctional mitochondria
and elevated ROS.

Progressive oxidative
damage [43]

Oxidative Stress Overproduction of ROS overwhelms
antioxidant defenses.

Lipid peroxidation, protein
oxidation, DNA damage.

Impaired neuronal
function and survival [44]

Iron & Dopamine
Metabolism

Iron overload and dopamine oxidation
in the substantia nigra trigger Fenton
reaction, producing more ROS.

Promotes oxidative stress
and mitochondrial damage.

Worsens neuronal
degeneration [45]

Vicious Cycle Mitochondrial dysfunction ↑ ROS →
ROS further damages mitochondria.

Continuous feedback loop
of oxidative injury.

Accelerated neuron
loss [46]

Cellular
Consequences

ROS and mitochondrial failure activate
apoptotic pathways and α-synuclein
aggregation.

Dopaminergic neuron death. Onset of PD motor
symptoms [47]

Clinical Impact Dopamine deficiency due to neuronal
loss. Impaired movement control. Characteristic motor

symptoms of PD [48]

Therapeutic
Targets

Antioxidants, mitochondrial protective
agents, and iron chelators under study.

Reduce oxidative damage
and improve mitochondrial
health.

Potential
neuroprotective therapy [49]

4. PD Genetics

PD has a complex etiology involving interactions between genetic susceptibility and environmental factors. Although
most cases are sporadic, approximately 5%-10% are associated with genetic mutations. Genes such as SNCA, LRRK2,
PARK2, PINK1, and DJ-1 have provided important insights into mechanisms involving α-synuclein aggregation,
mitochondrial dysfunction, and impaired cellular clearance pathways. Understanding these genetic mechanisms has
contributed to the development of targeted and personalized therapeutic approaches [50-52].

4.1 Monogenic Forms of PD

Monogenic forms of PD originate because of inherited mutations in a single gene and follow Mendelian inheritance
patterns. They are uncommon forms of PD that provide important insights into the molecular basis of familial and
sporadic PD [53]. Monogenic forms account for approximately 5%-10% of PD cases and are commonly associated with
early-onset disease. The major genes involved include SNCA (alpha-synuclein), LRRK2, PARK2 (Parkin), PINK1, and
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DJ-1. These mutations affect cellular processes such as mitochondrial quality control, protein degradation, and
oxidative stress regulation [54]. They have also contributed to understanding shared mechanisms between familial and
idiopathic PD, including mitochondrial dysfunction and impaired autophagy. However, not all monogenic forms exhibit
Lewy body pathology, highlighting the biological heterogeneity of PD [55].

4.2 SNCA

SNCA encodes the alpha-synuclein presynaptic neuronal protein involved in synaptic function and neurotransmitter
release [56]. Mutations in SNCA cause autosomal dominant PD and were the first genetic alterations linked with
familial PD. Mutations such as A53T, E46K, and SNCA multiplications promote alpha-synuclein overproduction or
misfolding, leading to aggregation into LB and neuronal toxicity. These aggregates impair mitochondrial function,
autophagy, and protein degradation pathways, contributing to neurodegeneration [57]. Alpha-synuclein pathology is
also a central feature of sporadic PD, indicating a shared mechanism in disease progression [58].

4.3 LRRK2

LRRK2 is the most common genetic cause of autosomal dominant PD and is also associated with some sporadic cases.
The G2019S mutation increases LRRK2 kinase activity, contributing to neurotoxicity [59]. LRRK2 regulates cellular
processes including vesicle trafficking, autophagy, mitochondrial dynamics, and immune signaling. Mutations can result
in impaired protein clearance and increased oxidative stress, contributing to dopaminergic neuronal degeneration.
LRRK2-associated PD often shows clinical features similar to idiopathic PD [60].

4.4 PARK2

Parkin is an E3 ubiquitin ligase encoded by the PARK2 gene and plays an important role in the removal of damaged
proteins and mitochondria. PARK2 mutations cause autosomal recessive juvenile PD, commonly with early onset [61].
Loss of Parkin function disrupts mitophagy through impaired mitochondrial quality control, leading to oxidative stress
and neuronal dysfunction. Parkin works closely with PINK1 to regulate mitochondrial clearance, and PARK2-associated
PD may lack Lewy body pathology, indicating differences from idiopathic PD [62,63].

4.5 PINK1 and DJ-1

PINK1 and DJ-1 are associated with early-onset PD and contribute to mitochondrial protection and oxidative stress
regulation [64]. PINK1 encodes a mitochondrial kinase that detects damaged mitochondria and recruits Parkin to initiate
mitophagy. Mutations in PINK1 impair mitochondrial quality control and increase oxidative stress [65]. DJ-1 functions
as an antioxidant protein involved in protecting cells against oxidative damage and maintaining mitochondrial stability.
Dysfunction of these pathways contributes to dopaminergic neuronal degeneration and highlights the importance of
mitochondrial homeostasis in PD [66].

5. Molecular Pathobiology of PD

PD is a multifactorial neurodegenerative disorder involving progressive dopaminergic neuronal loss and multiple
interconnected pathological mechanisms [67]. Major molecular processes include α-synuclein aggregation,
mitochondrial dysfunction, impaired autophagy and ubiquitin–proteasome pathways, neuroinflammation, and oxidative
stress [68]. These mechanisms interact in a self-amplifying cycle, where mitochondrial impairment and oxidative
damage further promote protein aggregation and neuronal dysfunction. Genetic susceptibility and environmental factors
may contribute to these pathological changes, providing important targets for disease-modifying therapeutic approaches
[69].

5.1 Protein Misfolding and Aggregation

Protein misfolding and aggregation, particularly involving α-synuclein, are major pathological features of PD [70].
Under normal conditions, α-synuclein is a presynaptic protein involved in vesicle transport and synaptic function.
However, genetic alterations, oxidative stress, and cellular dysfunction promote abnormal α-synuclein aggregation into
toxic fibrils and LB. These aggregates disrupt mitochondrial function, autophagy, and cellular homeostasis, contributing
to neuronal dysfunction and degeneration [71]. Misfolded α-synuclein may also propagate between cells, facilitating
disease progression [72]. Impaired protein quality control systems, including chaperone-mediated pathways and the
proteasome, further enhance the accumulation of toxic proteins [73].

5.2 Mitochondrial Dysfunction

Mitochondrial dysfunction is a key mechanism involved in both familial and sporadic PD. Mitochondria maintain
cellular energy production, calcium regulation, and apoptotic control [74]. Impaired mitochondrial function results in
reduced ATP production, increased ROS generation, and activation of apoptotic pathways, making dopaminergic
neurons particularly vulnerable [75]. Mutations in PINK1, PARK2 (Parkin), and DJ-1 disrupt mitochondrial quality
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control and mitophagy [76]. In addition, mitochondrial complex-I inhibitors such as rotenone and paraquat induce PD-
like pathology in experimental models. Mitochondrial impairment further promotes oxidative stress and α-synuclein
aggregation, creating a cycle of neurodegeneration [77].

5.3 Autophagy-Lysosomal Pathway and Ubiquitin-Proteasome System

The autophagy-lysosomal pathway and ubiquitin–proteasome system (UPS) are essential mechanisms responsible for
the removal of damaged proteins and organelles [79]. In PD, dysfunction of these pathways leads to the accumulation of
toxic proteins, including α-synuclein, and impaired mitochondrial clearance. Mutations in PARK2, PINK1, and GBA
disrupt protein degradation and lysosomal function, contributing to disease progression [80]. Impaired proteostasis
further promotes oxidative stress and neuronal damage, emphasizing the importance of maintaining cellular protein
homeostasis in PD [81].

5.4 Neuro inflammation and Immune Response

Neuroinflammation contributes significantly to PD progression through chronic activation of microglia and immune
responses [82]. Activated microglia release inflammatory mediators, ROS, and nitric oxide, which promote neuronal
damage and enhance α-synuclein pathology. Aggregated α-synuclein can further activate microglia, creating a
continuous cycle of inflammation and neurodegeneration. Alterations in peripheral immune responses and inflammatory
pathways may also contribute to PD progression [83,84].

5.5 Metabolism and Oxidative Damage of Dopamine

Dopaminergic neurons of the substantia nigra are highly vulnerable to oxidative damage due to dopamine metabolism,
which generates ROS [85]. Excessive ROS production causes lipid peroxidation, protein modification, and DNA
damage when antioxidant defenses become insufficient. Dopamine-derived metabolites may also promote α-synuclein
aggregation, while neuromelanin-associated metal accumulation further enhances oxidative stress. These processes
contribute to selective neuronal vulnerability and PD progression [86,87]. Figure 2 illustrates the mechanisms involved
in oxidative damage and neurodegeneration in PD.

Figure 2.Mechanisms of oxidative damage and neurodegeneration in PD.

6. Biomarkers in PD

6.1 Biomarkers Imaging

The use of imaging biomarkers is very instrumental in the diagnosis and management of PD, especially in
differentiating it with other movement disorders. Dopamine transporter single photon emission computed tomography
(DAT-SPECT) and positron emission tomography (PET) are two of the most common imaging methods [88]. DAT-
SPECT uses radioligands to visualize DAT density within the striatum.

In PD, DAT binding is greatly decreased particularly in the putamen, which is an indication of loss of presynaptic
dopaminergic neurons loss. The method is particularly effective in distinguishing PD and essential tremor or drug-
induced PD with the latter having normal levels of DAT.

PET imaging has a more accurate way of quantification and is able to apply diverse radiotracers to evaluate various
brain functioning. As an example, 8F-DOPA PET measures the production of dopamine, and 11C-raclopride PET
determines the binding of dopamine receptor. More recent PET tracers can additionally measure glucose metabolism,
neuroinflammation and synaptic density, making it no longer solely useful in the dopaminergic process. PET and DAT-
SPECT have drawbacks such as high cost, low availability and radiation exposure despite their diagnostic worth. They
are not generally used as a screening tool but can be useful in the assurance of diagnosis especially in atypical or early
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stage cases and are often used in research and in clinical trials that are aimed at modifying the disease [89]. A
comparison of blood and CSF biomarkers is presented in Table 2.

Table 2. Blood biomarkers and CSF-comparison.

Aspect Blood Biomarkers CSF (Cerebrospinal Fluid) Biomarkers

Collection Method Collected from plasma or serum through simple
venipuncture Collected through lumbar puncture (invasive)

Invasiveness Non-invasive Invasive

Ease of Collection Easy, suitable for large-scale screening and
long-term monitoring Difficult, requires clinical setup

Specificity to Brain
Pathology Less specific (reflects systemic changes) Highly specific (direct reflection of CNS pathology)

Key Biomarkers
α-synuclein, DJ-1, Neurofilament light chain
(NfL), Inflammatory cytokines, Oxidative
stress markers

Total & phosphorylated α-synuclein, Tau proteins,
Dopamine metabolites, NfL

Reflects General body changes, oxidative stress Brain biochemical alterations (dopaminergic neuron
loss, α-synuclein aggregation)

Diagnostic Sensitivity Moderate High

Monitoring Frequency Can be collected repeatedly Limited repeat collection due to invasiveness

Current Research Focus Standardizing plasma-based assays for clinical
use Used as reference standard for diagnosis

Overall Use Convenient, but less specific Accurate, but invasive

6.2 Genetic Screening and Predictive Testing

Genetic screening in PD has become an important method of risk identification and disease pathophysiology [90,91].
The monogenic mutations are responsible of about 5%-10% of PD cases, especially the SNCA, LRRK2, PARK2, PINK1
and DJ-1 genes. The most frequent among them are LRRK2 and GBA mutations observed in the late-onset familial and
few sporadic cases. A clinical diagnosis of PD, at-risk family members, or participation in gene-targeted clinical trials
can be confirmed through genetic screening as a tool to confirm a clinical diagnosis in early-onset PD [92]. Furthermore,
due to the development of direct-to-consumer genetic testing, and mass biobanking initiatives, polygenic risk scores
(PRS) are now being created to predict the total genetic risk of a person, which is an attempt to estimate the sum of
multiple small-effect variants.

Nevertheless, predictive testing of asymptomatic persons is still ethically and clinically complicated. Although
identification of a PD-related mutation may carry information on risk, penetrance is often incomplete, particularly in the
case of LRRK2 mutations - that is, not all carriers of the mutation develop the disease. This restricts the usefulness of
genetic testing of general populations in prediction. There is also the psychological effect, possibility of insurance
discrimination, and absence of curative treatment which must be taken into consideration. As such, genetic testing must
also be accompanied by genetic counselling, especially when not in the context of research. Genetic screening can be
utilized in personalized medicine in PD as more gene-specific therapies are created, as this screening method would be
used to prevent and treat disease [93].

6.3 Problems in Diagnosis during Early Stages

PD remains a major clinical challenge, particularly with respect to early diagnosis, despite advances in imaging
techniques and biomarker research [94]. The diagnosis of PD is primarily based on the identification of characteristic
motor symptoms, including bradykinesia, tremor, and rigidity. However, these symptoms typically appear only after
approximately 60%-70% of dopaminergic neurons have already been lost, limiting the opportunity for effective
neuroprotective intervention.

NMS such as constipation, REM sleep behavior disorder (RBD), hyposmia, depression, and fatigue may precede motor
manifestations by several years or even decades. However, these symptoms are often nonspecific and can also occur in
other neurological or systemic disorders, thereby limiting their diagnostic specificity.

Clinical heterogeneity further complicates diagnosis. Several atypical parkinsonian syndromes, including MSA and PSP,
may mimic idiopathic PD, particularly during the early stages of disease progression. Consequently, misdiagnosis rates
in early PD may reach 20%-30%.

Although imaging modalities, cerebrospinal fluid (CSF), blood-based biomarkers, and genetic markers show
considerable promise, no single biomarker has yet demonstrated sufficient sensitivity and specificity for routine clinical
diagnosis. Furthermore, factors such as cost, limited availability, and the invasive nature of certain procedures,
including lumbar puncture, restrict their widespread clinical application [95]. To address these limitations, multimodal
diagnostic approaches integrating clinical evaluation with imaging, biochemical, and genetic markers are currently
being investigated. The development of machine learning and wearable technology have also presented the potential of
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continuous symptom tracking and early detection. Nevertheless, screening PD in its prodrome is one of the objectives of
the modern research [96].

7. Experimental Models of PD

7.1 Toxin-Based Models of PD

Toxin-based models are among the most widely used experimental systems for studying PD because they effectively
reproduce dopaminergic neuronal degeneration and motor dysfunction [97]. Common neurotoxins used in PD research
include 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxydopamine (6-OHDA), rotenone, and paraquat.
MPTP selectively damages dopaminergic neurons in the SN and is extensively used in murine and primate models.
Similarly, 6-OHDA induces oxidative stress and selective degeneration of catecholaminergic neurons, making it
valuable for investigating motor deficits and neuroprotective therapies [98].

Rotenone and paraquat models are particularly useful for studying mitochondrial dysfunction, oxidative stress, and
alpha-synuclein aggregation, which closely resemble pathological features observed in human PD. However, toxin-
based models often fail to fully replicate the progressive and multifactorial nature of PD, especially NMS and chronic
disease progression. Despite these limitations, toxin-induced models remain essential for mechanistic studies and
preclinical therapeutic evaluation [99].

7.2 Genetic Models

Genetic models of PD give insightful information on familial and early-onset of the disease [97]. Some of the most
investigated include mutations in genes, including SNCA (alpha-synuclein), PARK2 (Parkin), PINK1, DJ-1, and LRRK2.
Other models of alpha-synuclein include the overexpression of the wild-type or mutant forms (i.e. A53T, A30P) in mice,
which results in the aggregation of proteins, mitochondrial dysfunction and, in some cases, progressive
neurodegeneration. These models approximate some of the most important pathological processes of PD, including
Lewy body formation and synaptic losses [98]. Parkin knockout mice, with defective E3 ubiquitin ligase, are also able
to be utilized to examine mitochondrial quality control and are pertinent to autosomal recessive juvenile PD.
Nevertheless, these knock out models do not usually exhibit significant loss of dopaminergic neurons unless as a result
of environmental or metabolic injury [99]. Although genetic models are quite convenient in modelling particular
molecular processes of PD, they do not usually reproduce the entire range of clinical phenomena, especially the
progressive motor symptom and degeneration of dopaminergic neurons observed in patients. A major benefit is that they
enable experimental study of particular genetic pathways and interactions. Furthermore, other models can be used
together with transgenic models (e.g. toxin-based) to understand gene-environment interactions. Genetic models,
despite their shortcomings in their own modelling of sporadic PD, are necessary in the testing of gene-targeted therapies
and in the comprehension of the functions of particular mutations. They also offer useful platforms to the investigation
of initial pathogenic events which can be very hard to observe in toxin induced models. All in all, genetic models cannot
be ignored in the dynamic PD research [100].

7.3 IPSC-Derived Neuronal Models

The iPSCs-based neuronal models are an innovative technology in the research of PD, allowing the investigation of
patient-specific pathogenesis of the condition in vitro [101]. iPSCs are induced by reprogramming normal cells, like
skin fibroblasts or blood cells into a pluripotent state, and subsequently differentiated into the prototypical cells of the
midbrain, dopaminergic neurons, which are the primary target cells in PD. Such models are especially useful in
investigating both familial and sporadic disease forms, as well as disease-relevant phenotypes of iPSCs [102]. Notably,
the technology of iPSC provides a human model, which overcomes the shortcomings of animal models, such as
differences in species, or ethical issues. In addition, it allows longitudinal research on the disease development and
individual screening of drugs. Nevertheless, models that are developed using iPSCs also have difficulties. The process
of differentiation is cumbersome and it may lead to the formation of heterogeneous cell populations [103]. Moreover,
these models do not usually have the complicated circuits of neurons, glial connections and aging properties of human
brain. Nevertheless, iPSC technology continues to progress at a fast pace, where various differentiation regimens, 3D
organoid systems and co-culture models are being improved to better represent in vivo environments. Consequently,
neurons derived out of the iPSCs are the potent instruments to clarify the pathophysiology of PD, identify biomarkers,
and come up with personalized treatment. They can play a key role in the translation of basic research into clinical
practice, providing a dynamic platform of translational neuroscience [104].

7.4 Strengths and Weaknesses of Existing Models

The currently available models of PD, including toxin-based, genetic, and iPSCs-derived models, each possess distinct
advantages and limitations that must be carefully considered [105]. Toxin-based models such as MPTP, 6-OHDA, and
rotenone are widely used to induce dopaminergic neuronal loss and motor dysfunction, making them valuable tools for
evaluating neuroprotective therapies. However, these models often fail to fully replicate the progressive and
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multifactorial nature of human PD, particularly NMS and alpha-synuclein pathology, unless additional modifications
are introduced.

Genetic models, including alpha-synuclein overexpression and Parkin knockout models, are essential for investigating
specific molecular mechanisms and familial forms of PD. Nevertheless, many genetic models do not exhibit substantial
neurodegeneration or pronounced motor impairment unless combined with environmental stressors.

iPSC-derived neuronal models provide an important human-based platform for studying disease pathophysiology,
particularly in a patient-specific context [106]. These models offer considerable potential for personalized medicine and
high-throughput drug screening. However, they frequently lack cellular maturity, aging-associated phenotypes, and the
complex neural network architecture observed in vivo. In addition, their development is technically demanding and
time-consuming.

Overall, each experimental model reproduces only selected aspects of PD because of the disease’s complex and
multifactorial nature. Increasing evidence suggests that interactions between genetic susceptibility and environmental
factors contribute significantly to disease pathogenesis. Consequently, combinatorial approaches, including co-culture
systems and organoid-based models, are gaining attention for their ability to better replicate multicellular interactions
and disease complexity. Understanding the strengths and limitations of each model is essential for selecting appropriate
experimental systems to address specific research questions. Further advancements in humanized and three-dimensional
(3D) models are expected to play a crucial role in reducing the translational gap and accelerating therapeutic discovery
in PD research [107].

8. Existing Therapeutic Methods

8.1 Levodopa and Dopamine Agonist

Levodopa is the gold standard pharmacological agent of PD that is used to treat mainly motor symptoms, which include
bradykinesia, rigidity, and tremor [108]. It is an antecedent of dopamine which crosses the blood brain barrier and is
converted into dopamine in the brain to restore lost levels. To avoid early conversion of levodopa outside the brain, it is
generally used with a peripheral dopa-decarboxylase inhibitor [109]. Long-term levodopa use has been shown to cause
motor complications such as on-off fluctuations and dyskinesias even though its efficacy is high. To slow down such
complications, dopamine agonists are commonly prescribed i.e. pramipexole, ropinirole, rotigotine especially to
younger patients. These are direct stimulating agents of dopamine receptors and may be administered on its own or
together with levodopa. Despite being less effective than levodopa, dopamine agonists are longer lived and may
decrease motor fluctuations. Nonetheless, they can lead to side effects like impulse control disorders, hallucinations and
sleepiness during the day. The regimen of treatment is tailored depending on symptom intensity, age of patients and
tolerance. Although levodopa is incomparable with the symptom relief, dopamine agonists are critical in the long-term
management approach in order to maximize the quality of life and functionality in PD patients [110].

8.2 MAO-B and COMT Inhibitors

Adjunct interventions that improve the effectiveness of levodopa and increase the control of symptoms in PD are the
monoamine oxidase-B (MAO-B) and catechol-O-methyltransferase (COMT) inhibitors [111]. MAO-B inhibitors, e.g.
selegiline and rasagiline act by inhibiting the enzyme that breaks down the availability of dopamine in the brain hence
enhancing its supply. These medications are commonly prescribed in early PD or as an addition to levodopa treatment
to allow a patient to even out motor variations. MAO-B inhibitors should be tolerated well and have weak
neuroprotective effects, but this is still under research. Entacapone and opicapone are levels of COMT inhibitors that
prevent the activity of peripheral COMT, which breaks down levodopa prior to reaching the brain [112]. COMT
inhibitors can be used to decrease the duration of off periods and to increase the motor symptoms control by increasing
the half-life of levodopa. They are used in patients usually having wearing-off effects due to long-term use of levodopa.
The following are however possible side effects, which include diarrhoea, nausea and excess dyskinesia. These two
groups of drugs are useful elements of the overall PD management plan. MAO-B and COMT inhibitors used with
judicious doses with levodopa may result in some very useful improvements in motor functioning and quality of life
with few side effects (motor complications) in the long-term with dopamine replacement therapy.

8.3 Anticholinergics and Amantadine

Amantadine and anticholinergics are regarded as an additional pharmacology in PD, which is frequently applied in
certain clinical conditions [113]. Trixyphenidyl and benztropine are examples of anticholinergics, and their mechanism
of action is the inhibition of acetylcholine, which is comparatively overactive because of a lack of dopamine. They work
best in the treatment of tremors and are mostly applied to younger patients with tremor-dominant PD. They are however
restricted in use because they have cognitive side effects such as confusion, memory impairment and hallucinations
particularly among older adults. Originally, amantadine was an antiviral agent but it has weak antiparkinsonian effects.
It can increase dopamine release, decrease dopamine uptake, and show antagonism effects on NMDA receptors, and this
could help explain its effect in reducing levodopa-induced dyskinesias [114]. It works very well in the treatment of
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motor complications in advanced stages of the disease. Amantadine has side effects such as insomnia, hallucinations
and livedo reticularis (a mottled discoloration of the skin). Although anticholinergics and amantadine are not first-line
interventions, they are useful in the personalized approach to treatment, with supplementing the symptomatic response
to the traditional dopaminergics or in patients with poor tolerance. Close selection and attention to patients need to be
used to reduce undesirable effects and maximize therapeutic utility of these adjunctive drugs [115].

8.4 Deep Brain Stimulation (DBS)

DBS is already a standard surgical procedure used to treat advanced PD and especially those whose symptoms are
characterized by motor variability, dyskinesias, or medication-resistant tremors. DBS entails the insertion of an
electrode into certain areas of the brain, which is usually the subthalamic nucleus or the globus pallidus interna [116].
These electrodes provide high frequency electrical stimulation, which can alter abnormal neuronal activity that is linked
with PD. The device is linked to a pulse generator that can be implanted under the skin in the chest and the stimulation
can be set to programmable and adjustable levels. DBS does not stop the development of the disease but has a
considerable positive impact on motor symptoms, decreases medicine use, and positively changes the quality of life of
the competently chosen patient. Patients who respond best to levodopa usually have disabling side effects or variability.
Contraindications are cognitive decline, severe psychiatric symptoms or atypical PD. Even though DBS is considered to
be safe, it can be said to have potential risks of infection, haemorrhage, and stimulation-related side effects like speech
disturbance or balance issues [117]. The most important thing to maximize benefit is to use postoperative programming
and long-term follow-up. DBS is a significant innovation in the neurosurgical treatment of PD, which is associated with
a long-term reduction of symptoms in case of decreased efficacy of pharmacological options [118].

8.5 Lesioning Techniques

Pallidotomy and thalamotomy are lesioning procedures that were once among the earliest surgical interventions in
treatment of PD, even prior to the DBS [119]. Such surgeries target the generation of lesions in particular brain areas,
most commonly the globus pallidus interna of the pallidotomy surgery or the ventral intermediate nucleus of the
thalamus of the thalamotomy surgery to disconnect abnormal brain circuits causing PD. Pallidotomy may be useful in
the treatment of dyskinesias and motor fluctuation whereas thalamotomy is most useful in the treatment of tremor. The
procedures of lesioning are mostly irreversible and their results very much depend on accurate targeting and surgical
skills. The lesioning process is also not associated with the need to implant hardware or long-term maintenance of the
device as compared to DBS, which can be of benefit in resource-constrained environments or patients ineligible to
receive DBS [120]. But there is a risk of speech difficulties, cognitive impairment or weakness in case of incidental
involvement of adjacent brain structures. Over the last few years, there has been a renewed interest in lesioning methods
and non-invasive methods of lesion creation, such as focused ultrasound thalamotomy, where surgical injuries are not
needed to create lesions. Although lesioning is not employed as frequently as DBS, lesioning is a feasible treatment
option within certain clinical situations, particularly when the cost, comorbidities, or preference of the patient restrict
the application of more complicated therapies [121].

8.6 Physiotherapy and Occupational Therapy

Physiotherapy and occupational therapy are an inseparable part of the overall management of PD, and is are intended to
maintain mobility, independence and quality of life [122]. Physiotherapy aims at enhancing gait, balance, flexibility,
strength and posture. The symptoms of frozen gait and reduced functional mobility can be reduced with the help of
resistance training, treadmill exercises, and cueing strategies. Early intervention has been proved to prevent disability
and a fall risk. In supplementing physiotherapy, occupational therapy assists patients to remain independent in the day-
to-day activities including dressing, cooking and personal hygiene. Therapists can suggest assistive equipment, home
adaptations and energy conservation and hand function maximization. In the course of PD, fine motor and coordination
problems, and task sequencing can be problematic, Occupational therapy offers remedies to these issues by considering
adaptive solutions and environmental modifications. Both treatments are highly personalized considering the stage of
the disease, goals of the patient, and mental ability. They do not alter the course of the disease, but these treatments are
the things that improve day-to-day functioning and psychological well-being considerably. Physiotherapy/occupational
therapy should be incorporated into the regular care process and multidisciplinary rehabilitation practices are viewed as
a necessity to comprehensive PD treatment [123].

8.7 Speech Therapy

Speech therapy, mainly by the speech-language pathologists, is an important part of managing the PD, because as many
as 90 percent of the patients develop speech and swallowing problems. Hypokinetic dysarthria, with poor vocal volume,
monotone intonation, inaccurate articulation, and a breathy voice, is the most frequent speech difficulty with PD [124].
These are quite serious problems enhancing communication and socialization. Aspiration pneumonia, malnutrition and
choking may happen due to swallowing impairments (dysphagia). Speech therapy interventions are designed to enhance
vocal strength, vocal clarity and control over the respiratory system. The Lee Silverman Voice Treatment (LSVT LOUD)
is one exercise method based on increasing vocal intensity and enhancing speech intelligibility, achieved by using
structured and high-intensity vocal exercises with high intensity [125]. In the case of dysphagia, the therapists evaluate
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the swallowing capabilities and prescribe diet and exercise changes, posture, and exercises that result in safety and
efficiency. Complications can be avoided by early referral to speech therapy and preserve communication abilities.
Notably, the therapy plans depend on the needs of the patient and the level of the disease, and the periodic re-
examination is critical because the symptoms change. Although speech therapy does not change the disease process, it
has a significant positive effect on quality of life, social life, and overall health outcomes of PD patients.

8.8 Nutritional and Lifestyle Interventions

Nutritional and lifestyle interventions have been increasingly considered as a significant component of holistic care in
PD, as an addition to medical treatment and surgery [126]. Nutrition is important in the management of non-motor and
motor symptoms. Plentiful antioxidants, fiber and omega diet. Fatty acids can promote general brain health, lessen
constipation, and be used to regulate weight gains and losses. There is some evidence that the Mediterranean or plant-
based diets might also have neuroprotective action. The timing of protein consumption is also a key factor, because
protein-containing foodstuffs can negatively interfere with absorption of levodopa, and timing of protein-rich meals in
relation to drug intake can maximize drug effect. Hydration is required to avoid orthostatic hypotension and
constipation- a frequent complication in PD. Motor functioning, and balance as well as mood and perhaps deceleration
of disease progression have been found to be improved by lifestyle changes such as regular aerobic exercise. Walking,
swimming, tai chi and yoga also help to increase flexibility and decrease the risk of falls. Mental health and cognitive
functioning are crucial to adequate sleep hygiene, reducing stress, and engaging socially. Critically, the interventions are
supposed to be based on the preferences and physical abilities. Dietitian, therapist, and support group education and
support enables the patient to become more actively involved in his or her care, which promotes long-term lifestyle
changes and resilience [127].

9. Emerging and Future Therapies

9.1 Gene Therapy Strategies

Gene therapy is one of the future directions in treating neurodegenerative and genetic diseases and is intended to redress,
or replace defective genes that cause the disease [128]. Gene therapy approaches are used in neuromuscular disorders,
including in neuromuscular dystrophy and various types of muscular dystrophy, and in the treatment of neuromuscular
diseases like PD, Huntington disease and muscular dystrophy. Such vectors can directly insert therapeutic genes into
target areas of the brain or into muscle tissue to repair normal activity or prevent the progression of a disease. Other
methods like CRISPR-Cas9 gene editing have the potential to be used to correct precisely the genes and in particular
cases of monogenic disorders. Among them is the Adeno Associated Virus mediated gene replacement therapy of spinal
muscular atrophy (SMA), which has shown much clinical efficacy [129]. The obstacles still exist, such as
immunological reactions against viral vectors, off-target effects, and the lack of effective delivery of genes across the
blood-brain barrier. However, innovations in vectors design, targeted delivery and regulation management are slowly
surpassing such challenges. It is possible to develop individualized gene therapy options based on the genetic mutations
and disease phenotypes of the individual in future. Due to the evolution of research, gene therapy can revolutionize the
approach to the treatment of incurable or progressive debilitating disorders [130].

9.2 Stem Cell-Based Therapies

The regeneration of damaged tissue and restoration of lost functions in neurodegenerative diseases and spinal cord
trauma, and other central nervous system diseases, has spectacular potential in stem cell-based therapies [131]. Such
therapies use the pluripotent stem cells (PSCs), the embryonic stem cells (ESCs), or the iPSCs. These cells have the
ability to differentiate into various neural cell types, including neurons, astrocytes, and oligodendrocytes.The
transplantation of the neural stem cells to the affected brain or spinal areas is one of the most potential solutions as it
may restore lost cells and help the regeneration process. In the case of PD, e.g., dopaminergic neurons induced by stem
cells are being examined as an option to restore the production of dopamine and enhance motor activity. Also,
neurotrophic secretions by the stem cells aid in the survival and repair of the already existing neurons which is two-fold
therapy benefit. There are ongoing clinical trials across the safety, efficacy and incorporation of the cells transplanted
into the case tissue. Nevertheless, there is the risk of immune rejection, tumor formation, and ethical issues around
embryonic sources that should be dealt with. The developments of reprogramming of somatic cells to iPSCs present a
less controversial and more patient-specific alternative, reducing the chances of rejection. In sum, stem cell-based
treatments are directed to a paradigm shift in regenerative medicine, and they could allow curing incurable
neurodegenerative disorders in the long term [132].

9.3 Anti-aggregation Therapies and Immunotherapy

The recent developments of immunotherapy and anti-aggregation regimens are becoming central to the treatment of
protein misfolding and aggregation-related diseases Alzheimer disease, PD, and Huntington disease [133]. They are
commonly associated with the build-up of poisonous protein aggregates, such as the amyloid-beta plaques in
Alzheimer’s or alpha-synuclein in Parkinson, which causes dysfunction and death of neurons. Immunotherapy aims at
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attacking these aggregates with monoclonal antibodies that are capable of identifying and fostering the excretion of
pathological proteins. An anti-amyloid antibody, aducanumab, has been approved in Alzheimer, but the clinical benefits
of the therapy are controversial. Small molecules which inhibit the misfolding or aggregation of such proteins are also
anti-aggregation therapies that are intended to stop the disease process at an early stage. Passive (with help of
administered antibodies) and active immunization (enhancing the immune system of the body to produce antibodies) is
being studied. The second method is to increase the cell own proteostasis, e.g., autophagy or ubiquitin-proteasome
system, to promote aggregate clearance. Although encouraging, these therapeutic approaches have to surmount such
obstacles as the inability to cross the blood-brain barrier and prevent undesirable immune responses. With the increasing
knowledge of disease-specific protein pathologies, immunotherapy and anti-aggregation treatments are also the ray of
hope to modify the disease, and not the management of symptoms [134].

9.4 RNA-Based Therapeutics

RNA-based therapeutics, such as small interfering RNA (siRNA) and antisense oligonucleotides (ASOs) are a novel
category of therapeutics, which interact with gene expression on the RNA level [135]. Such approaches have been
especially useful in the targeting of undruggable genes in neurodegenerative and genetic diseases, in which case, she
guides the RNA-induced silencing complex (RISC) to degrade certain messenger RNAs (mRNAs), thereby inhibiting
the synthesis of toxic proteins. ASOs on the other hand attach to mRNA sequences and prevent translation, modify
splicing, or degrade them. Nusinersen, an ASO to treat spinal muscular atrophy (SMA), is a landmark product that
increases survival and motor outcome by regulating SMN2 gene splicing. Huntington disease, amyotrophic lateral
sclerosis (ALS) and Alzheimer disease are other diseases under RNA therapeutics investigation. The specificity is high
hence they can be targeted accurately limiting off-target effects which are prevalent with traditional drugs. Delivery is
however a major challenge particularly delivery to neurons of the central nervous system. Such techniques as intrathecal
injection and nanoparticle-based carriers are being developed to deal with this. With ongoing development of RNA
biology, RNA-based treatments may make possible customizable therapeutic approaches to a broad variety of genetic
and neurodegenerative diseases, potentially modifying disease pathogenesis at their molecular basis [136].

9.5 Neuroprotective / Disease-Modifying Agents

Neuroprotective and disease-modifying therapeutic agents are designed to maintain neuronal functioning, preventive
and treat the etiological basis of neurodegenerative diseases instead of only of ameliorating symptoms [137]. These
agents act via attacking pathological processes including the oxidative stress, mitochondrial dysfunction, excitotoxicity,
neuroinflammation, and protein aggregation. In the case of antioxidants and mitochondrial stabilizers, the substances
would help lessen cell injury in diseases such as Parkinson and ALS. Drugs that suppress inflammatory response in the
brain are in development thus becoming anti-inflammatory drugs since the brain immune response is becoming a key
contributor of neurodegeneration. Disease-modifying therapies (DMTs) such as interferons and monoclonal antibodies
have proven to be effective in the prevention of the disease progression by lowering relapse rates and inflammatory
lesions in multiple sclerosis. On the same note, new players in the Alzheimer and PD want to preserve neuronal
functions by regulating neurotransmitter systems, Ca+ homeostasis or neurotrophic signalling [138]. Although the
existing neuroprotective measures usually have small clinical value, the combination of the biomarker to diagnose the
disease early and stratify the patient is enhancing the treatment response. Integration therapies which tackle a range of
pathogenic pathways are also under investigation so as to increase efficacy. With the further development of research,
neuroprotective and disease-modifying drugs may change the therapeutic paradigm to an early intervention that may
stop or even reverse the neurological disease progression [139].

10. Bench to Bedside: Translational Challenges

10.1 Clinical Research to Preclinical

One of the major challenges in translational medicine is bridging the gap between preclinical findings and successful
clinical implementation [140]. Although preclinical studies using cell cultures and animal models provide valuable
insights into disease mechanisms and potential therapeutic strategies, these findings often fail to accurately predict
clinical outcomes in humans. This disparity is largely attributed to biological differences between experimental models
and humans, including variations in genetics, metabolism, and immune responses.

Furthermore, many models of neurodegenerative diseases do not fully replicate the complex pathology and progressive
nature observed in human patients, which may result in false-positive therapeutic outcomes during preclinical
evaluation. Additional limitations such as inconsistencies in experimental design, lack of reproducibility, and
publication bias can further compromise the reliability of preclinical data and negatively influence clinical trial
development.

To improve translational success, increasing attention is being directed toward the development of more predictive
experimental systems, including human-derived organoids and genetically engineered animal models that more closely
resemble human disease conditions [141]. Standardization of experimental protocols, improved data transparency, and
collaborative research consortia are also essential for aligning preclinical findings with clinical expectations. In addition,
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the incorporation of biomarkers and early-stage human studies, such as Phase 0 clinical trials, may facilitate target
validation and reduce the risk of failure in subsequent clinical trials.

Ultimately, an interdisciplinary approach integrating basic science, clinical expertise, and patient-derived data is
essential for bridging the gap between bench and bedside. Addressing these translational challenges will accelerate the
development of safe and effective therapies and enhance the successful translation of laboratory discoveries into
meaningful clinical benefits for patients [142].

10.2 Genetic and Cell-Based Therapy Ethical Table

Genetic and cell-based therapies offer unprecedented potential for the treatment of previously incurable diseases;
however, they also raise complex ethical concerns [143]. One of the major ethical challenges involves genetic
manipulation, particularly germline gene editing, which may have heritable consequences affecting future generations
and broader societal implications. Although current clinical applications primarily focus on somatic gene therapies,
concerns regarding off-target effects, long-term safety, and unintended biological consequences remain significant.

Obtaining informed consent may also be challenging, especially in pediatric patients or individuals with impaired
cognitive capacity, where legal guardians are required to make decisions regarding potentially permanent interventions.
In addition, stem cell-based therapies, particularly those involving ESCs, continue to generate ethical debate regarding
embryo use and the sourcing of biological materials. Even with iPSCs, important issues related to donor consent,
privacy, ownership, and commercialization of cell lines must be carefully addressed [144].

Furthermore, the high cost and limited accessibility of advanced genetic and cellular therapies raise concerns regarding
healthcare equity and social justice. Unequal access to these treatments may further widen existing healthcare
disparities by restricting availability to financially privileged populations. Consequently, ethical and regulatory
frameworks must evolve alongside technological advancements to ensure responsible innovation and patient protection.

Institutional review board (IRB) oversight, transparent public engagement, and adherence to international ethical
guidelines established by organizations such as the World Health Organization and UNESCO are essential for
safeguarding human dignity and maintaining public trust. Ethical dialogue involving patients, healthcare professionals,
researchers, and communities is equally important for promoting socially responsible and inclusive development of
transformative therapies [145].

10.3 Clinical Trial issues

There are regulatory and clinical trial barriers to the research-to-clinic translation of innovative therapies [146]. The
conventional drug development models are not necessarily capable of assessing the safety and efficacy of complicated
interventions like gene editing, stem cell interventions or tailored-made treatment. Such treatments can include the use
of living cells, genetic material or customised manufacturing, necessitating specific regulatory pathways. An example is
that gene therapies need to be stringently studied on off-target effects, immune reactions and long-term safety, which
may require prolonged follow-up longer than a normal trial schedule. Moreover, rare or heterogeneous diseases do not
possibly have large well-defined groups of patients that are suitable to design a trial, choose endpoint and have
statistical power. There are growing efforts to address these limitations by developing adaptive trial designs and real-
world evidence, which, however, yield novel methodological and regulatory uncertainties. Regulatory authorities such
as the FDA and EMA are striving to modify their systems, providing expedited approval programs or labels such as
Breakthrough Therapy to fast track development [147]. Nevertheless, these systems consume a lot of resources and
regulatory knowledge, which is usually restrictive to a large institution or company. Consistency and quality control of
manufacturing is also a key danger, particularly with cell-based products where the variability of a batch can influence
outcomes. Popularity, global standardization and continuous surveillance of the market after sales is crucial to the safety
of the patients and the trust of citizens. Finally, a compromise needs to be found to overcome regulatory and clinical
trial obstacles; the need to promote innovation must not compromise human health and ethical integrity [148].

10.4 Patient-Centered Approaches

Patient-centred approaches are critical to realizing the translation of biomedical innovations in bench to bedside [149].
The strategies focus on values, needs and preferences of patients during the research, development and implementation.
Conventionally, the patients were considered only as participants of trials or the recipients of care, but according to the
current translational studies, their active role as partners is welcomed. This incorporates the co-design of clinical trials,
input in the decision on endpoints, which are of greatest importance to quality of life, and the input of the real-world
disease burden and treatment expectations. Early involvement would enhance the relevance, recruitment, and adherence
of patients and consequently increase the effectiveness of a clinical trial. Moreover, patient-reported outcomes (PROs)
are becoming a part of trial metrics to reflect meaningful benefit not measured by biological or clinical outcomes [150].
In a precision medicine world, the customization of treatments according to genetic, lifestyle and psychosocial variables
must be highly engaged with a variety of patients to be inclusive and equitable. Digital health technology, wearable
devices and telemedicine application also enable patients to take a more active role in their treatment and data gathering.
Still, there are difficulties, such as the need to guarantee knowledgeable involvement, overcome digital divides, and
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secure information privacy. Nonetheless, the development of trust and transparency by means of constant
communication can close these gaps. Not only do patient-centred approaches bring the scientific goals into conformity
with the realities of the patients but also develop ethical and socially responsive avenues to innovation. With the
development of translational science, the central role of the patient is no longer a choice, but its essential part of the
effective and long-term improvement of healthcare [151].

11. Conclusion

PD is not considered as a movement disorder only but it is a complex system neurodegenerative disease. As
symptomatic treatment, levodopa and DBS still one of the primary forms of care, they do not correct the pathogenic
mechanisms. The critical importance of protein misfolding, mitochondrial is emphasized by recent research. Path
physiology, oxidative stress, and neuroinflammation in the development of disease, and provides novel. therapeutic
targets. Future progress in gene therapy, RNA-based solutions, immunotherapy’s and stem cell models are promising
but have considerable translational and regulatory challenges. Patient-centered approaches, development of biomarkers
and early diagnosis are needed to facilitate the interventions between molecular findings and clinical practice. Finally, a
precision medicine model involving multiple disciplines has the ability to change how PD is managed symptomatic to
disease prevention and long-term prevention.
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