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Abstract

Background Parkinson’s disease is a neurodegenerative disorder of the central nervous system that is one of the
mental disorders that cause tremors, rigidity, and bradykinesia. Many factors determine the development of disease. A
comprehensive physical examination and medical history of the patient should be part of the differential diagnosis for
Parkinson’s disease (PD). According to epidemiology, Parkinson’s disease majorly affects elderly persons and frequency
of affecting men is more as compared to women where the worldwide burden of Parkinson’s disease (PD) increased
more than twice in the past 20 years.

Main body of the abstract In this review paper, we discussed screening models, recent clinical trials, cellular and
molecular pathways, and genetic variants (mutations) responsible for induction of Parkinson’s disease. The paper

also aims to study the pathophysiology, epidemiology, general mechanism of action, risk factors, neurotoxin models,
cellular and molecular pathway, clinical trials genetic variants of Parkinson’s disease. These models correspond to

our research into the pathogenesis of Parkinson’s disease. The collected data for the review have been obtained by
studying the combination of research and review papers from different databases such as PubMed, Elsevier, Web of
Science, Medline, Science Direct, Medica Database, Elton B. Stephens Company (EBSCO), and Google open-access
publications from the years 2017-2023, using search keywords such as “Cellular and molecular pathways, Clinical trials,
Genetic mutation, Genetic models, Neurotoxin, Parkinson’s disease, Pathophysiology!”

Short Conclusion Microglia and astrocytes can cause neuroinflammation, which can speed the course of patho-
genic damage to substantia nigra (SN). The mechanism of Parkinson'’s disease (PD) that causes tremors, rigidity, and
bradykinesia is a decrease in striatal dopamine. Genes prominently CYPTA2 (Cytochrome P450 A2), GRIN2A, and
SNCA are Parkinson'’s disease (PD) hazard factor modifiers. The most well-known neurotoxin is 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), which destroys dopaminergic neurons, resulting in the development of Parkinson'’s
disease (PD). Dopamine auto-oxidation in dopaminergic (DA) neurons is a significant source of reactive oxygen
species (ROS) that causes neuronal oxidative stress. Most common genes which when affected by mutation lead

to development and progression of Parkinson’s disease (PD) are LRRK2, SNCA (alpha-synuclein protein), DJ-1, PRKN
(Parkin protein), PINK1, GBAT, and VPS35. The commonly used neurotoxin models for inducing Parkinson’s disease are
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6-hydroxydopamine (6-OHDA), rotenone, paraquat, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and genetic
models. Anti-apoptic drugs, gene mutation therapy, cell-based therapy, and plasma therapy were all discontinued
due to insufficient efficacy. Because it is unclear how aging affects these molecular pathways and cellular functions,
future research into these pathways and their interactions with one another in healthy and diseased states is essential

to creating disease-specific therapeutics.

Keywords Cellular and molecular pathways, Clinical trials, Genetic mutation, Genetic models, Neurotoxin,

Pathophysiology, Parkinson’s disease

Background

A neurodegenerative condition known as Parkinson’s dis-
ease (PD) causes tremors, stiffness, and lack of motion.
As the patient becomes older, molecular changes in the
substantia nigra (SN) exhibit signs of increasing neuronal
loss. Particularly in the late stage of PD, non-motor symp-
toms are very rare, such as confusion and dysautono-
mia. Some individuals utilize time as a precise scientific
diagnostic and can get distinctive pathologic substrates
underlying the condition. Some people will reserve the
word for people who suffer from idiopathic Parkinson-
ism brought on by Lewy body (LB) framework inclu-
sion in SN and cells from other parts of the brain. The
diagnosis of PD responds to dopaminergic medication
because decreases in dopamine levels and LB are present
within the remaining neurons. Those suffering with the
typical fundamental signs have an incredible response
to levodopa for the clinical diagnosis of PD. However,
there are different types of PD in the early stage of the
disease. Motor signs are challenging. There is a 24% error
rate in clinical and pathological series. The difficulties in
detecting this PD in its initial stages are highlighted by
two studies. Researchers found that the first clinical diag-
nosis was appropriate in 65% of patients within 5 years
of the disease’s development in a prospective clinical
and pathological study. Like this, 8—9% of 800 individu-
als with mild early-onset PD were later found to have an
alternate diagnosis based on multidimensional, clinical
diagnostic criteria in the tocopherol potent antioxidant
treatment for PD analysis (Tolosa et al. 2021). The UK
PD brain bank criteria are the standard clinical criteria
that will increase the specificity greatly of a clinical diag-
nosis of the disease. However, up to 10% of people who
are diagnosed with the disease during their lifetime may
still require categorization at the time of death (Sonustun
et al. 2022).

Population-dependent research has found that about
20% of PD patients who have already received treat-
ment have not yet been diagnosed with the condition,
while about 15% of patients diagnosed with PD within a
community don’t know the criteria which will be strong
for a diagnosis for the disease (Bai et al. 2021 May). The

most frequent misdiagnosis in clinical morphological
research concerns different types of degenerative Par-
kinsonism, such as multisystem atrophy or degenera-
tion, degenerative supranuclear palsy. Recent studies in
clinical PD have shown that extensive tremors, (visual)
hallucinations, and cognitive fluctuations are among
the other common features to distinguish between
dementia and PD with LB (Perren et al. 2020).

Here, we critically evaluate the capability of further
investigation for the diagnosis and therapy for patient’s
with PD by reviewing published data on the clinical dif-
ferential diagnosis for different types of Parkinsonism.
Further, craniocerebral trauma and exposure to pesti-
cide and fungicides, which include paraquat and rote-
none, as well as imperative frightening device infection
seem to be related to the pathogenic nature of PD (Sen-
turk 2020).

However, we have recognized that nearly 10% of
genetic cases lead to the development of PD. We have
also discussed some of the more common genetic PD
rodent models in this paper. Since numerous scien-
tists thought herbicides and pesticides could increase
the symptoms of PD, lots of research was conducted
to evaluate several elements of paraquat and rotenone
in animal models (Liu et al. 2020). Levodopa is the
gold-standard medication for treating PD. It is a pre-
cursor for dopamine that can cross the blood-brain
barrier (BBB). There are several medications that are
frequently used in combination with L-dopa, and they
are classified based on how they work to increase dopa-
mine production; these medications include monoam-
ine oxidase-B (MAO-B), catechol-O-methyl transferase
(COMT) inhibitors as well as dopaminergic agonists,
such as amantadine (Koga et al. 2021). The motor
symptoms of PD can be recovered through pharma-
cological treatment. However, in addition to several
motor control elements being resistant to pharmaco-
logical treatment, the effectiveness of dopaminergic
medicines diminishes with time (Mylius et al. 2021).
Moreover, current therapies only work to relieve symp-
toms and cannot prevent the further development of
disease (Pereira et al. 2019).
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Main text

In recent years, neurotrophic element therapy and cel-
lular transplantation have become innovative therapies
for those suffering from PD. However, the common of
these methods involves extremely invasive localization
surgery, which has risks. Neuropharmacological rem-
edies and workout are complementary, and it generates
more interest as a PD method of treatment. Ultimately,
a slew of large-scale epidemiological research indicated
that exercise is good for PD. Lau et al. revealed that
workout might reduce chances of developing neurologi-
cal impairments in PD (Feng et al. 2020). Exercise can
improve motor and nonmotor signs of individuals with
PD as a supplementary and alternative therapy. Different
types of workout training have been included in scientific
research, including gait training, cardio exercise, com-
plementary exercise, innovative resistance training, and
balance training. This might slow the disease’s course and
enhance its quality of life, helping a growing number of
PD patients (Silva et al. 2021).

Materials and methods

In this paper, we have studied recent research on PD,
neurotoxicity-induced models, techniques for the induc-
tion of disease, molecular pathways, therapeutic clini-
cal trials, genetic mutation for PD. We thoroughly used
search engines like PubMed, Elsevier, Web Science,
Google Scholar, Science Direct, Medline Plus, Google
Open Access, Europe PMC, Hub Med, Scopus, Semantic
Scholar, Shodhaganga, Science Open, and ScienceDirect.
Keywords search during the review were "Parkinson’s dis-
ease, Neurotoxicity models, Pathophysiology in PD, Clin-
ical trials in PD, Genetic mutation in PD, Cellular and
molecular pathways in PD, Neurodegenerative disease,
Epidemiology of PD, Central nervous system, Oxidative
stress in PD, Diagnosis of PD." In addition, articles were
also obtained from authentic online websites and official
magazines. The review contained information from pub-
lished sources on PD and its models.

Data abstraction and analysis

Literature research was made on database abstractions
like PubMed and Medline Plus by using keywords like
"Cellular and molecular pathways, Clinical trials, Neuro-
toxin and genetic models, PD, Pathophysiology." We have
attempted to review the published research and reviews
on PD, including its pathophysiology, epidemiology, risk
factors, mechanism of action, models observed, and cel-
lular and molecular pathways, genetic mutation. This
paper also focuses on the research conducted from 2017
to 2023 on patients suffering from PD.
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Epidemiology

Since the early 1800s, PD has become widely recognized
and, when the disease is reported, physicians gave PD
its name (Skidmore et al. 2022). Sometimes PD, known
as "paralysis agitans," is rare in young adults, particu-
larly individuals under 40 (Xu et al. 2020 Feb). Around
60,000 new instances of PD are reported each year, with
an estimated one million Americans suffering from the
condition. According to estimates, 7—10 million people
worldwide have PD, which affects men 1.5 times more
frequently than women. In accordance with a population-
based analysis of Medicare users, those 65 and older had
an average frequency of PD of 1.6% (Draoui et al. 2020).

Pathophysiology of Parkinson’s disease and role of Lewy
bodies in dopaminergic neurons

Pathophysiology

Lewy body (LB), a pathologic characteristic of dopamin-
ergic neurons, is improved in PD, which is described
as pathophysiological as degradation or dopaminergic
neuronal loss located in the SN. Several years may pass
before there is any sign of a pathologic change. This lack
of dopamine-producing neurons impairs motor function
significantly. Aggregation of LB contains a wide range of
proteins including ubiquitin alpha-synuclein and ubiq-
uitin, which impair optimal neuron function. Aging and
environmental stress, according to new guidelines, both
contribute to neuropathology. Environmental contami-
nation (e.g., pesticides), the strain of the growing-old pro-
cess, or misuse of pills causes a low-stage illness inside
the mind ("inflammation"), persistent. Cellular aging in
neurons in the brain over time is caused by this inflam-
matory process (Crowley et al. 2019). Details about the
pathophysiology of PD are shown in Fig. 1.

Degradation of neurons is triggered by gene mutations
that encode for central nervous system (CNS) proteins.
In particular, SNCA (alpha-synuclein protein) turns self-
aggregates and abnormal. This inflexible alpha-synuclein
is a crucial element of LB, the cellular accumulation that
characterizes PD (Sun and Armstrong 2021). Atypical
protein-disrupting systems, like the ubiquitin—protea-
some device, are also made more difficult. PD can result
from a variety of dysfunctional processes, such as mito-
chondrial disease or unique oxidative stress caused by
reactive oxygen species (ROS), which results in neuronal
degeneration (Roeh et al. 2019).

Role of substantia nigra, dopaminergic transmission,

and D1, D2 receptors in Parkinson’s disease

A dopaminergic imbalance causes the novel neurodegen-
erative disease PD to cause mobility deficits (inhibitory
D2 and excitatory D1 receptors). However, K+ channels



Sayyaed et al. Bulletin of the National Research Centre (2023) 47:70

Page 4 of 16

Destruction of dopaminergic neuronal cells in the substantia nigra in the basal ganglia

Degeneration of the dopaminergic nigrostriatal pathway

Depletion of dopamine store

Imbalance of excitatory (acetylcholine) and inhibiting (dopamine) neurotransmitters in the corpus striatum

Impairment of extrapyramidal tracts controlling complex body movements

Tremors, Rigidity, Bradykinesia

Fig. 1 Pathophysiology PD. (Parkinson’s disease is mainly characterized by the neuronal loss within the SN of the brain, which causes motor and
non-motor signs such as tremors, bradykinesia, and stiffness.) (Feng et al. 2020)

enhance these. Dopamine: In PD, the substantia nigra
degenerates, destroying the nigrostriatal pathway. The
neurochemical basis of PD is the ensuing reduction in
striatal dopamine. The impairment in striatal dopamin-
ergic transmission seems to depend on and be sufficient
for the emergence of PD motor symptoms. Dopamine is
the precursor of levodopa. Individual dopamine does not
cross the BBB. Levodopa is actively transported into the
brain, where levodopa is converted into dopamine in the
brain. In the periphery of the brain, medication decar-
boxylated dopamine. Because of that, it requires a large
dose of levodopa (Ishiguro et al. 2021). In the peripheral
tissues and gastrointestinal tract (GIT), the metabolism
of levodopa decreases and enhances with carbidopa and
increases the bioavailability of levodopa in the CNS.
Because of that, levodopa administered with carbi-
dopa should enhance the effect of levodopa on the CNS
(Jaiswal et al. 2021).

Clinical features in the development and progression

of Parkinson’s disease

Since James PD in the nineteenth century, the impor-
tant component of the disease has been motor symp-
toms of PD, which was later improved by Jean-Martin
Charcot (Flynn et al. 2023). These PD signs encompass
molecular stress, bradykinesia, rest tremor, gait, and
postural impairment. The patients are categorized as
a subtype of disease which, in having patients with PD

motor actions, are heterogeneous (Marchetti 2020).
The average time between the beginning of Parkin-
sonian and Parkinsonian motor signs occurrence is
12-14 years. It is an example of how that premature
stage can be increased (Greener 2021). The pathology
of PD is thought to be ongoing throughout the motor
period, including dopaminergic neurons as well as
the CNS and peripheral system areas in the substan-
tia nigra paras compacta (SNpc) (Wuthrich and Rapee
2019).

The development of PD is described by impairment
of motor function, which can primarily be treated with
symptomatic treatment options. However, headaches
associated with prolonged durations of symptomatic
therapy, like dyskinesia, fluctuations, psychosis, motor
and non-motor symptoms, dyskinesia, and psychosis,
may arise as the disease progresses (Islam et al. 2021).
Treatment-resist motor and non-motor symptoms in
the last stage of PD are differentiated, with axial motor
signs including movement problems, falls, gait freez-
ing, speech difficulties, and swallowing. In the last stage
of PD, non-motor signs such as symptomatic postural
hypotension are frequent, constipation needing regu-
lar laxatives and urine incontinence (Neag et al. 2020).
After 20 years with the disease, 83% of PD patients have
dementia. These levodopa-resistant late-stage PD signs
and symptoms significantly increase impairment and
are reliable indicators of death and the necessity for
hospitalization (Bjerklund et al. 2019).
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Role of environmental, genetic, and epigenetic factors

in causing Parkinson’s disease

Age is the potential risk of PD. This pattern has signifi-
cant implications for public health: By 2030, the num-
ber of patients of PD is predicted to rise by more than
50% because of an aging population, as well as a rise in
life expectancy globally (Masato et al. 2021). Environ-
mental exposures are also risk factors for PD. These fac-
tors have been demonstrated that significantly alter the
risk of PD in a meta-analysis of individual capability
threat elements (Borghammer et al. 2022). The hypoth-
esis that smoking may provide protection against the dis-
ease has arisen because of the factors that lower the risk
of PD with smoking. The results of extensive case—con-
trol research and modern research, however, indicated
that PD patients can avoid smoking more rapidly and
that the correlations with smoking may be brought on
by a reduced reactivity to nicotine during the prodromal
stage of PD. The consequences of at least five potential
population-based studies showed a negative correlation
between blood urate attention and PD risk, a finding that
is possibly more resolute in men than in women (Gao
et al. 2020). Heating and manganese exposures were not
related to an elevated risk of PD, according to a compara-
ble meta-analysis. Single epidemiologic results show that
exposure to solvents, especially trichloroethylene, and
the use of antipsychotics by elderly people, particularly
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benzamides, phenothiazines, risperidone, or haloperidol,
would likely increase the risk of PD (Smeyne et al. 2021).

Although there are multiple factors that might increase
the possibility of developing PD, their complex interac-
tions are increasing to be recognized. For instance, cir-
cumstantial findings of this study showed that exposure
to brain trauma and Paraquat both increased the chances
of PD (Xicoy et al. 2021). Further research has found
genetic factors on environmental risk factors. For exam-
ple, single-nucleotide polymorphisms in CYP1A2, that
encode the isoform of Cytochrome P450 that causes
metabolism of GRIN2A, that codes for a component of
the N-methyl-D-aspartate (NMDA) receptor, affect the
threat caused by drinking coffee. Moreover, the shape
of a polymorphism blended with a repeat dinucleotide
within the gene promoter of SNCA (alpha-synuclein pro-
tein) affects the risk of PD correlated with head trauma
(Rocha et al. 2022). Environmental, genetic, epigenetic,
and other risk factors for PD are shown in Fig. 2.

Screening rodent models for induction of Parkinson’s
disease

Many neurotoxin animal models are currently used
in rodents and mice, such as 6-Hydroxydopamine
(6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP), but pesticides are primarily used. They
have increased some events and symptoms that may

Geneticrisk factors
» Gene mutations
» Single Nucleotide Polymorphisms (SNPs)

» Duplication or triplication of gene locus

Environmental exposure

» Pesticides

» Heavy metals

———————

Parkinson's
Disease

Epigenetic modifications
» DNA methylation changes
» Histone code modifications

» Non coding microRNA expression

Other risk factors
» Age
» Oxidative stress
» Mitochondrial dysfunction

» Chronic inflammation

Fig. 2 Risk factors for PD (Parkinson's disease is a central nervous system disorder that affects the movement, often including tremors, bradykinesia,

and rigidity.) (Adams et al. 2023)
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result in PD by inducing neurotoxicity. These toxin-based
PD models have some advantages and disadvantages
(Tran et al. 2021). Table 1 shows the required dose and
route of administration of neurotoxin.

Conventional 6-hydroxydopamine model in induction

of Parkinson’s disease

6-Hydroxydopamine (6-OHDA) is a conventional and
classical animal model for PD. Inject 6- 6-OHDA directly
into the SNpc of the brain because this compound does
not cross the BBB (Kayis et al. 2023). In the region of
the mouse or rat brain, it has approximately 60% of the
tyrosine hydroxylase-containing neurons present, with
the lack of striatum containing the tyrosine hydroxylase-
positive terminals. It is widely believed and has been
tested that the tyrosine hydroxylase-advantageous termi-
nals were dead before the tyrosine hydroxylase-advanta-
geous neuronal cells within the SNpc, which reflect PD
symptoms. Hence, most researchers have injected this
6-OHDA immediately within the SN to observe ret-
rograde of degeneration (Belvisi et al. 2022). 6-OHDA
enters the cytosol via the dopaminergic neuron trans-
porter, where it may self-oxidize and induce oxidative
pressure inside the cell. It has been shown the 6-OHDA
and interaction, although neither leading to nor produc-
ing clumps or LB clusters like those found in PD (Fabbri
et al. 2019). The bilateral injection of 6-OHDA into the
SNpc causes not only the most severe aphasia, seizures;
moreover, it is more common for people to turn to apo-
morphine or amphetamine after unilateral 6-OHDA can
measure the severity of the precipitated striatal loss or
SNpc, and this behavior to enhance the efficacy of treat-
ments for PD (Kambey et al. 2021). 6-OHDA is produced
in the metabolism of endogenous dopamine; hence,
6-OHDA is a neurotoxin compound; it causes lesions
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within the dopaminergic neurons which makes it poten-
tial for the endogenous toxin in the initiation of the PD
neurodegeneration (Park et al. 2019). 6-OHDA induced
neurotoxicity produces symptoms of PD, as shown in
Fig. 3.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-based model for inducing oxidative stress
Originally, MPTP became an unintentional visitor in the
catalytic process, and while it may cause some concern
in certain areas, it turned into ROS. Oxidative pressure,
energy failure, infection, and energy failure have been are
shown symptoms of PD (Dumurgier and Tzourio 2020).
MPTP is the popular animal model of PD. MPTP has
induced neurotoxicity in PD and shows all of the symp-
toms of PD in guinea pigs, monkeys, and other animal
models, as well as a specific range of signs and symp-
toms observed in mice models, but there is no longer
in rodents because rats were resistant to the MPTP
(Neshige et al. 2021).

Role of Rotenone in Parkinson’s disease induction

by inducing the synthesis of Lewy bodies, inflammation,
and alpha-synuclein aggregation

Rotenone is an insecticide as well as herbicide; as
compared to paraquat it is a pure herbicide. It eas-
ily crosses BBB as well as is also highly lipophilic.
Rotenone induces all the symptoms of PD, including
behavioral changes, inflammation, complex-I blockage,
a-synuclein aggregation, development of LB, digestive
issues, and oxidative stress (Jia et al. 2020). This model’s
apparent strength is that it has been shown to produce
a-synuclein aggregation and LB formation. While using
rotenone as a PD model enhances dopaminergic neu-
ron (DA) oxidation, there is little proof that it leads to

Table 1 Drug-induced neurotoxicity in Parkinson’s disease (PD) (SNC: substantia nigra compacta; MFB: medial forebrain bundle; IC:
intracerebral injection; IP: intraperitoneal injection; SC: subcutaneous injection) (Vaccari et al. 2019)

Sr.no Neurotoxin Dose Animal species Route of administration
1 6-OHDA 0.032 mg/kg Rat or mice I.C.into SNC
0.05 mg/kg Rat 1.C.into MFB
0.02-0.16 mg/kg Mice 1.C.into MFB
0.05-0.32 mg/kg Rat or mice I.C. into striatum
2 MPTP 33 nmol/24 h Rat 1.C. into SNC/striatum
15-20 mg/kg Mice 1P
46 mg/kg Mice I.P infusion
23 mg/kg Mice SC
3 Paraquat 10 mg/kg Mice Oral
10-15 mg/kg Rat or mice 1P
4 Rotenone 2-3 mg/kg Rat S.C.infusion
5.0 ug Rat 1.C
2.75-3.0 mg/kg Rat I.P
50 mg/kg Mice oral
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l Dopamine Transporter

Complex | Activity and Oxidative Stress

Auto-Oxidation

Neuro-inflammation

Dopaminergic neurons

Fig. 3 6-OHDA induced PD in a specific way. It has been suggested that oxidative stress causes neuroinflammation (Luca et al. 2020)

degradation of the dopaminergic pathway (Yin et al.
2021). The mechanism of rotenone as a neurotoxicity
inducer in PD is shown in Fig. 4.

Methamphetamine in substantia nigra paras compacta
neurodegeneration

Methamphetamine is a derivative of amphetamine;
some effects such as induced neurotoxic effects on
the CNS lead to some structural changes. Numerous

Mitochondrial
dysfunction

Fig. 4 Rotenone-induced ROS generation and cell death are depicted schematically as the causes of PD (Adamson et al. 2022)
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research studies have shown that selective damage
to serotonergic nerves or dopaminergic nerve end-
ings leads to neuronal loss in rodents after hypother-
mia (Guo et al. 2022) though it was not a universally
accepted hypothesis. These genes (LRRK2 and SNCA,
autosomal-dominant PD; PRKN, PINKI1, Dj-1, and
autosomal-recessive PD) are potential and prominent
therapeutic targets in animal models. We first need
to understand how these animal models work to that
extent. For example, neither of the above mutations are
knocked out or overexpressed in humans (Hamed et al.
2019). In accordance with this approach, a protein’s
degree of expression might contain the key to under-
standing the nature of that protein. Research has dem-
onstrated that wiping out alpha-synuclein has no effect
on DA retention or development (Sitzia 2022).
Autosomal-recessive PD is caused by several muta-
tions. These are PINKI (mitochondrial-localized
enzyme and new kinase 1 that are stimulated by tensin
isoforms), Parkin (20% of individuals with early-onset
PD and about 50% of gene mutations of PD), and DJ-1
(an oxidation—reduction reaction-sensitive antioxidant
regulator and molecular stress). Rodent models of these
genes do not show neurodegeneration. Recent reports
show that exogenous Parkin depletion within adult
mice is associated with the SNpc neurodegeneration.
Therefore, the lack of neurotoxicity in rodents may be
because rodents may have protective mechanisms that
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prevent the development of PD symptoms in these
models (Palasz et al. 2019).

Pesticide paraquat and its damage to DNA
Epidemiological studies indicate that using pesticides
increases the symptoms of PD, but since only 95 cases of
PD have been associated with paraquat poisoning, this
association may be very hypothetical in the case of para-
quat (Agnihotri and Aruoma 2020). In agriculture, para-
quat is frequently employed. Pesticide is used as a weed
killer because paraquat causes damage to deoxyribonu-
cleic acid (DNA), proteins, ribonucleic acid (RNA), and
lipids through oxidative stress caused by redox reaction.
This process also produces ROS, including the superoxide
radical, hydrogen peroxide, and radical. Recent research
on paraquat’s effects on the nigrostriatal DA system is
somewhat contradictory (Martinez-Chacén et al. 2021).
Diagrammatic illustration mechanism of induction of
neurotoxicity by paraquat in PD is shown in Fig. 5.

Mutation-based genetic models for inducing Parkinson’s
disease

The "new kids on the block" are certainly genetic mod-
els of PD. Even though PD was once thought to be a
"sporadic” non-genetic condition, genetic alterations
are uncommon and only account for roughly 10% of PD
patients. Furthermore, DJ-1, alpha-synuclein, LRRK2
autosomal-dominant PD and PINKI-recessive PD,
are significant genes which undergo mutations to cause

Paraquat

Reactive Oxygen
Species generation

C-Jun N-
terminal kinase
(INK)

Phospho-c-Jun
N-terminal
kinase(P-JNK)

Cleaved
Caspase 3
Caspase 3

Parkinson like symptoms

3,4-
Dihdryoxyphenylaccetic
acid (DOPAC)

Dopamine level

Death of dopaminergic
Neurons

Fig. 5 lllustration of the paraquat-induced neurotoxicity, ROS production, and c-Jun N-terminal kinase (JNK) activation that led to the
dopaminergic cells'neuronal loss and PD-like symptoms (Colle and Farina 2021)
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PD thus are potential targets for therapy. The complex-
ity of this PD is becoming more apparent, so we must
first comprehend how these animal models function.
For example, neither of the mentioned mutations above
are completely absent or overexpressed within humans.
However, model of PD in animals use overexpression and
knockout techniques. The idea behind this is that under-
standing a protein’s behavior may depend on how much
of it is expressed. Consider alpha-synuclein as an exam-
ple. Moreover, it was demonstrated that knocking down
alpha-synuclein does not have an impact on dopaminer-
gic neuron development or maintenance (Calabresi et al.
2023).

This suggests that the degradation of dopaminergic
neurons found in PD is not likely to be caused by the loss
of alpha-synuclein. The precise role of alpha-synuclein,
however, is unknown; it is difficult to determine its rela-
tionship to PD. LRRK? is restricted to mucosal tissue, in
contrast with the ubiquitous alpha-synuclein. Moreo-
ver, although LRRK2 knockout mice have been shown
to not affect the LRRK2 animal model, it is not particu-
larly useful in investigating DA nerve cell development
and preservation. Melanogaster models have limited
generalizability for the human state. Autosomal-reces-
sive PD is caused by several mutations. These include
PRKN (20% of instances of onset of PD and 50% cases of
familial), DJ-1 (a redox-sensitive regulator of antioxidants
and molecular chaperone) and PINK1 (phosphatase and
tensin homolog-induced kinase 1; confined to the mito-
chondria). Animal models of these genes that are consti-
tutively knocked out do not exhibit neurodegeneration.
Meanwhile, a scientific study demonstrates that SNpc
neurodegeneration is correlated with Parkin conditional
deletion in adult mice (Aryal and Lee 2019).

Genetic studies on PD have shown a variety of mono-
genic variants of the disease and several genetic risk
factors that raise the possibility of developing neuron
degeneration (Tran et al. 2020). The most often advised
method for people to diagnose the disease is molecu-
lar testing. Few genes that are significant in both the
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autosomal-recessive forms and autosomal dominant
of PD have been reported in the last ten years (Jia et al.
2022). It has determined that mutations in the loci
PARK1 to PARKI13 (loci on 13 chromosomes) indicate
linkage to PD by whole genome linkage screening to dif-
ferentiate between chromosomal areas linked to the risk
of PD or the period of PD onset (Selvaraj and Piramanay-
agam 2019).

Monogenic forms, which are pervasive but only make
up around 30% of related cases, were brought on by a
single mutation in a gene that was passed down either
recessively or dominantly. Most of the gene mutations
leading to increased ROS production, mitochondrial
DNA damage (mtDNA damage), reduced mitochon-
drial membrane potential (MMP), decreased ATP levels,
structural defects in the organelle, and mitochondrial
network are related to mitochondrial dysfunction; these
various phases of mitochondrial dysfunction have been
responsible for of the development of PD (Liu et al.
2017). Parkinsonism is caused by the autosomal-domi-
nant gene transformation of the UCHLI, SNCA, LRRK2,
and GIGYF2, and mutations in the, DJ-1, PRKN, PINK1,
FBXO7, PLA2G6, and ATP13A2, genes. (Table 2) About
27% of those with early-onset PD (EOPD) have a muta-
tion in one of the three genes (LRRK?2, glucocerebrosidase
or Parkin)(Papagiannakis et al. 2018).

Cellular and molecular pathways involved in the initiation
and progression of Parkinson’s disease

Different genetic, epigenetic, environmental, molecu-
lar, cellular, and intracellular dysfunctional symptoms
can be seen in this condition. The main molecule that
makes up the LB at the molecular level is alpha-synu-
clein. Significant pathogenic correlation, pathogenesis
of Ca®*, is linked to an oxidation-reduction imbal-
ance in cells and an increment in reactive oxygen
species (ROS) generation. There are seven most com-
mon PD-related genes (VPS35, DJ-1, GBA1, LRRK2,
PINKI1, PRKN and SNCA). In the cerebral cortex of PD
patients, various cellular and molecular biomarkers,

Table 2 Genes and susceptibility genes involved in Parkinson's disease (PD) (Chia et al. 2020)

Sr.no Gene symbol Locus name Type of mutation Protein product Mode of
inheritance
1 PINK1 PARK6 Missense, frameshift, splice site, point, truncating PTEN-induced putative kinase 1 AR
2 SNCA PARK1 Missense, point Alpha-synuclein AD
3 PRKN PARK2 Missense, frameshift, splice site, point, nonsense Parkin AR
4 ATP13A2 PARK9 Frameshift ATPase 13A2 AR
5 DJ-1 PARK7 Point, missense, frameshift, exon deletion, and slice  Protein DJ-1 AR
site frameshift
6 LRRK2 PARK8 Missense Leucin-rich protein kinase 2 AD
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such as neuroinflammation, autophagy, and oxidative
stress, were detected. Factors that cause oxidative stress
promote alpha-synuclein aggregation. In the nigrostri-
atal neuronal cell, in which it initially aggregates alpha-
synuclein deposited, it appears in the GIT or enteric
nervous system (ENS), olfactory bulb, and the LB
(Fraint et al. 2018).

The earliest symptoms of PD are mitochondrial dys-
function and mitophagy. Melanin-concentrating hor-
mone is essential for ATP synthesis, but it also affects
calcium storage, cellular metabolism, the generation of
damage-associated molecular patterns, damaged asso-
ciated molecular pathways (DAMPs), the balance of
ROS, programmed cell death, inflammatory processes,
and immunity to programmed cell death. The loss of
dopamine pathways by i) loss of the dopaminergic neu-
ronal cells currently available for synaptic transmission
in the SNpc is neuropathological characteristics of PD.
ii) Alpha-synuclein, LB, clumps containing neurofibril-
lary tangles that contain microfibrils are developing
(Camargo et al. 2019). Lack of dopamine neurotrans-
mitters in the SNpc disrupts the circuitry that controls
posture and movement, resulting in symptoms consist-
ing of relaxed shaking and sluggish movement. PD non-
motor symptoms include difficulties with sleep, anxiety,
memory, autonomic nervous system, and the senses
(Zampese and Surmeier 2020).
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Buildup of oxidative stress due of presence of reactive
oxygen species and its effects on generation of Parkinson’s
disease
Reactive oxygen species in PD such as hydroxyl radical
(OHe), superoxide anion (O,), and hydrogen peroxide
(H,O,) are synthesized because within the mitochon-
dria there is physiological metabolism of molecular oxy-
gen. In ETS (electron transport chain) the mitochondrial
complexes I and III produce Superoxide anion which
are very reactive and can easily cross the mitochondrial
membrane where it is reduced to H,0,. Additionally,
various nitric oxide synthases (NOS) create nitric oxide
(NO), a transient reactive nitrogen species (RNS), which
combines with thiols and reduced glutathione (GSH) to
form disulfides, sulfenic, sulfonic, and s-nitrosothiols.
Additionally, peroxynitrite (ONOO) can be created when
oxygen (O,) and nitric oxide (NO) are combined (Hol-
lville et al. 2020) shown in Fig. 6. An increase in ROS
production in PD has shown failure in mitochondrial
complex I, according to studies utilizing the paraquat
and MPTP-like toxins, which are known to cause PD-like
symptoms including dopaminergic neuronal cells to die
and protein clusters are produced. A complex I impair-
ment can result in a decrease in energy production as
well as an increase in the synthesis of free radicals (Mail-
loux 2020).

Although the specific causes of mitochondrial com-
plex-I failure in PD are not fully recognized yet, it is
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Fig. 6 Radical species development. ROS are produced by a variety of metabolic processes, including oxidative phosphorylation, superoxide anion
(0, +), Singlet oxygen (O,), hydrogen peroxide (H,0,), hydroxyl radical (OH:) nitric oxide (NO-) and mitochondrial-derived reactive oxygen species

(mtROS), hydroxyl ion (OH-) (Trist et al. 2019)
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reported that a GSH-to-oxidized glutathione (GSSG)
ratio increases the formation of RNS as well as ROS spe-
cies. However, the pathway by which the highest levels
of GSSG might rise RNS as well as ROS generation was
not discovered; it was demonstrated that glutathione
redox state is necessary for the opening of the transi-
tion pore of mitochondrial permeability. For instance,
GSSG causes the MPTP to open, which then triggers a
Ca”" basis reduction within the potential of the inner
membrane of Wang and Kang (2020). The reduced glu-
tathione/ oxidized glutathione ratio can increase the
generation of ROS or RNS by preventing mitochondrial
complex-I from functioning and lowering the potential
of the mitochondria. The protein’s sulthydryl portion of
the enzymes having thiol oxidation, which are involved in
electron transport of mitochondria, is another way that
low amounts of GSH may harm mitochondrial complex-
I. In addition, high quantities of these reactive species
can also damage crucial complex I residues and decrease
the activity of the enzyme glutathione reductase, which
is responsible for decreasing GSSG (Teleanu et al. 2022).

Recent clinical trials involved in evaluation of possible
treatments for Parkinson'’s disease

Clinical studies closely monitor the evaluation of novel
medications. The US Food and Drug Administration
states that the objective of phase-I is dose as well as
safety; about 70% of drugs and therapies advance to phase
II. About 33% of medications transfer to phase III after
completing phase II, which examines the efficacy as well
as adverse effects. Phase III is used to monitor adverse
effects and investigate their potency. The ‘United States
National Library of Medicine’ established the ‘web-based’
registry "clinical trials. gov" for ease in availability of data
and information related to the clinical trials, such as the
methodology, study design, outcomes, anticipated finish
dates, etc. Worldwide sponsors of trial update and main-
tain the data (Nakamura et al. 2021). Clinical trial end-
points are related to the subject of comparing the impact
of research, and results may be obtained by a number
of means, including behavioral tests, positron emission
tomography, magnetic resonance imaging (MRI), biologi-
cal biomarkers, or electrophysiological monitoring (Jimé-
nez-Gémez et al. 2023; Choudhury et al. 2022). Each
clinical trial is assessed and planned for the advancement
to reduce the possibility of negative outcomes (Bouchez
and Devin 2019). For comparison research in clinical tri-
als, post-approval is necessary. This allows safety, toler-
ance, and better quality of life, to be taken into account
when obtaining effective data from a broader patient
group (Nunes and Laranjinha 2021). In clinical trials, pri-
mary endpoints are necessary and sufficient to determine
a drug’s or therapy’s effectiveness. The primary endpoints
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serve as the foundation for secondary endpoints, which
are sufficient for claiming the efficacy of clinical trial
study, and the tertiary endpoints, which provide detailed
information (Braidy et al. 2019). To investigate PD treat-
ments, we have searched for “clinical trials.gov” clinical
trial pipeline data. These clinical studies are shown below
among those identified (Table 3).

Based on the recent study status, which indicates
updated/ongoing or stopped as of 2023, we selected 10
registered intervention clinical trials in phases I, II, and
IIT as novel PD medicines after reviewing the data gath-
ered from “clinical trials.gov” The phase I/II or phase
II/III trials in clinical trials.gov are regarded as being in
phase I and II, respectively. The 10 trials, (41%) were in
phase I and in phase II (53%), (6%) were in phase III in
Fig. 7. Stem cells have shown the potential of providing
a huge supply of dopaminergic neurons which could be
beneficial in treatment. Stem cells have also shown differ-
entiation into dopaminergic neurons which will benefit
post their transplantation in models of PD (Asemi-Rad
et al. 2022).

Neurological disorders have been popularly being
treated using herbal and ayurvedic remedies since ages.
Hence, it is crucial to isolate bioactive compounds to
potentially alleviate these conditions (Staft et al. 2019;
Saraswat et al. 2020a, 2020b). In our current research by
our laboratory, we are focusing on herbal extracts and
their bioactive active compounds for treating PD in ani-
mal models (Sachan et al. 2022).

Conclusions

Parkinson’s disease is a progressive neurodegenerative
disease condition that develops both motor and non-
motor symptoms. The motor signs like tremors, resting,
bradykinesia, and stiffness which have been determined
to be striatal dopamine deficiency and nonmotor symp-
toms include disorders of sleep, sadness, and cognitive
abnormalities. Unfortunately, there are no conclusive
tests to support a Parkinson’s disease diagnosis, but iden-
tifying conditions with symptoms like Parkinson’s disease
is a crucial first step in the diagnostic process.

In this paper, we reviewed recent researches and came
to following conclusions. Improvement in both motor
and non-motor symptoms for enhancing the lifestyle of
patients is the main objective of the Parkinson’s disease
treatment.

In the pathophysiology, it was concluded that the slow
degradation of dopaminergic neuronal cells in the brain’s
substantia nigra is Parkinson’s disease main pathophysi-
ological cause. There are many other risk factors asso-
ciated with Parkinson’s disease, including age-related,
genetic, epigenetic, and environmental variables. Single-
nucleotide polymorphism in CYPIA2 (Cytochrome P450
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Fig. 7 Clinical trial phases and treatment plans for treating PD. The relative contribution of phase |, phase Il, and phase Il trials to the total is
depicted in (A) using a pie chart. In Clinical trials. gov, the phase | or phase Il trials, respectively, are displayed. B A pie chart showing the percentages
of every therapeutic approach to all the clinical trials for PD (Masato et al. 2019; Millichap et al. 2021; Clinical Research 2021; Merkow et al. 2020;
Merchant et al. 2019; lvanova 2020; Mullin et al. 2020; Parker et al. 2020; Barker 2019; Ghosh et al. 2021; Asemi-Rad et al. 2022; Desai et al. 2021;

Bryson 2020)

A2) or GRIN2A strikes the major threat for Parkinson’s
disease which is associated with coffee consumption and
falls into the category of genetic modifiers for the envi-
ronmental risks.

Parkinson’s disease has a significant mortality rate and
is the widespread neurodegenerative disease. Induction
of the disease by various models has been successfully
studied for understanding the genesis, propagation and
treatment. Hence, substances like 6-hydroxydopamine,
paraquat, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine,
rotenone, and methamphetamine are successfully used
for inducing neurotoxicity to develop signs and symp-
toms like Parkinson’s disease as 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine targets mitochondrial cells
and serves as an excellent model for how aberrant mito-
chondrial function can result in symptoms like those of
Parkinson’s disease. Rotenone impairs motor function,
depletes catecholamines, destroys nigral dopamine, and
develops Lewy bodies. Among the neurotoxin models
discussed in this review paper, pesticides like parquet
and rotenone are commercially available and exhibit
many of the symptoms of Parkinson’s disease, including

motor impairment, a reduction in Lewy bodies, and the
destruction of dopaminergic neurons.

Several geographically specific cellular and molecular
mechanisms are actively involved in the development of
Parkinson’s disease. In comparison with previous clinical
trials for the treatment of Parkinson’s disease, small mol-
ecule such as alpha-synuclein aggregation therapy, and
monoclonal antibody gene therapy, may show promise
in the future. Dopamine auto-oxidation in dopaminergic
neurons is a significant source of reactive oxygen spe-
cies that causes neuronal oxidative stress. LRRK2, SNCA
(alpha-synuclein protein), DJ-1, PRKN (Parkin protein),
PINK1, GBA1I, and VPS35 are the seven most common
Parkinson’s disease-related genes which when affected
by mutations leads to development and progression of
disease.

According to our opinion, the purpose of clinical stud-
ies should be to postpone motor difficulties before they
manifest ever lasting effects. Finding new multitarget
medications or therapies without side effects is becom-
ing more difficult, whereas the rate of Parkinson’s disease
occurrence globally is rising quickly. Future investigations
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of these molecular pathways will be essential for design-
ing disease-specific therapeutics.
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