Naunyn-Schmiedeberg's Archives of Pharmacology
https://doi.org/10.1007/500210-024-03462-4

REVIEW q

Check for
updates

A comprehensive review of natural compounds and their
structure-activity relationship in Parkinson’s disease: exploring
potential mechanisms

Rana M. Merghany'® - Salma A. El-Sawi' - Asmaa F. Aboul Naser? - Shahira M. Ezzat** - Sherifa F. A. Moustafa® -

Meselhy R. Meselhy?

Received: 14 July 2024 / Accepted: 15 September 2024
© The Author(s) 2024

Abstract

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the progressive loss of dopamine-producing
cells in the Substantia nigra region of the brain. Complementary and alternative medicine approaches have been utilized
as adjuncts to conventional therapies for managing the symptoms and progression of PD. Natural compounds have gained
attention for their potential neuroprotective effects and ability to target various pathways involved in the pathogenesis of
PD. This comprehensive review aims to provide an in-depth analysis of the molecular targets and mechanisms of natural
compounds in various experimental models of PD. This review will also explore the structure—activity relationship (SAR)
of these compounds and assess the clinical studies investigating the impact of these natural compounds on individuals with
PD. The insights shared in this review have the potential to pave the way for the development of innovative therapeutic

strategies and interventions for PD.

Keywords Parkinson’s disease - Natural compounds - Flavonoids - Inflammation - MAO-B - a-Synuclein

Introduction

Parkinson’s disease (PD) is ranked as the second most
common neurodegenerative disorder worldwide, and its
prevalence has been steadily rising, yet a cure remains
elusive (Abubakar et al. 2015). PD affects approximately
1-2% of individuals over the age of 60 (Klemann, et al.
2017). The number of PD cases ranges from 5 to 35 per
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100,000 individuals, with an increased frequency observed
in older age groups. The prevalence of PD is projected
to double by the year 2030, indicating a substantial rise
in the disease’s occurrence (Aarsland et al. 2021). PD is
characterized by the progressive deterioration of dopamin-
ergic neurons’ structure and function, leading to muscle
weakness and impairment of the body’s normal functions.
Various genetic, biochemical, molecular, and environmen-
tal factors contribute to the progression of PD, leading to
cell death, due to triggering cellular apoptosis signaling
(Trist et al. 2019).

In recent years, there has been increased interest in the
use of plant-derived compounds, for the management of PD
(Balakrishnan et al. 2021). These natural compounds are
believed to have fewer side effects compared to synthetic
compounds (Jung and Kim 2018). The recent advances
made in managing PD hold the promise of effectively con-
trolling the disease, alleviating its symptoms, and enhanc-
ing the overall wellbeing and quality of life of PD patients.
Phytochemicals encompass a wide range of chemical, bio-
chemical and molecular properties, that have attracted sig-
nificant interest as potential candidates for managing PD.
Several natural compounds have demonstrated the potential
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in modulating multiple signaling pathways, neurotransmit-
ters and neurotrophic factors, inhibiting a-synuclein (a-Syn)
aggregation and fibrillation, protecting mitochondria and
acting as antioxidants and anti-inflammatory agents (Shah-
piri et al. 2016).

This detailed review focuses on the impact of natural
compounds on PD with their structure—activity relationship
(SAR), as discussed in the literature. It also highlights the
targets involved in the degenerative processes of the disease
Also, the review presents the findings obtained from pre-
clinical and clinical studies about the therapeutic potential
of these natural compounds.

Method

A comprehensive search in the literature was done using
the PubMed, Web of Science, and Pubchem databases via
Google search. Only topics that yielded meaningful results
relevant to the management of PD were included in this
review. The topics covered a range of elements including
“Parkinson’s disease (PD),” “pathophysiology,” “oxidative
stress in PD development,” “available natural compounds
for the management of PD,” “preclinical,” and “clinical.”
Additionally, topics related to specific classes of compounds,
including “flavonoids,” “alkaloids,” “saponins,” “terpenes,”’
“coumarins,” “tannins,” and “essential oil” as well as “SAR”
were included.

Overview of Parkinson’s disease
Symptoms

PD is characterized by the progressive degeneration of dopa-
minergic neurons, resulting in the depletion of dopamine
(DA) in the striatum and the formation of Lewy bodies in
the Substantia nigra (SN). These neuropathological changes
are closely associated with motor symptoms such as rest-
ing tremors, rigidity, bradykinesia, gait difficulties, postural
instability, and behavioral problems. Non-motor symptoms,
including depression, anxiety, emotional changes, cognitive
impairment, sleep disturbances, and olfactory dysfunction,
are also common in PD (Bloem et al. 2021).

Etiology

Various factors contribute to the increase in the burden of
PD, including the risk factors (diabetes and obesity), genetic
mutations, increasing smoking rates, and the growing impact
of industrial and pesticide pollution. The combination of
high disease prevalence, demographic changes, industrial
pollution, and excessive pesticide use (rotenone and para-
quat) has led to a global Parkinson’s pandemic as well as
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placing a financial load on the healthcare system, society,
the rate of output, and the quality of life of the patients. This
requires focused planning and innovative approaches for PD
management (Dorsey et al. 2018).

In relation to genetic factors, only a handful of specific
genes have been definitively linked to monogenic forms of
the disease such as SNCA, LRRK?2, and VPS35 for auto-
somal-dominant PD, and PRKN, PINK1, and PARK?7 for
autosomal-recessive forms (Bandres-Ciga et al. 2020). Addi-
tionally, mutations in GBA1 have emerged as the most sig-
nificant genetic risk factor for PD (Bandres-Ciga et al. 2020).

For autosomal-dominant PD, VPS35 was initially dis-
covered through whole exome sequencing as a causative
element in late-onset PD. Subsequent research unveiled the
VPS35 p.D620N mutation to be classified as pathogenic.
Penetrance studies concerning the VPS35 p.D620N mutation
indicate that 25% of carriers exhibit PD symptoms by the
age of 45 or younger, with a median onset age of 49 years,
and 75% of individuals showing symptoms by age 59 or
older. The typical phenotype associated with this variant
often presents classic PD symptoms and a strong response
to L-dopa. However, it is characterized by fewer cognitive
and neuropsychiatric features and hyposmia in around 50%
of patients (Khani et al. 2024).

As well, mutation in the LRRK2 gene has been associ-
ated with familial PD. Statistical data shows that 15-20% of
PD patients have family members with PD symptoms, and
relatives of a person with PD patient have a 3—4 times higher
risk of developing PD compared to the general population
(Vijayakumar et al. 2016). Also, mutations in the SNCA
gene, which plays a role in synaptic function and DA trans-
mission, are associated with the formation of Lewy vesicles,
impaired mitochondrial function, age-related neurodegen-
eration, and death of dopaminergic neurons.

Similarly, autosomal-recessive PD, primarily linked to
mutations in the PRKN, PINK1, and PARK?7 genes, exhibits
distinctive clinical characteristics. The clinical profile asso-
ciated with mutations in PRKN, PINK1, and PARK?7 typi-
cally includes classic motor symptoms of Parkinsonism that
appear at a younger age, typically before or around 30 years,
and are linked with a slower disease progression. Common
features, regardless of genetic background, encompass dys-
kinesia and dystonia, which are notably prevalent in cases
of early-onset PD. In comparison to idiopathic PD, non-
motor symptoms are less common, particularly in instances
involving PRKN mutations, and neuropathological assess-
ments often reveal a lower presence or near absence of Lewy
bodies (Doherty et al. 2013). A systematic review indicated
varying degrees of cognitive impairment connected with
these mutations. Cognitive issues were identified in less
than 10% of PRKN cases, while PARK7 and PINKI1 cases
displayed rates around 29% and 58%, respectively. None-
theless, the completeness of comprehensive clinical data in
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reports concerning these mutations remains largely inad-
equate. As highlighted in the MDSGene Systematic Review
by Kasten et al. (2018), there exists a notable amount of
missing phenotypic data across publications, encompassing
both non-motor symptoms and key motor features (Kasten
et al. 2018). On the other hand, the inactivation of PRKN
leads to the accumulation of the PRKN-interacting substrate
(PARIS). This accumulation contributes to PD by suppress-
ing the activity of peroxisome proliferator-activated recep-
tor-gamma coactivator-1 alpha (PGC-1a), a transcriptional
coactivator involved in regulating mitochondrial biogenesis
and oxidative metabolism (Shin et al. 2011). PD is also
linked to mutations in DJ-1 gene that contribute to oxida-
tive stress, mitochondrial dysfunction, and neurodegenera-
tion (Domingo and Klein 2018).

On the other hand, mutations in one of the two copies
of the GBA1 gene, typically linked with Gaucher’s disease
(GD) when occurring in both copies, have emerged as a sig-
nificant risk factor for PD and Lewy body dementia. These
harmful variations disrupt the function of the glucocerebro-
sidase enzyme, leading to reduced enzymatic activity and
potentially increasing the aggregation of a-Syn (Sidransky
et al. 2009). The array of GBA1 mutations seen in various
populations also varies significantly, with specific mutations
carrying different levels of risk. For instance, the p.N409S
mutation, commonly found in European and Ashkenazi
Jewish populations, is linked to a less severe PD pheno-
type, while the p.L483P mutation is associated with a more
aggressive form of PD. Both mutations lead to GD when
present in a homozygous state (Smith and Schapira 2022).
Additionally, gene mutations associated with early-onset
PD have been identified, including the GSK3f gene that is
involved in neuronal function and survival (Golpich et al.
2015).

On the other hand, environmental factors including the
excessive use of pesticides can lead to neuronal damage that
occurs in PD due to the presence of oxidative stress caused
by circulating free radicals in the brain. Oxidative stress, a
hallmark feature of PD, results from the imbalance between
reactive oxygen species production and antioxidant defense
mechanisms, leading to cellular damage and neurodegen-
eration (Taylor et al. 2013). This can result in decreased
glutathione levels in the SN relative to other brain regions,
continual formation of reactive oxygen species by autoxi-
dation, breakdown of DA by the monoamine oxidase B
(MAO-B) enzyme, and loss of cholinergic function (Kumar
et al. 2018). Along with oxidative stress, neuroinflamma-
tion and systemic inflammation are intricately intertwined
processes that significantly contribute to disease progres-
sion. Neuroinflammation, characterized by microglial activa-
tion and the release of pro-inflammatory cytokines, plays a
central role in the degeneration of dopaminergic neurons in
the SN. Various studies have implicated neuroinflammation

and cytotoxic factors such as interleukins (ILs), nitric oxide
(NO), reactive oxygen species (ROS), and tumor necrosis
factor-a (TNF-a) in the neurodegenerative processes under-
lying PD (Joshi and Singh 2018). Systemic inflammation,
often observed in PD patients, can exacerbate neuroinflam-
mation through the infiltration of peripheral immune cells
into the brain, further amplifying the inflammatory response
(Li et al. 2024). Additionally, Lewy bodies formed in neu-
rons are intimately linked to a-Syn aggregation and fibrilla-
tion, which may play a role in the etiology of PD (Dettmer
et al. 2016). The cause of the death of neuronal cells is yet
unknown; however, dopaminergic cell death has been linked
to oxidative stress, subsequent apoptotic cell death pathways,
and malfunction of the mitochondria that are important for
energy metabolism and neurotransmission (Franco-Iborra
et al. 2016).

Experimental models

The majority of our understanding of PD development orig-
inates from studies conducted in experimental models of
PD, particularly those induced by neurotoxins (Bové et al.
2005). 6-hydroxydopamine (6-OHDA) is a commonly used
neurotoxin that resembles catecholamines and is recognized
by DA and NE transporters. Once inside the cell, 6-OHDA
undergoes oxidation, leading to the production of reactive
oxygen species and mitochondrial dysfunction, ultimately
causing the death of dopaminergic neurons. The selective
toxicity of 6-OHDA to catecholaminergic neurons makes it
an accurate and effective model for PD (Blum et al. 2001).
Another neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP), is structurally similar to environmental
toxins and is metabolized to MPP + by the enzyme MAO-B.
MPP + enters dopaminergic neurons via the DA transporter
and inhibits mitochondrial complex I, resulting in decreased
ATP levels, the subsequent apoptosis, and necrosis of dopa-
minergic neurons (Speciale 2002). Rotenone once used as
a pesticide, also inhibits mitochondrial complex I activity,
generates reactive oxygen species, and selectively induces
the death of dopaminergic neurons (Lawana and Cannon
2020). Paraquat (another pesticide), structurally similar to
MPTP, enters dopaminergic neurons via the DA transporter
and induces oxidative stress responses and apoptosis (Colle
and Farina 2021). Other pesticides such as Dichlorodiphe-
nyltrichloroethane (DDT) and dieldrin can also be used to
induce PD (Hatcher et al. 2008). As well, lipopolysaccharide
(LPS), a component of the outer membrane of certain bac-
teria, can induce an immune response and neuroinflamma-
tion for PD (Tufekci et al. 2011). These neurotoxic models
help simulate PD symptoms and facilitate drug screening
and therapeutic development (Thirugnanam and Santhaku-
mar 2022). On the other hand, Reserpine (a natural alka-
loid) is known for its irreversible inhibition of the vesicular
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monoamine transporter 2 (VMAT-2) and is used to induce
PD-like symptoms in rats by depleting monoamines and
affecting locomotor activities (Li et al. 2022).

In addition to neurotoxin-induced models, genetic models
of PD have been developed by introducing mutations into
genes associated with PD, such as SNCA, LRRK2, PRKN,
PINK1, and DJ-1 (Domingo and Klein 2018). Researchers
employ a variety of techniques to create and analyze trans-
genic PD models in animals (Pan et al. 2024). For instance,
viral vector delivery methods involve using adeno-associ-
ated viruses or lentiviruses to transport specific genes or
gene-editing tools into the animal brain (Ye, et al. 2024). In
addition, CRISPR/Cas9 gene editing enables precise muta-
tions associated with PD to be introduced into the animal
genome (Mathur and Seamon 2024). Furthermore, gene
transfer techniques such as electroporation or stereotaxic
injection are utilized to introduce transgenes into specific
brain regions of the animal (Heller and Hamilton 2024).

To better emulate human PD and address research needs,
it has been noted that neurotoxins have a significant impact
on transgenic animals compared to their non-modified coun-
terparts (He, et al. 2024). For example, when DJ-1 trans-
genic mice underwent modeling through a combination of
DJ-1 overexpression and MPTP neurotoxin administration,
the resulting mice displayed more severe degeneration of
DA neurons and increased cell death compared to using a
single method alone (Heinemann et al. 2016). Addition-
ally, extended and chronic rotenone injections in LRRK?2
transgenic mice lead to DA neuron degeneration in the SN
pars compacta and striatum, along with a-syn aggregation
and the development of PD-associated dyskinesia (Ng et al.
2009).

Current managements

Unfortunately, PD is a chronic condition that progresses
gradually and currently has no known cure. However, PD
management involves a multifaceted approach encompass-
ing pharmacological and non-pharmacological treatments
(Muleiro Alvarez et al. 2024). In the context of pharmaco-
logical treatments, it is important to note that medications
used may have significant side effects. As well, long-term
of its use may lead to decreased effectiveness over time
(Muleiro Alvarez et al. 2024). L-dopa remains a corner-
stone medication for addressing motor symptoms, although
it can lead to dyskinesia and motor fluctuations over time
(Booth 2024). Dopamine agonists and MAO-B inhibitors
mimic dopamine’s effects but may result in side effects like
nausea and hallucinations (Goldenberg 2008). Catechol-o-
methyl-transferase (COMT) inhibitors can extend L-dopa’s
efficacy but may cause diarrhea and dyskinesia. Anticholin-
ergics help with tremors but can lead to dry mouth and cog-
nitive issues (Marsili et al. 2017; Hoglinger and Trenkwalder
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2024). On the other hand, non-pharmacological interven-
tions like physical therapy improve mobility with potential
muscle soreness, while speech and occupational therapy tar-
get speech and daily living challenges with minimal adverse
effects. Deep Brain Stimulation (DBS) surgically implants
electrodes for symptom management, with risks including
infection and hardware-related issues (Nemade et al. 2021;
Hartmann-Nardin, et al. 2024).

Despite these challenges, These treatments remain a valu-
able approach in the management of PD, helping individu-
als cope with the disease and alleviate symptoms (So et al.
2024). Consequently, there is a need to explore new, cheap,
and safe natural neuroprotective agents with minimal side
effects.

Mechanisms of action of natural compounds

PD encompasses a complex interplay of diverse and intri-
cate physiological mechanisms (Fig. 1). Natural compounds
could target the involved pathways through different mecha-
nisms of action.

Modulation of neurotransmitters

Natural compounds can influence the levels and activity
of neurotransmitters in the brain, which are essential for
proper neuronal communication. For instance, some com-
pounds can increase the effect (agonist), synthesis (tyrosine
hydroxylase (TH) activator), or release (MAO-B inhibitor)
of DA, the main neurotransmitter that is depleted in PD and
responsible for its motor symptoms, particularly in the SN
region (Alosaimi et al. 2022). MAO is a group of enzymes
involved in the metabolism of neurotransmitters such as DA,
serotonin (5-HT), and norepinephrine (NE). In PD, the two
forms of MAO, MAO-A, and MAO-B, have been implicated
in the pathogenesis of the condition. MAO-A is primarily
responsible for the breakdown of 5-HT and NE and plays
an important role in psychiatric conditions such as depres-
sion associated with PD. MAO-B is primarily involved in
the breakdown of DA and is implicated in the neurologi-
cal disorders of PD. In PD, the inhibition of MAOs is one
of the neuroprotective approaches used in the management
of the disease (Tan et al. 2022). In addition, TH plays a
crucial role in the biosynthesis of DA by catalyzing the for-
mation of L-dopa. PD can be considered a deficiency syn-
drome of TH in the striatum (Nagatsu et al. 2019). On the
other hand, COMT inhibitors can prevent the degradation of
L-dopa (Gershanik 2015). Additionally, the adenosine A2A
receptor is a type of G protein-coupled receptor (GPCR)
that is predominantly expressed in the brain, particularly
in areas involved in motor control, such as the basal gan-
glia. Studies have shown that the adenosine A2A receptor
interacts with other receptors, such as DA D2 receptors,
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in a complex manner in the basal ganglia. Dysfunction in
these interactions, specifically the overactivation of adeno-
sine A2A receptors, can lead to an imbalance in the basal
ganglia circuitry, resulting in abnormal motor function and
contributing to the motor symptoms characteristic of PD.
Based on this understanding, inhibiting the adenosine A2A
receptor by using antagonists, aims to restore the balance
between adenosine A2A and DA D2 receptor signaling in
the basal ganglia, potentially alleviating motor symptoms
(Pinna 2014).

a-Synuclein aggregation and fibrillation inhibition

a-Syn is a protein that forms abnormal aggregates and fibrils
in PD. Natural compounds can show inhibitory effects on
a-Syn aggregation and fibrillation. By interfering with the
formation of toxic protein aggregates, these compounds may
help protect neurons from damage and slow down disease
progression (Fields et al. 2019). As well, natural compounds
can increase the level of Microtubule-associated protein

1A/1B-light chain 3 (LC3-II), a marker of autophagy, that
is decreased in PD which leads to the accumulation of a-Syn
aggregates (Wang et al. 2017a). Recently, studies have found
that disruption of the MALAT1/miR-129/SNCA pathway
has been implicated in PD and can influence a-Syn expres-
sion and aggregation (Abrishamdar et al. 2022).

Mitochondrial protection and energy regulation

Natural compounds can protect mitochondria, the cellular
powerhouses responsible for energy production, from oxi-
dative damage. They can enhance mitochondrial function,
improve energy metabolism, and maintain mitochondrial
integrity. By preserving mitochondrial function, natural
compounds help maintain optimal neuronal energy supply
and reduce cellular stress by balancing the activities of LDH
(Lactate dehydrogenase) and SDH (Succinate dehydroge-
nase) enzymes that are involved in cellular metabolism and
are often used as markers in various diagnostic tests and
research studies to assess tissue damage (Griinewald et al.
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2019). As well, cytochrome c (Cyt C), a protein involved
in the electron transport chain of mitochondria, is released
from damaged mitochondria and can trigger apoptotic
pathways, contributing to the degeneration of dopaminer-
gic neurons (Meng et al. 2017). Additionally, PGC-1a, an
integral for the regulation of mitochondrial biogenesis and
oxidative metabolism, plays a crucial role in maintaining
cellular energy homeostasis (Scarpulla 2011). Studies have
shown that PGC-1a expression is reduced in PD, which may
contribute to mitochondrial dysfunction and compromised
energy production in dopaminergic neurons (Bennett et al.
2022). In addition, Sirtuin 1, a protein encoded by the SIRT1
gene, is involved in regulating cellular processes such as
DNA repair, apoptosis, and mitochondrial function, where
its levels are reduced in PD (Li et al. 2020a). Other factors
such as LRPPRC (Leucine-rich pentatricopeptide repeat-
containing protein), Hsp90 (Heat shock protein 90), and
Hsp60 (Heat shock protein 60) are involved in mitochondrial
function and maintenance, where their levels decrease in PD
(Han et al. 2014).

The regulation of endocannabinoid and the cholinergic
systems

In PD, there is evidence of dysfunction in both the endocan-
nabinoid system and the cholinergic system. These systems
have been studied for their potential roles in the pathophysi-
ology and control of PD (Scherma et al. 2016). The endo-
cannabinoid system (ECS) consists of cannabinoid receptors
(CB1 and CB2), endocannabinoids (such as anandamide and
2-AG), and enzymes involved in their synthesis and deg-
radation. Phytocannabinoids proved to reverse the altera-
tions observed in the ECS, including changes in cannabinoid
receptor expression and dysregulation of endocannabinoid
signaling due to Parkinsonism. Activation of cannabinoid
receptors has been reported to have neuroprotective effects,
reducing inflammation, oxidative stress, and excitotoxicity
in preclinical models of PD (Lutz 2022).

The cholinergic system, particularly the nicotinic acetyl-
choline receptors (nAChRs), plays a crucial role in motor
control and cognition. In PD, there is a loss of choliner-
gic neurons in the basal forebrain and a reduction in nico-
tinic receptor availability. Nicotine, a selective agonist of
nAChRs, has been studied for its potential neuroprotective
effects in PD. Nicotine can modulate DA release, enhance
attention and cognitive function, and improve motor symp-
toms (Quik et al. 2015).

Antioxidant activity
Natural compounds possess antioxidant properties by neu-

tralizing harmful free radicals and reducing oxidative stress
by improving some biomarkers such as glutathione (GSH),
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superoxide dismutase (SOD), glutathione peroxidase (GPx),
and complex I as well as decreasing the level of malon-
dialdehyde (MDA) and the activity of caspase-3 (Casp-3)
(Essa et al. 2014). GSH is an important antioxidant mol-
ecule that helps protect cells from oxidative damage. Studies
have shown a decrease in GSH concentration in PD, suggest-
ing a disturbance in the antioxidant defense system, where
GCLC (glutamate-cysteine ligase catalytic subunit), GCLM
(glutamate-cysteine ligase modifier subunit), and GSR (glu-
tathione reductase) are important enzymes involved in the
synthesis and recycling of GSH (Wu et al. 2015). SOD is
another enzyme that helps neutralize superoxide radicals. As
well, GPx1 is an enzyme involved in the detoxification of
hydrogen peroxide and lipid peroxides through the reduction
of glutathione (Ruszkiewicz and Albrecht 2015). Complex
I is a part of the mitochondrial electron transport chain, and
its inhibition leads to increased oxidative stress and further
damage to neurons. Excessive increased lipid peroxidation
(LPO), which is the oxidation of lipids in cell membranes,
and its product MDA have been reported in PD. These pro-
cesses contribute to oxidative stress and neuronal death. As
well, Casp-3 serves as a central point in both mitochondria-
dependent and mitochondria-independent apoptotic path-
ways. When Casp-3 is activated, it acts on various proteins,
including Poly (ADP-ribose) polymerase (PARP), which
plays a crucial role in repairing damaged DNA (Lu et al.
2017). As aresult, Casp-3 promotes apoptosis and its inhibi-
tion by natural compounds is a promising target. In addition,
natural compounds can increase the level of nuclear factor
erythroid 2-related factor 2 (Nrf2), a transcription factor
that regulates the expression of antioxidant and cytoprotec-
tive genes through the antioxidant response element (ARE),
where their levels are decreased in PD (Aguiar et al. 2016).
On the other hand, Keapl (Kelch-like ECH-associated pro-
tein 1) is a protein involved in the regulation of cellular
antioxidant defense mechanisms. It plays a crucial role in
controlling the activity of Nrf2. In PD, dysregulation of the
Keap1/Nrf2 pathway has been reported, leading to impaired
antioxidant defenses and increased vulnerability to oxidative
stress (Mahapatra 2018).

Anti-inflammatory properties

Concerning the anti-inflammatory activity, natural compounds
can inhibit the production of NO and the activity of nitric
oxide synthase (iNOS), which play a role in various physi-
ological processes, including neurotransmission and immune
defense. As well, pro-inflammatory cytokines such as IL-6
and TNF-a are elevated in PD. They can induce glial cell
activation, increase reactive oxygen species production, and
contribute to apoptosis (Kempuraj et al. 2021). Another novel
inflammatory cytokine is IL-33 which exerts its effects by
binding to the orphan receptor suppression of tumorigenicity 2
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(ST2), leading to the activation of various signaling pathways
resulting in neuronal death (Sun et al. 2021). Additionally,
NLRP3 (NOD-like receptor family, pyrin domain-containing
3), an inflammasome protein complex involved in the activa-
tion of inflammatory responses is activated in PD leading to
the release of pro-inflammatory cytokines, including IL-1f,
which may contribute to neuronal damage and progression of
the disease (Khot, et al. 2022). As well, microglia (the immune
cells of the central nervous system) are activated in PD and can
release inflammatory molecules, contributing to neuroinflam-
mation and neuronal damage (Ramirez et al. 2017). PD is char-
acterized by chronic neuroinflammation, often accompanied
by elevated levels of C-reactive protein (CRP) and Cox-2 (an
enzyme involved in the production of prostaglandins, includ-
ing PGE2), along with other inflammatory mediators such as
ILs, TNF-a, and INF-y (Mehta et al. 2023; Fritz et al. 2016).
In addition, some other important molecular factors and path-
ways represent a complex network of interactions with PD
pathogenesis. For instance, matrix metalloproteinases (MMP)
are enzymes involved in the breakdown of extracellular matrix
components. Increased MMP activity has been observed in
PD, suggesting a potential role in disease progression. MMPs
are thought to contribute to neuroinflammation, oxidative
stress, and the disruption of blood—brain barrier integrity,
which are all implicated in PD pathophysiology (Behl et al.
2021). As well, INK and p38 are members of the mitogen-acti-
vated protein kinase (MAPK) family. Activation of JNK and
P38 has been linked to neuronal cell death and inflammation in
PD. These kinases are involved in intracellular signaling cas-
cades that regulate cellular responses to stress, and their dys-
regulation can contribute to the degeneration of dopaminergic
neurons (Jha et al. 2015). Additionally, JAK2 (Janus kinase 2)
and STAT3 (signal transducer and activator of transcription 3)
are signaling molecules involved in various cellular processes,
including inflammation and immune responses. In PD, there is
evidence of dysregulated JAK2/STAT3 signaling. Abnormal
phosphorylation of JAK2 and STAT3 has been observed in
the brains of individuals with PD, suggesting their involve-
ment in the inflammatory processes and neurodegeneration
associated with the condition (Lashgari et al. 2021). On the
other hand, p53 is a transcription factor known for its role in
regulating cell cycle progression, DNA repair, and apoptosis.
Studies have suggested that p53 activation may contribute to
the neurodegenerative processes in PD and it can mediate cell
death pathways and oxidative stress in dopaminergic neurons
(Luo, et al. 2022). As well, Bax and Bcl-2 are proteins involved
in the regulation of apoptosis Imbalances between increased
pro-apoptotic Bax and decreased anti-apoptotic Bcl-2 have
been implicated in PD (Liu et al. 2018). Additionally, intra-
cellular calcium dysregulation is implicated in neuronal cell
death. Calbindin D28K is a calcium-binding protein involved
in the regulation of calcium homeostasis in neurons, which is
reduced in PD (Ricke et al. 2020).

Neuroprotection and neuroregeneration

Natural compounds can exert direct neuroprotective effects
by preventing neuronal cell death and promoting cell sur-
vival. They can inhibit apoptosis, reduce neuronal damage
caused by oxidative stress and inflammation, and enhance
cellular defense mechanisms. Additionally, natural com-
pounds can promote the production of neurotrophic factors,
such as brain-derived neurotrophic factor (BDNF) and nerve
growth factor (NGF), which support the survival and growth
of neurons. These effects can enhance neuronal function,
promote neuroplasticity, and potentially protect against neu-
rodegeneration (Solayman et al. 2017).

Attenuation of behavioral impairments and cognitive
deficits

PD is a complex neurodegenerative disorder characterized
not only by motor symptoms but also by a range of behav-
ioral impairments and cognitive deficits that significantly
impact patients’ quality of life (Kalaba and Giizeloglu 2024).
Behavioral symptoms such as depression, anxiety, apathy,
and impulse control disorders, along with cognitive impair-
ments including executive dysfunction, attention deficits,
and memory issues, pose considerable challenges for indi-
viduals with PD (Maristany, et al. 2024). Several natural
compounds have shown promise in addressing these deficits.
Curcumin, a compound found in turmeric, has demonstrated
anti-inflammatory and antioxidant properties that may help
alleviate cognitive impairments in PD by targeting neuroin-
flammation and oxidative stress (Turer and Sanlier 2024).
Green tea catechins, specifically epigallocatechin gallate
(EGCQG), have been linked to improvements in cognitive
function and behavioral symptoms in PD due to their neu-
roprotective effects (Pandit et al. 2024). Omega-3 fatty acids
from sources like fish oil have anti-inflammatory properties
that could benefit cognitive function and mood regulation
in PD patients (Rao et al. 2024). Resveratrol, found in red
grapes and berries, has antioxidant and anti-inflammatory
effects that may help mitigate cognitive decline and improve
behavioral symptoms in PD (Jadidian et al. 2024). As well,
Ginkgo biloba and its main active ginkgolides are known for
their cognitive-enhancing effects (Ali et al. 2024).

Results

Natural compounds and Parkinson’s disease

The search for effective beneficial interventions for PD has
led to extensive research on natural compounds derived from

various sources. This review focuses on preclinical (in vitro
and in vivo) and clinical studies conducted to investigate

@ Springer
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the potential neuroprotective effects of natural compounds
(non-volatile and volatile constituents) in PD.

Non-volatile compounds

Preclinical studies In vitro studies such as establishing cell
culture models, assessing cellular viability and apoptosis,
as well as investigating the modulation of signaling path-
ways, are preliminary steps for the in vivo studies that rep-
resent animal models of PD, including toxin-induced models
(e.g., rotenone) and genetic models (e.g., SNCA transgenic
mice). Where behavioral assessments such as wire-hanging
and open-field tests are used to evaluate motor functions. In
addition, the changes in different biomarkers are assessed
(Vijayakumar et al. 2016).

The natural compounds are categorized based on their
chemical class, offering a valuable reference for current
advancements in the study of natural compounds for PD
management (Table 1 and Fig. 2).

Clinical studies The focus of this review is primarily on the
investigation of individual molecules derived from natural
products in PD. Although single molecules were preferred
due to their well-defined efficacy compared to complex
plant extracts, making it easier to study their mechanisms of
action and identify similar compounds for further develop-
ment, there is relatively limited clinical research on natural
compounds for PD. Currently, caffeine and curcumin have
entered phase II and phase I clinical trials, respectively, tar-
geting motor and non-motor symptoms (Ghodsi et al. 2022;
Postuma et al. 2017). Furthermore, nicotine has garnered
significant attention among natural compounds in clinical
trials for PD therapy, with three completed studies focusing
on its neuroprotective effects and improvements in motor
and cognitive symptoms (www.ClinicalTrials.gov, Identi-
fier: NCT03865121, NCT02452125, and NCT00873392).
Another randomized, double-blind, placebo-controlled
phase I/II trial explored the treatment of motor impair-
ments in PD using nicotine. Participants with idiopathic
PD (n=065) were divided into two groups and administered
either an oral placebo or oral capsules containing nicotine at
rising doses of 1 mg to 6 mg four times daily for 10 weeks.
The study revealed that nicotine significantly reduced falls
and gait freezing, compared to the placebo group. No sig-
nificant difference in dyskinesia was observed between the
groups (Lieberman et al. 2019).

Docosahexaenoic acid (DHA), a type of omega-3 fatty acid,
has been reported to reduce dyskinesia in a randomized,
multicenter, triple-blind, placebo-controlled phase I study
(www.ClinicalTrials.gov, Identifier: NCT01563913). Thirty-
three participants were divided into two groups and received
a daily dose of 2 g of DHA or a placebo for 18 months. The

@ Springer

study demonstrated elevated DHA levels in both plasma and
cerebrospinal fluid without significant side effects, indicat-
ing the safety and tolerability of the compound. Further-
more, patients receiving DHA exhibited higher levels of
reduced dyskinesia compared to the control group.

Epigallocatechin gallate (EGCG) has been evaluated as
a neuroprotective agent in de novo PD patients in a rand-
omized, double-blind, placebo-controlled phase II study. The
participants (n =480) received EGCG at doses of 0.4, 0.8, or
1.2 g daily given in two equal oral doses or a placebo. The
treatment lasted for 1 year, with the placebo group switching
to 1.2 g daily of EGCG after 6 months. The rating method
used to assess PD progression showed significant improve-
ment in the treatment groups compared to the placebo group
at the 6-month mark. However, after a year, the results were
no longer significantly different. While EGCG demonstrated
symptomatic relief for PD patients, the authors concluded
that it did not appear to have noticeable disease-modifying
effects (Chan, et al. 2009).

As well, cannabidiol has entered phase II in two studies
for managing the motor symptoms of PD (www.ClinicalTr
ials.gov, Identifier: NCT02818777 and NCT03582137).

The therapeutic effects of Coenzyme Q10 (CoQ10) in
patients with PD were investigated in several eligible clini-
cal studies (Strijks et al. 1997; Shults et al. 2002; Miiller
et al. 2003; Investigators 2007; Storch et al. 2007; Beal et al.
2014; Jie 2014; Wang et al. 2014; Li et al. 2015; Yoritaka
et al. 2015). For instance, Yoritaka et al. (2016) conducted
a study that demonstrated a significant improvement in
motor symptoms of PD patients experiencing the “wearing-
off” phenomenon (Yoritaka et al. 2015). Similarly, Li et al.
(2015) reported a positive effect on cognitive impairment
when CoQ10 and creatine were administered together, as
assessed by the Montreal Cognitive Assessment. However,
it should be noted that these results are based on a small
series of patients (Li et al. 2015). In a case report by Mitsui
et al. (2017), the effects of CoQ10 treatment (1200 mg/day)
were examined in a patient diagnosed with familial multiple
system atrophy (MSA) in an advanced stage. The patient had
compound heterozygous nonsense (R387X) and missense
(V393A) mutations in the COQ2 gene. The administration
of CoQ10 resulted in increased serum and cerebrospinal
fluid total CoQ10 concentrations, an increased cerebral
metabolic ratio of oxygen, and stability in several clinical
scores (Barthel Index, Scale for the Assessment and Rating
of Ataxia-SARA, International Cooperative Ataxia Rating
Scale-ICARS, and the Unified Multiple System Atrophy
Rating Scale-UMSARS) during a 3-year follow-up period
(Mitsui et al. 2017).

In the context of progressive supranuclear palsy (PSP),
two randomized clinical trials investigated the effects of
CoQ10. Stamelou et al. (2008) conducted a 6-week, dou-
ble-blind, placebo-controlled phase II trial involving 21
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clinically probable PSP patients. The patients were admin-
istered a liquid nano-dispersion of CoQ10 (doses of 5 mg/
kg/day) or a placebo. The results showed a mild improve-
ment in the Frontal Assessment Battery and total scores of
the PSP rating scale (PSPRS) in the CoQ10 group. However,
there were no significant changes in the Unified Parkinson’s
Disease Rating Scale (UPDRS) and the Mini-Mental State
Examination (MMSE). Adverse effects were not exten-
sively described, and plasma levels of CoQ10 increased in
the treated patients. The ratio of high-energy phosphates to
low-energy phosphates in specific brain regions also showed
significant improvement in the CoQ10 group, suggesting a
potential disease-modifying neuroprotective effect (Sta-
melou et al. 2008). In contrast, Apetauerova et al. (2016)
conducted a 1-year, double-blind, placebo-controlled clini-
cal trial involving 61 PSP patients. The participants were
assigned to receive CoQ10 (2400 mg/day) or a placebo. The
study did not find significant differences between the two
groups in PSPRS, although there was a non-significant trend
toward a slower decline in the CoQ10 group. The study also
assessed UPDRS, activities of daily living (ADL), MMSE,
the 39-item Parkinson’s Disease Questionnaire (PDQ-39),
and the 36-item Short-Form Health Survey (SF-36), and no
significant differences were observed. Although CoQ10 was
well-tolerated, a significant number of participants (41%)
withdrew from the study for various reasons (Apetauerova,
et al. 2016).

Structure-activity relationship Flavonoids exhibit diverse
biological activities, and their chemical structure plays a
crucial role in determining their effects (Fig. 2). The addi-
tion of hydroxyl (-OH) groups to flavonoids has been found
to enhance their antioxidant activity. Moreover, longer
chain substitutions in flavonoids have been associated with
increased activity in 5-HT and NE pathways. Interestingly,
the presence of the -OH group at the C3' position has been
shown to reduce the activity of AChE. Additionally, mono-
substitution at the C3' and C4' positions enhances the inhibi-
tion of MAO-A, whereas disubstitution increases the inhi-
bition of MAO-B. Furthermore, the presence of a carbonyl
(=0) group is essential for BDNF activity. Conversely,
substituting the C3 position with a longer chain has been
reported to decrease BDNF activity and the potential for
inhibiting MAO enzymes (Pannu et al. 2021). As well, fla-
vonoids with three vicinal hydroxyl groups exhibit the most
potent inhibitory effects on a-Syn fibrillation. For instance,
myricetin demonstrates stronger inhibition compared to
quercetin, and tricetin is more effective than luteolin (Oli-
veri 2019).

Similar to flavonoids, the total number of hydroxyl

groups plays a critical role in determining the a-Syn
inhibitory capacity of phenolic acids and catechols

@ Springer

(Fig. 2) (Oliveri 2019). The potency follows the trend:
trihydroxybenzoic acid > dihydroxybenzoic acid > mono-
hydroxybenzoic acid. Notably, the presence of three
vicinal hydroxyl groups, as in gallic acid, significantly
inhibits a-Syn fibrillation (Oliveri 2019). On the other
hand, hydrophobicity plays a crucial role in determin-
ing the antioxidant activity in cell systems. Hydrophobic
antioxidants can easily enter the cytoplasm and attenuate
ROS formation and accumulation in 6-OHDA toxicity.
For instance, gallic acid exhibits weaker protective effects
compared to its esters (Lu et al. 2006).

In context of ginsenosides, spectroscopic techniques have
shown that Rb1 does not directly interact with monomeric
a-Syn but reasonably stabilizes the structure of soluble
oligomeric a-Syn without beta-sheet content (Ardah et al.
2015). SAR studies have indicated that sugar moieties play a
significant role in the anti-aggregate capacity of these sapo-
nins. Rb1, the most potent inhibitor among the tested gin-
senosides, contains four sugar rings, while Rg3, which only
partially inhibits a-Syn fibrillation, has two sugar moieties.
The authors also hypothesize that the structural symmetry
of Rb1, with disaccharide units on each side of the gonane
nucleus, contributes to its stronger anti-aggregate proper-
ties compared to Rg3, which has only a single disaccharide
group attached to C-3 of the triterpene (Oliveri et al. 2015).

On the other side, other terpenoids such as carotenoids,
retinoids, and tocopherols exhibit a high degree of hydro-
phobicity that may be attributed to its interaction with the
highly hydrophobic N-terminal acetylation domain of a-Syn
(Oliveri 2019).

As for alkaloids (Fig. 2), nicotine is a more effective
inhibitor for a-Syn fibrillation than structurally similar
compounds such as nornicotine, anabasine, and cotinine;
the predominant metabolites of nicotine. Recent tech-
niques have established that nicotine binds stereospe-
cifically with a one-site interaction mechanism. Specifi-
cally, (—)-nicotine mediates the interaction between the
N- and C-termini of a-Syn, while (+)-nicotine binds
to the N-terminal region with a lower affinity (Tavas-
soly et al. 2014). On the other hand, it has been reported
that caffeine (another alkaloid compound that interacts
with a-Syn) and ( —)-nicotine can simultaneously bind to
a-Syn, indicating different binding sites for these com-
pounds, showing a distinct and separate mechanism from
nicotine (Tavassoly et al. 2014).

Volatile compounds

Essential oils (EOs) and their bioactive compounds, known
for their aromatic properties, are also being explored for their
potential benefits in PD management, particularly in relation
to neuroprotection and symptom relief (Abd Rashed et al.
2021). For instance, 1,8-cineole, a saturated monoterpene,
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Fig.2 Chemical structures of some bioactive compounds that have been reviewed for their anti-PD effects

is identified as a major component found in various types
of EOs, primarily from Eucalyptus globulus. (Sadlon and
Lamson 2010). Studies have shown that 1,8-cineole pos-
sesses potent antioxidant properties and can scavenge free
radicals (Euch et al. 2019). As well, one study focused on
EO extracted from Aloysia citrodora Palau leaves, which
showed neuroprotective activity, with a high presence of
1,8-cineole (Abuhamdabh et al. 2015).

In addition, a study conducted by Ramazani et al. (2020)
evaluated the neuroprotective effects of EO extracted from
Cinnamomum sp. and cinnamaldehyde, using a PD model
induced by 6-OHDA in PC12 cells. Overall, the results
determined that the combined actions of cinnamaldehyde
and the essential oil may enhance its function for the treat-
ment of PD (Ramazani et al. 2020). As well, an in vitro
study focused on Cuminum cyminum EO highlighted the
inhibitory role of cuminaldehyde in a-Syn fibrillation (Mor-
shedi et al. 2015). Interestingly, cytotoxicity assays indi-
cated no toxic effects with cuminaldehyde treatment during
a-Syn fibrillation on PC12 cells (Morshedi et al. 2015).

In addition to in vitro studies, two in vivo studies exam-
ined the regulatory effect of f-asarone, isolated from Acorus
sp., on 6-OHDA-induced PD in rats. The studies focused on
the regulation of endoplasmic reticulum (ER) stress path-
ways, which play a role in protein folding associated with
PD (Ning et al. 2016; Ning et al. 2019).

Another study investigated the neuroprotective effects
of zingerone (extracted from ginger) and eugenol (derived
from cloves) on DA concentration, behavioral changes, and
antioxidant activities using 6-OHDA-induced PD animal
models (Kabuto et al. 2005; Kabuto et al. 2007; Kabuto and
Yamanushi 2011).

In a study by Issa et al. (2020), the neuroprotective effect
of Pulicaria undulata EO with carvotanacetone as the major
component (80.14%), was evaluated in male Wistar rats using
a rotenone-induced PD model. The study demonstrated that P.
undulata EO exerted neuroprotective effects through its anti-
inflammatory and antioxidant properties by down-regulating
iNOS expression and reducing the gene expression of a-Syn
(Issa et al. 2020).

As well, farnesol enhanced the farnesylation pro-
cess of the protein PARIS, which hindered its ability to
repress PGC-1la by reducing the presence of PARIS at
the PPARGC1A promoter site. Through the farnesyla-
tion of PARIS, farnesol was able to avert the loss of
DA-producing neurons as well as behavioral issues in
various models, including PARIS transgenic mice, ven-
tral midbrain injected with AAV-PARIS, and adult mice
with conditional deletion of the PRKN gene (Jo, et al.
2021).

Chemical structures of the previously discussed volatile
compounds are shown in Fig. 3.

@ Springer
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Discussion

In research related to PD, the investigation of natural com-
pounds, animal models, and clinical studies plays a crucial
role in understanding the potential therapeutic effects of
these compounds on PD. Animal models play a crucial role
in experimental medical research, aiding in the enhanced
comprehension of the pathogenesis of human diseases (Rai
and Singh 2020). Once established, these models can be
utilized to assess therapeutic strategies aimed at address-
ing the functional disruptions witnessed in the specific
disease (Betarbet et al. 2002). Drawing from both experi-
mental and clinical data, PD emerged as the pioneering
neurological disorder to be replicated in animal models
and subsequently treated through neurotransmitter replace-
ment therapy (Jankovic and Tan 2020). Disrupting or dam-
aging catecholaminergic systems, such as those achieved
through substances like reserpine, methamphetamine,
6-OHDA, and MPTP, has been instrumental in creating
models of PD (Stanford and Heal 2019). More recently,
it has been observed that certain agricultural chemicals
like rotenone and paraquat, when administered systemi-
cally, can replicate specific PD features in rodents, likely
through oxidative harm (Lal and Chopra 2024). Trans-
genic animals engineered to overexpress a-Syn are utilized

g

1,8-cineole

/\/(IOH
7 OMe

Eugenol

HO
O.\r;i;l\q/

Zingerone 0

I

Cinnamaldehyde

to explore the role of this protein in the degeneration of
dopaminergic cells (Prymaczok, et al. 2024). The central
question unifying these models in the pursuit of improved
PD drug therapies is the extent to which they mirror the
human condition and how reliably they forecast the suc-
cessful translation of drugs into clinical settings. An ideal
PD model would exhibit a high level of construct validity,
indicating a similar disease pathogenesis (e.g., involving
oxidative stress, inflammation, complex I inhibition, or
proteasome inhibition), face validity, reflecting compa-
rable symptoms (e.g., dyskinesia, rigidity), biochemistry
(e.g., decreased striatal DA and altered downstream neu-
rochemistry), and pathology (nigrostriatal tract degenera-
tion and Lewy body formation) to the human condition,
as well as predictive validity, signifying the capacity to
accurately identify clinically effective treatments (Betar-
bet et al. 2002). For instance, in the late 1950s, Carlsson
et al. (1957) initially illustrated the capacity of L-dopa,
the natural precursor to DA, to reverse the described tran-
quilizing effects of reserpine pretreatment in mice (Carls-
son et al. 1957). This discovery was swiftly confirmed
in humans, establishing reserpine-treated rodents, as a
reliable method to evaluate the potential symptomatic
benefits of new drugs for PD (Degkwitz et al. 1960). As
well, MPTP, a widely used toxin, is effective in inducing

OMe
MeO

B-asarone
<>H_<_\_<1<
Famesol
0
TR dﬁ
Carvotanacetone

Fig.3 Chemical structures of bioactive compounds from different essential oils that have been reviewed for their anti-PD effects
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Parkinsonism in both rodents and primates, based on
its ability to induce persistent symptoms akin to PD in
humans (Davis et al. 1979; Langston et al. 1983). Subse-
quent research in non-human primates revealed that MPTP
causes a selective destruction of dopaminergic neurons in
the nigrostriatal tract underlying the motor impairments
observed, leading to the development of the most relevant
animal model of PD that continues to be used today (Burns
et al. 1983). In addition, it mirrors the pattern of cell death
that seen in humans, with a greater impact on the SN pars
compacta compared to the ventral tegmental area (Ger-
man et al. 1989). Another widely used toxin is 6-OHDA
that requires direct injection into the brain as it does not
efficiently cross the blood-brain barrier. Upon injection,
6-OHDA is absorbed by dopaminergic neurons through the
dopamine transporter (DAT) (Ungerstedt 1968). Current
research suggests that once inside dopaminergic neurons,
6-OHDA triggers degeneration through a combination of
oxidative stress and mitochondrial respiratory dysfunction.
Notably, 6-OHDA readily oxidizes to produce reactive
oxygen species, reduces levels of antioxidant enzymes in
the striatum, elevates iron levels in the SN, and interacts
directly with mitochondrial respiratory chain complexes,
resulting in respiratory inhibition and increased oxidative
stress (Bagwell and Larsen 2024).

While the experimental models employed in PD have
shown connections to human health, it remains a daunting
task to translate mechanisms of action observed in in vitro
and in vivo studies of natural compounds to clinical out-
comes in human trials, where it is a critical step in drug
development. Discrepancies between preclinical and clini-
cal findings can arise due to various factors. Issues such
as limited bioavailability, metabolic differences, and chal-
lenges in dose optimization can impact the efficacy of natu-
ral compounds in clinical settings compared to preclinical
studies (Oyanna and Clarke 2024). The complexity of human
diseases like PD, involving multifactorial interactions, also
contributes to discrepancies. Variability in study design,
patient characteristics, and outcome measures between
preclinical and clinical studies further complicates the
translation (Hankenson et al. 2024). Furthermore, Phar-
macogenomics plays a significant role in explaining 60%
to 90% of the diversity in how antiparkinsonian drugs are
processed and their effects on the body (DzZoljié et al. 2015).
Specifically concerning L-dopa, certain genes like ANKKI1,
BDNF, LRRK?2, and PARK?2 are considered pathogenic
genes that may impact its effects (Guin et al. 2017). On the
other hand, genes such as CCK, CCKAR, CCKBR, DRDI1,
DRD2, DRD3, DRD4, DRD5, GRIN2A, GRIN2B, HCRT,
HOMERI1, LMO3, and OPRMI1 are known as mechanis-
tic genes whose products can influence the efficacy and
safety of L-dopa (Cacabelos et al. 2019). The metabolism
of L-dopa involves enzymes encoded by genes like COMT,

CYP1A2, CYP2B6, CYP2C19, CYP2D6, CYP3A4,
CYP3A5, DBH, DDC, G6PD, MAOB, TH, UGT1Al1, and
UGT1A9. SLC6A3 plays a crucial role as the primary trans-
porter of L-dopa, while genes like ACE, ACHE, and APOE
have pleiotropic effects on the efficacy and safety of L-dopa
(Cacabelos et al. 2019). Variants in ADORA2A SNPs and
HOMERI have been linked to L-dopa -induced dyskinesia
and psychotic symptoms (Rieck et al. 2015). SLC6A3 has
been identified as a genetic factor influencing the response
to L-dopa treatment in PD (Moreau et al. 2015). Concern-
ing natural compounds, several genetic investigations have
implicated adenosine receptors, particularly adenosine
A2A receptor polymorphisms, in individual responses to
caffeine concerning neurobehavioral functions (Rétey et al.
2007). The C>T polymorphism in the ADORA2A gene
(rs5751876) is a common genetic variation associated with
caffeine sensitivity, susceptibility to caffeine-induced insom-
nia, and anxiety (Byrne et al. 2012).

On the other hand, natural compounds combined with
conventional therapies for PD, may demonstrate evidence of
antagonistic, synergistic, or additive effects. For instance, St.
John’s Wort, used for depression, may interact with medica-
tions like L-dopa, reducing their effectiveness (Williamson
2003). In a PD model, the combination of palmitoylethan-
olamide with luteolin has been shown to reduce neuroin-
flammation and promote autophagy (Cordaro et al. 2020).
Interestingly, fava beans (Mucuna pruriens), traditionally
used in Ayurvedic medicine as it reduces iNOS expression
in Parkinsonian mice model (Yadav et al. 2017), contain
L-dopa, isolated from their seeds (Rijntjes 2019). Studies
have confirmed measurable plasma L-dopa levels post-fava
bean ingestion, suggesting clinical activity (Rabey et al.
1993). As well, an animal model of PD revealed M. pruriens
antioxidant properties, including the scavenging of reac-
tive oxygen species and iron-chelating activity, hinting at
a potential neuroprotective role. However, the advantage of
using this natural product over commercial L.-dopa prepara-
tions remains unclear (Tharakan et al. 2007). Additionally, in
a separate study on rats, the comparative benefits of a water
extract of M. pruriens seed powder extract (MPE) were
assessed against L-dopa. Both MPE and L-dopa improved
parkinsonism but led to dose-dependent drug-induced dys-
kinesia (DID) when combined with dopa-decarboxylase
inhibitor (DDCI) and benserazide (BZ). At a lower dose,
MPE + BZ significantly reduced parkinsonism without
inducing DID, suggesting a potential advantage over L-dopa.
Moreover, MPE surpassed an equivalent dose of synthetic
L-dopa alone, offering prolonged anti-PD benefits without
DID induction when administered alone without additives.
Notably, in animals primed with L-dopa+BZ, MPE alone
mitigated DID severity. These findings imply that MPE may
contain water-soluble components with inherent dopa-decar-
boxylase inhibitory-like activity or the ability to reduce the
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need for an additional DDCI (Lieu et al. 2010). In addition,
Hemiparkinsonian monkeys treated with MPE, L-dopa with
carbidopa (CD), and MPE with CD were assessed for their
effects on parkinsonism. Both MPE and L-dopa with CD
effectively treated parkinsonism, suggesting MPE’s potential
as an alternative therapy. Neurophysiological assessments
of the SN reticulata (SNR) and subthalamic nucleus (STN)
revealed differences between MPE and L-dopa treatments.
L-dopa with CD enhanced SNR bursting firing patterns, a
trait not observed with MPE and CD treatments (Lieu et al.
2012).

Challenges and future directions

This detailed review article focusing on natural compounds
and their neuroprotective role in PD can provide valuable
insights into their potential management options and mecha-
nisms of action. Although, certain studies indicate the supe-
rior effectiveness of BHP (botanical health products) when
compared to single drugs, some pre-planned combinations
may prove ineffective, likely due to antagonistic interactions
and communication between molecular targets within the
intricate networks involved in cellular responses and the
overall reactions of organisms to interventions (Panossian
et al. 2024). Reviewing the literature for single natural com-
pounds, rather than natural plant extracts, can offer a more
precise understanding of their specific effects and target
pathways. Recently, network pharmacology studies aid in
forecasting study outcomes for discovering new applications
and unforeseen adverse effects (Hopkins 2008).

Recent research has indeed highlighted the potential of
screening plant extracts for their metabolome using liquid
chromatography-mass spectrometry (LC-MS) techniques.
LC-MS analysis enables the identification and characteriza-
tion of individual compounds present in the extract, providing
valuable information about their chemical composition. This
information allows for the targeted application of the extract or
isolated compounds to treat specific diseases. In PD research,
natural compounds identified through LC-MS techniques from
Yucca aloifolia extract unveiled the presence of anthocyanins,
saponins, and phenolics. Biochemical and histopathologi-
cal assessments revealed dose-dependent improvements with
oral Y. aloifolia extract, suggesting a potential neuroprotective
effect for PD (Ali et al. 2023). Furthermore, investigations into
Eucommia ulmoides leaves extract indicated therapeutic bene-
fits for PD, with HPLC-Q-TOF-MS identifying 28 compounds,
including phenolic acids, flavonoids, and iridoids. E. ulmoides
extract demonstrated significant reversals in dopaminergic neu-
ron loss and neural vasculature, reducing apoptotic cells in a
zebrafish PD model, potentially through autophagy activation
and o-syn degradation (Zhang et al. 2020).

Bridging the gap between laboratory studies (in vitro) and
animal studies (in vivo) with clinical trials is essential for
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the successful translation of findings. It can be challenging
to extrapolate results from cell or animal models to human
patients due to inherent differences in biological systems.
For this case, there is a need for a deeper mechanistic under-
standing of how these compounds interact with the com-
plex molecular pathways involved in PD progression. On
the other hand, continuous research on recent targets and
biomarkers for PD is of utmost importance. For instance, the
adenosine A2A receptor, known to modulate neurotransmit-
ter release and neuroinflammation, has emerged as a poten-
tial target for neuroprotection in PD (Prasad et al. 2024).
Activation of the PGC-1a pathway, involved in mitochon-
drial biogenesis and oxidative stress regulation, has shown
neuroprotective effects in PD models (Mesarosova et al.
2024). The IL-33 cytokine, implicated in immune response
regulation and neuroinflammation, exhibits potential neuro-
protective target for PD (Aguiar et al. 2016). The DJ-1 gene,
associated with oxidative stress response and mitochondrial
function, is another promising target for neuroprotection in
PD (Skou et al. 2024). Furthermore, the MALAT 1/miR-
129/SNCA pathway, involved in a-Syn regulation and neu-
roinflammation, has shown relevance in PD pathogenesis
(Thangavelu, et al. 2024).

As well, recent methodologies in PD research have
shifted from focusing solely on dopamine-replenishing
symptomatic therapies to personalized therapeutics aimed at
restoring the molecular, anatomical, and functional integrity
of specific brain circuits affected by the disease. This shift
has been facilitated by significant technological and meth-
odological advancements that hold great promise for advanc-
ing PD research and bridging the existing gap in disease-
modifying therapeutics that are personalized to the needs
of each patient. For instance, advanced imaging techniques
(like functional MRI and PET scans), genetic sequencing,
wearable sensors, and big data analytics have played a piv-
otal role in enabling the transition towards personalized
therapeutics in PD. These innovations allow for the precise
characterization of individual disease profiles, including
motor and non-motor symptoms, genetic predispositions,
and neuroimaging markers, facilitating tailored treatment
strategies (Igbal, et al. 2024). For instance, by combining
genetic information with neuroimaging data, clinicians can
identify dysfunctional brain circuits and tailor interventions,
such as deep brain stimulation or targeted drug therapies, to
restore the integrity of these circuits (Lu 2024). This per-
sonalized approach not only improves treatment outcomes
but also enhances the overall quality of life for individuals
with PD by addressing their unique needs and optimizing
therapeutic efficacy.

Although preclinical studies have shown promise, there is
a lack of comprehensive clinical data on the efficacy, safety,
and optimal dosages of natural compounds in PD patients.
Future clinical trials should address these gaps to assess
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their effectiveness and potential interactions with stand-
ard PD medications. When considering the long-term use
of natural compounds in the management of PD, potential
side effects and safety concerns must be carefully evalu-
ated. For instance, curcumin, a common natural compound
known for its anti-inflammatory properties, can trigger gas-
trointestinal issues like nausea and diarrhea (Hewlings and
Kalman 2017). Long-term consumption of green tea extract,
prized for its antioxidants, has been linked to liver toxicity in
some cases (Orhan et al. 2021), while Ginkgo biloba, popu-
lar for cognitive enhancement, has been associated with an
increased risk of seizures (Wilson and Maulik 2018). Gin-
seng, often used for energy, can impact blood pressure, par-
ticularly in individuals with specific health conditions (Cui
et al. 2006). Moreover, the lack of standardization in herbal
supplements can lead to variability in active ingredient con-
centration, posing inconsistencies and possible safety risks.

Additionally, research focusing on improving the bioa-
vailability and formulation of these compounds is essential
to ensure therapeutic concentrations reach the brain. Formu-
lating natural compounds into delivery systems that enhance
their bioavailability, protect them from degradation, and pro-
mote targeted delivery to the brain is crucial. Recent studies
have addressed these challenges through the development of
nanoformulations, liposomal delivery systems, and prodrug
strategies to improve the pharmacokinetic properties and sta-
bility of natural compounds for PD treatment. These innova-
tive approaches aim to overcome the limitations of natural
compound-based therapies and optimize their therapeutic
benefits for neuroprotection in PD patients.

These challenges and future directions highlight the
importance of collaboration between scientists and clini-
cians in the context of interdisciplinary research and mul-
tidisciplinary research. Multidisciplinary and interdiscipli-
nary research both involve collaboration across multiple
academic disciplines, but they differ in their integration
levels. Multidisciplinary research features researchers
working independently on a common problem, contribut-
ing their unique insights without deep integration, resulting
in separate findings. In contrast, interdisciplinary research
emphasizes active collaboration and integration of knowl-
edge, methods, and theories from various fields to create
new insights and solutions (Aditya Rao and Shetty 2024).
By integrating diverse perspectives and methodologies,
researchers have been able to explore the complex mecha-
nisms underlying neurodegeneration in PD and identify
potential therapeutic targets for natural compounds. For
instance, computational modeling and bioinformatics analy-
ses have been used to predict the interactions between natu-
ral compounds and specific molecular targets involved in
PD pathogenesis, guiding the design of targeted interven-
tions (AKkKki et al. 2024). Additionally, advancements in drug
delivery systems have significantly enhanced the targeting

and pharmacokinetics of natural compounds for PD, offer-
ing improved efficacy and reduced side effects. Nanofor-
mulations, liposomal delivery systems, and prodrug strate-
gies have been developed to overcome the bioavailability
and stability challenges associated with natural compounds
(Yergok et al. 2024). These systems can encapsulate natural
compounds, protect them from degradation, and facilitate
their targeted delivery to the brain, enhancing their thera-
peutic effects in PD. For instance, curcumin, resveratrol,
ginsenosides, quercetin, and catechin are plant-derived bio-
active substances known for their significant roles in pre-
venting and treating PD. Nonetheless, studies conducted
in living organisms indicate that their concentrations are
often insufficient to effectively traverse the blood—brain
barrier, limiting their bioavailability, stability, and disso-
lution at the intended brain sites. To address these chal-
lenges, nanophytomedicine, featuring sizes between 1 and
100 nm, is employed to enhance the efficiency of PD treat-
ment. By reducing the size of these plant-derived bioactive
compounds to the nanoscale, their ability to permeate the
brain is amplified, leading to increased effectiveness and
stability. For instance, nanocompounds like ginsenosides,
synthesized at 19.9 nm using a nanoemulsion approach,
have demonstrated enhanced bioavailability in the brains
of rats (Ganesan 2015). A range of studies have shown that
nanoformulations and microneedles containing natural
compounds such as quercetin, curcumin, resveratrol, chry-
sin, piperine, ferulic acid, huperzine A, berberine, baicalein,
hesperetin, and retinoic acid have effectively ameliorated
various neurodegenerative disorders (Aspatwar et al. 2024).

Conclusion

This review distinctively highlighted the in vitro, in vivo,
and clinical studies conducted on the neuroprotective poten-
tial of natural compounds in Parkinson’s disease (PD), dis-
cussing the various models of PD used, specified concen-
trations or doses of natural compounds, and the mechanism
of their actions. The evidence suggests that certain natural
compounds exhibit promising effects in attenuating neurode-
generation, modulating key cellular pathways, and improv-
ing motor function in preclinical models. However, further
research, including well-designed clinical trials, is neces-
sary to determine the neuroprotective efficacy and safety
of natural compounds in PD. As well, SAR studies help in
identifying the critical structural elements necessary for
compounds to exhibit desired pharmacological effects. This
information enables researchers to optimize the chemical
structure of existing compounds or design new molecules
with enhanced potency, selectivity, and safety profiles. The
integration of multidisciplinary approaches, collaboration
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among researchers, and a comprehensive understanding of
the underlying mechanisms will contribute to the develop-
ment of novel natural compound-based interventions for PD.
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