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Medicine—food homology
bioactives in Parkinson'’s disease:
multi-target oxidative-stress
modulation and translation to
dietary supplements
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!Institute of Basic Theory of Chinese Medicine, China Academy of Chinese Medical Sciences, Beijing,

China, 2School of Integrated Chinese and Western Medicine, Nanjing University of Chinese Medicine,
Nanjing, China, *Jiangsu Provincial Hospital of Traditional Chinese Medicine, Nanjing, China

Background: No proven disease-modifying therapy exists for Parkinson'’s disease
(PD), and prior single-target antioxidants have shown limited, unsustained
benefits, highlighting the need for safe multi-target strategies.

Objective: To synthesize how medicine—food homology (MFH) compounds from
Traditional Chinese Medicine (TCM)—polysaccharides, saponins/triterpenoids,
polyphenols, carotenoids, and aromatic phenylpropanoids—modulate oxidative
stress and PD-related neurodegeneration, and to outline formulation routes
toward dietary-supplement development.

Methods: We searched PubMed, Web of Science Core Collection, Embase
(Ovid), and the Cochrane Library from inception through August 1, 2025 with
prespecified concept blocks ("Parkinson’s disease,” “oxidative stress,” Nrf2/
ARE, NF-kB, PI3K/Akt, autophagy, and MFH terms). English-language in-vitro,
invertebrate, and PD-specific rodent studies, selected epidemiology, and
formulation/dose/regulatory reports were narratively appraised; no meta-
analysis or tool-based risk-of-bias scoring was performed.

Results: MFH compounds converge on Nrf2/ARE activation, NF-kB suppression,
autophagy promotion, and mitochondrial stabilization; nano-/micro-delivery
may improve bioavailability and brain exposure in preclinical models. Evidence is
predominantly preclinical, with heterogeneous methods and sparse PD-specific
randomized trials; epidemiologic signals are suggestive but non-causal. PD-
specific oxidative stress arises from dopamine auto-oxidation, neuromelanin—
iron catalysis, and complex-| hypofunction; Latest studies further bind these
to ferroptosis-linked lipid peroxidation. Clinical evidence remains sparse and
PK-limited for MFH actives (e.g., curcumin, EGCG); dose-response, safety
monitoring (including liver signals for catechins), and regulatory constraints
frame translation.

Conclusion: MFH compounds are promising, hypothesis-generating candidates
for adjunctive nutrition in PD, pending clinical dose—-response and long-term
safety validation. No clinical efficacy has been established.

KEYWORDS

Parkinson'’s disease, medicine—food homology, oxidative stress, Nrf2/ARE, NF-xB,
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1 Introduction

1.1 Clinical characteristics and therapeutic
limitations of Parkinson'’s disease

Parkinson’s disease (PD) is the second most prevalent
neurodegenerative disorder worldwide, characterized clinically by
resting tremor, bradykinesia, rigidity of the limbs and trunk, and
postural instability (1). Multiple recent sources project a continued
rise in PD prevalence with population aging, although absolute
estimates vary by modeling assumptions and data inputs (2, 3).
Current management of PD is dominated by oral pharmacotherapy,
with
concomitant cognitive impairment often receive rivastigmine (4).

principally levodopa-carbidopa combinations; patients
However, all existing agents exhibit fluctuating efficacy and notable
adverse effects. Long-term dopaminergic replacement frequently leads
to “end-of-dose” deterioration and motor complications (5, 6), while
rivastigmine may provoke nausea, vomiting, and tremor (7).
Moreover, chronic use of these medications commonly induces
gastrointestinal disturbances (8, 9) and further movement disorders
(10). These limitations underscore the urgent need for novel
therapeutic strategies to slow disease progression and improve patient
quality of life. See Evidence Capsule 6.7 for 2024-2025 multi-source
updates (GBD-based projections, regional meta-analyses, and
narrative syntheses) that triangulate these trends and explain
variability across methods and regions.

1.2 Advantages of traditional Chinese
medicine in multi-target regulation and
holistic therapy

The progressive loss of dopaminergic neurons in the substantia
nigra pars compacta (SNpc) constitutes the principal pathological
hallmark of PD (11), with oxidative stress recognized as a key driving
mechanism. Studies (12-14) have demonstrated that targeting
oxidative stress can effectively ameliorate PD symptoms and delay
disease progression. Current pharmacological interventions for
oxidative stress in the nervous system—such as edaravone (15, 16) and
N-acetylcysteine (16, 17)—act on single targets and employ relatively
narrow mechanisms, and are associated with dose-limiting adverse
effects and loss-of-benefit phenomena (e.g., end-of-dose deterioration
and motor complications), rather than durable disease modification
(18). In contrast, traditional Chinese medicine (TCM) embodies the
“medicinal-food homology”(MFH) concept (19) and leverages multi-
component formulations (20) to address multifactorial and multi-
target pathologies such as PD. Medicinal-food homologous
herbs—e.g., Lycium barbarum and Poria cocos—simultaneously
scavenge free radicals, activate the Nrf2/ARE pathway, inhibit
neuroinflammation, and stabilize mitochondrial function (21, 22).
Moreover, TCM compound formulations exert synergistic, multi-
target therapeutic effects with favorable long-term tolerability, thereby
overcoming the limitations of single-target agents like edaravone and
N-acetylcysteine. Compared to conventional pharmaceuticals, natural
bioactive constituents from TCM can mitigate oxidative stress in the
nervous system through multiple pathways while exhibiting a lower
incidence of adverse reactions (14, 23). Notwithstanding these
advantages, evidence quality is heterogeneous. Batch-to-batch
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variability, potential herb-drug interactions (e.g., with levodopa or
MAO-B inhibitors), and limited long-term safety data in PD
populations warrant cautious interpretation and prospective
clinical validation.

1.3 Article structure and research
objectives

This review aims to fill a gap in the existing literature by
systematically surveying the effects of various MFH herbs on oxidative
stress and neurodegeneration in PD, with a particular focus on five
major categories: polysaccharides, saponins/triterpenes, polyphenols,
carotenoids, and aromatic phenylpropanoids. We will first introduce
representative herbs from each category and their principal bioactive
constituents—such as curcumin (CUR) and eugenol—detailing the
latest mechanistic insights into free-radical scavenging, activation of
the Nrf2/ARE pathway, inhibition of neuroinflammation, and
stabilization of mitochondrial function. Next, we will explore
strategies for multi-component synergy and formula design, as well as
feasible approaches to translate these findings into functional dietary
supplements. Finally, we will assess current bottlenecks in clinical
translation and propose future research directions, with the goal of
providing a theoretical foundation and a systematic reference for
TCM-based adjuvant interventions in PD and the development of
related functional foods. This review specifically addresses gaps in
prior syntheses by (i) mapping compound-target-pathway linkages
for oxidative stress in PD-relevant models rather than mixed
neurodegeneration, and (ii) integrating formulation science (nano/
micro-delivery, dosing anchors, and regulatory context) to outline
translational paths toward standardized dietary supplements.

1.4 PD-specific oxidative stress features

PD-specific redox stress converges on (i) cytosolic dopamine
auto-oxidation with redox-cycling quinones that generate H,O, and
catechol quinones toxic to SNpc neurons; (ii) neuromelanin-iron
interactions catalyzing Fenton chemistry and amplifying lipid
peroxidation/ferroptosis; and (iii) complex-I hypofunction with
bioenergetic fragility and ROS spillover. Recent datasets refine in-vivo
dopamine quinone chemistry, quantify neuromelanin-bound iron
catalysis, and stratify idiopathic PD by complex-I deficiency,
strengthening that oxidative stress is disease-relevant (not generic)
and mechanistically linked to ferroptosis. See Section 6.1 for capsule
updates and Figure 1 for a schematic.

1.5 Genetic forms intersecting oxidative
stress (GBA1, LRRK2, PINK1/PARKIN, DJ-1)

Monogenic PD further anchors oxidative stress: PINK1/Parkin
loss impairs mitophagy and elevates ROS; DJ-1 acts as a redox-
sensitive chaperone; LRRK2 variants perturb mitochondrial dynamics;
GBA insufficiency compromises lysosomal clearance and secondarily
heightens oxidative injury. These nodes outline plausible interfaces for
MFH actives, ferroptosis restraint and mitochondrial support
(hesperidin)—but direct genotype-informed human data are lacking
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efficacy is implied (see Sections 6.1 and 6.6).
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Schematizes MFH actives targeting Nrf2 activation, mitochondrial ROS restraint, ferroptosis inhibition (iron handling and lipid-peroxidation control),
and a-synuclein aggregation checkpoints, with cross-talk to PI3K/Akt and NF-kB. Edges summarize PD-relevant preclinical evidence; no clinical
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and remain hypothesis-generating. Further genotype-oxidative
intersections (GBA1, LRRK2, PINK1/PARKIN, DJ-1) and plausible
MFH interfaces are summarized in Section 6.2.

1.6 Literature search and eligibility

We conducted a structured narrative search of PubMed, Web of
Science Core Collection, Embase (Ovid), and the Cochrane Library
from database inception through August 1, 2025. Predefined concept
blocks combined PD with oxidative-stress pathways (e.g., “oxidative
stress,” Nrf2/ARE, NF-kB, PI3K/Akt, autophagy) and medicinal-food
homologous Traditional Chinese Medicine terms (e.g., polysaccharide,
saponin/triterpen, polyphenol, carotenoid, eugenol, hesperidin, and
source herbs such as Lycium, Poria, Panax, Glycyrrhiza). Searches
were limited to English. We included primary in vitro, invertebrate,
and PD-specific rodent studies, epidemiologic analyses, and
formulation/delivery reports relevant to oxidative stress in PD;
narrative reviews and non-PD basic studies were excluded unless
providing mechanistic or translational rationale. No quantitative
meta-analysis or formal tool-based risk-of-bias scoring was
performed. Most included records were published in 2020-2025,
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reflecting field growth rather than a date-restricted criterion, and may
introduce recency and publication biases. Full database-specific search
strings are provided in Appendix A. Because this is a structured
narrative synthesis without a preregistered protocol or quantitative
pooling, we did not enumerate record counts or produce a PRISMA
flow diagram.

2 Preclinical and mechanistic evidence
of TCM active constituents in PD

We conducted a narrative appraisal of study-design features as
reported in the included articles, noting the presence or absence of
randomization, blinding, allocation concealment, sample-size
justification, outcome-assessor masking, selective reporting, and
funding or conflicts of interest. A formal checklist-based risk-of-bias
assessment (e.g., SYRCLE or Cochrane RoB 2) was not performed.

We first summarize mechanistic evidence from non-PD models
(e.g., ischemia-reperfusion, AD) as indirect evidence, acknowledging
translational limitations; subsequent sections focus on PD-relevant
models (MPTP, 6-OHDA). These cross-model mechanistic studies lay
the groundwork for their application in PD. The following sections
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will focus specifically on PD-relevant models—such as MPTP and
6-OHDA in cell cultures and rodents—to systematically summarize
the targeted effects of each major active constituent in PD.

2.1 Polysaccharides

2.1.1 Lycium barbarum—Lycium barbarum
polysaccharides

Lycium barbarum polysaccharides (LBP) is one of the primary
active constituents of Lycium barbarum, exerting neuroprotective
effects primarily through activation of the Nrf2/ARE antioxidant
pathway (24) and inhibition of the NF-kB inflammatory pathway (25)
to protect dopaminergic neurons. In the Nrf2/ARE pathway, LBP
significantly increases the activity of superoxide dismutase (SOD) and
glutathione peroxidase (GSH-Px), scavenges excessive reactive oxygen
species (ROS), stabilizes mitochondrial membrane potential (MMP),
and reduces cytochrome C release (26, 27). In the NF-kB pathway, it
inhibits phosphorylation of IkBa, blocks the nuclear translocation of
P65, and reduces the secretion of TNF-a and IL-1f, thereby alleviating
neuroinflammation and delaying motor dysfunction (25, 28). In
recent animal studies, Song et al. (29) demonstrated that in a silkworm
model of PD, LBP significantly enhanced SOD and GSH-Px activity,
scavenged excess ROS, stabilized MMP, and reduced cytochrome C
release—effects closely associated with the Nrf2/HO-1 pathway. Cao
et al. (30) found in an H,0,-induced PC12 oxidative neurotoxicity
model and a CoCl,-treated behavioral impairment rat model that
intraperitoneal administration of LBP at 100 mg/kg d decreased ROS
levels and improved spatial learning, memory deficits, and cognitive
impairment in rats. Regarding the inhibition of the NF-kB pathway,
most current studies of LBP focus on relieving oxidative stress and
improving cognitive symptoms, while direct research on PD remains
limited. For example, Gao et al. (31) found that in a
6-hydroxydopamine (6-OHDA)-induced PC12 cell apoptosis model,
LBP significantly inhibited excessive NF-kB activation (p65 nuclear
translocation) and downregulated neuronal nitric oxide synthase
(nNOS) and inducible nitric oxide synthase (iNOS) expression,
thereby reducing apoptosis. Zheng et al. (32) found that oral LBP
downregulated mRNA and protein expression of TLR4, MyD88, and
NF-kB, alleviated hippocampal inflammation and neural damage, and
improved cognitive deficits in mice. [Note: this paragraph includes
indirect mechanistic evidence from non-PD models; e.g., references
(24,26, 27)].

2.1.2 Astragalus membranaceus—Astragalus
polysaccharides

Astragalus polysaccharides (APS) alleviates oxidative stress in the
nervous system primarily through the Nrf2/ARE and TLR4/MyD88/
NF-kB pathways. It not only eliminates ROS, enhances SOD and
GSH-Px activity, and reduces malondialdehyde (MDA) levels (33), but
also inhibits the TLR4-mediated MyD88 cascade, decreases p65 nuclear
translocation and downstream inflammatory factors, and simultaneously
activates the PI3K/Akt pathway, increasing the Bcl-2/Bax ratio and
inhibiting caspase-3-mediated apoptosis (23). Current studies on APS
in the treatment of PD include the following: Tan et al. (34) reported that
APS enhanced autophagy via the PI3K/AKT/mTOR pathway in an
in vitro PD cell model, while also inhibiting Bad/Caspase-3 and
increasing the Bcl-2/Bax ratio, thus exerting neuroprotective effects. In
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animal experiments, Shiand Ma (33) indicated that APS reduced MDA
accumulation, restored the antioxidant function of SOD and GSH-Px,
and lowered ROS levels, thereby relieving oxidative stress-induced
neuronal injury in PD. [Note: this paragraph includes indirect
mechanistic evidence from non-PD models; e.g., reference (33)].

2.2 Saponins/triterpenes

2.2.1 Panax ginseng—ginsenoside Rgl

Ginsenoside Rgl (G-Rgl) enhances neuronal survival by
activating the PI3K/Akt anti-apoptotic signaling pathway (35). The
underlying mechanism involves phosphorylated Akt upregulating
Bcl-2 and inhibiting Bad and caspase-3 activity (36). Additionally,
G-Rgl promotes the expression of Beclin 1 and LC3 II via the AMPK/
mTOR autophagy pathway, accelerating the clearance of harmful
proteins, reducing oxidative stress sources and macromolecular
oxidation, and facilitating Nrf2 nuclear translocation and antioxidant
enzyme expression (37). Huang et al. (38) confirmed through in vitro
experiments that Rgl significantly increases the phosphorylation
levels of PI3K and Akt, upregulates the anti-apoptotic protein Bcl-2,
and inhibits the activity of Bad and caspase-3, thereby preventing
hippocampal neuronal degeneration. Researchers (39) also found that
treatment with G-Rg1 in an MPTP-induced mouse model restored the
LC3 II/T ratio and Beclin-1 expression, promoted lysosome-mediated
clearance of a-synuclein aggregates, and alleviated dopaminergic
neuronal loss and motor deficits. [Note: this paragraph includes
indirect mechanistic evidence from non-PD models; e.g., references

(37, 38)].

2.2.2 Glycyrrhiza uralensis—glycyrrhizic acid

Glycyrrhizic acid (GA) alleviates oxidative stress via two
synergistic mechanisms: inhibition of the HMGB1/TLR4/NF-xB
pathway and activation of the PI3K/Akt pathway. On one hand, it
suppresses HMGBI release and blocks the downstream TLR4 cascade,
thereby reducing the production of inflammatory cytokines (40); on
the other hand, it activates Akt, increases the Bcl-2/Bax ratio, inhibits
caspase-3, and enhances GSH content, thereby protecting
mitochondrial function (41). Current experiments suggest that GA
has therapeutic potential in PD. For example, Kartik et al. (42)
demonstrated that glycyrrhizic acid significantly improved motor
deficits in MPTP-treated mice by enhancing autophagy, inhibiting
nNOS/NO signaling, restoring SOD activity, and reducing MDA and
inflammatory mediators. Zeng et al. (43) reviewed previous literature
and found that GA not only alleviates neural injury by suppressing
HMGBI1/TLR4/NF-xB inflammatory signaling, but also relieves
oxidative stress by restoring SOD and GSH-Px activity and reducing
ROS and MDA levels. Through these pathways, GA improves both
motor and cognitive functions in experimental animals. [Note: this
paragraph includes indirect mechanistic evidence from non-PD
models; e.g., references (40, 41)].

2.3 Polyphenols
2.3.1 Curcuma longa—curcumin

Curcumin (CUR) reversibly inhibits MAO-B to reduce H,O,
production (44) and activates the Nrf2/ARE signaling pathway,
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upregulating HO-1 and NQO1 and scavenging ROS (45). It also
inhibits NF-kB p65 nuclear translocation, reducing COX-2 and IL-6
expression, thereby mitigating oxidative and inflammatory damage at
multiple targets (46). Current studies have focused on several aspects.
For instance, Rathore et al. (47) found that CUR significantly restored
motor coordination and antioxidant activity and improved
mitochondrial function in a rotenone-induced PD mouse model. The
mechanism involves p62-Keap1l-mediated Nrf2 release, upregulation
of HO-1 and NQOI, enhanced ROS clearance, and autophagy-
mediated removal of damaged proteins. Xu et al. (48) reported that
daily administration of 50 mg/kg curcumin (intraperitoneal)
effectively prevented PD-like symptoms induced by rotenone in mice,
likely due to its inhibition of microglial NF-kB-NLRP3 inflammasome
activation and reduction of pro-inflammatory cytokines such as IL-1f
and IL-18.

2.3.2 Camellia sinensis—epigallocatechin gallate
Epigallocatechin gallate (EGCG) mitigates oxidative stress
associated with neurological disorders via multiple pathways. It
directly scavenges excessive ROS and reduces H,O, generation,
thereby lowering oxidative stress in neurons (49). It activates the
Keap1/P62/Nrf2/ARE signaling pathway, upregulates antioxidant
enzymes such as HO-1 and NQOI, and enhances intracellular
glutathione (GSH) and NQO1 levels (50). EGCG also inhibits NF-kB
p65 nuclear translocation, reducing the expression of COX-2 and
IL-6, and thereby attenuating oxidative and inflammatory damage
to dopaminergic neurons induced by 6-OHDA (51). In various
models of neurodegenerative diseases, EGCG modulates signaling
PI3K/Akt and MAPK,
neuroinflammation, and improves cognitive and motor function,

pathways such as suppresses
demonstrating its multi-target neuroprotective synergy. Xia et al.
(52) found that EGCG treatment in a PINK1-mutant Drosophila PD
model significantly reduced brain iron accumulation and MDA
levels, while increasing SOD and GSH-Px activity, reducing ROS
production, and inhibiting iron-dependent cell death. Xu et al. (49)
showed that in a 6-OHDA-induced N27 cell model pretreated with
EGCG, intracellular ROS and H,O, levels were significantly reduced,
Nrf2 nuclear translocation was promoted, and HO-1 and NQO1
expression was increased, thereby enhancing antioxidant enzyme
activity and reducing oxidative damage and apoptosis. In a mouse
PD model induced by a-synuclein preformed fibrils (PFFs), EGCG
treatment decreased TNF-a and IL-6 expression, reduced
pathological aggregation, increased survival of dopaminergic
neurons in the substantia nigra, and improved both motor and
anxiety-like behaviors (53). Shen et al. (54) reported that EGCG
restored motor function and protected TH* neurons in the SNpc
region in an MPTP-induced PD model in C57BL/6 mice.
Mechanistic studies showed that EGCG activated PI3K/Akt
pro-survival signaling and suppressed the MAPK pathway, thereby
reducing neuroinflammation and neuronal apoptosis. Amin et al.
(55) further demonstrated that in models of PD and other
neurodegenerative diseases, EGCG exerts neuroprotective effects via
NE-kB signaling inhibition by blocking IkBa phosphorylation and
suppressing p65 nuclear translocation, thus downregulating
pro-inflammatory cytokines such as TNF-a and IL-1p and reducing
dopaminergic neuronal loss and motor dysfunction. [Note: this
paragraph includes indirect mechanistic evidence from non-PD
models; e.g., references (50, 51)].
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2.4 Aromatic compounds
(phenylpropanoids)

2.4.1 Clove—eugenol

Eugenol restores or enhances SOD, GSH-Px, and reduced
glutathione (GSH) levels, thereby improving ROS scavenging capacity.
It also alleviates oxidative damage to cellular membranes by reducing
malondialdehyde (MDA) levels (56). These are the two primary
mechanisms through which eugenol mitigates oxidative stress. In
animal models, Vora et al. (57) pretreated MPTP-induced C57BL/6
mice with eugenol for 7 days and found that it improved motor deficits
such as gait disturbances, restored brain GSH levels, and reduced
MDA levels, thereby exerting neuroprotective effects. In a 6-OHDA-
induced unilateral rat PD model, eugenol reduced oxidative-stress
markers; when co-administered with levodopa, it further increased
reduced glutathione (GSH), indicating an additive redox effect (58).

2.4.2 Citrus reticulata—hesperidin

Hesperidin (HSD) combats oxidative stress primarily by activating
the Nrf2/ARE pathway and inhibiting NF-kB signaling. It promotes
Nrf2 nuclear translocation and upregulates HO-1 and NQO1 (59); in
addition, it blocks p65 nuclear translocation by inhibiting IkBa
phosphorylation, thereby
mitochondrial function (60). In animal studies, five-week oral

scavenging ROS and preserving
administration of HSD in rat PD models significantly improved
performance in rotarod and spontaneous movement tests. It
suppressed IkBa phosphorylation and p65 nuclear translocation in the
striatum and substantia nigra, downregulated COX-2 and IL-6 levels,
reduced MDA levels, and restored SOD and GSH-Px activity (61).
Adedara et al. (62) found that in an MPTP-induced Drosophila PD
model, HSD treatment for 7 days lowered MDA and protein carbonyl
levels and corrected the dysregulated Keap1/Nrf2 mRNA expression,
indicating activation of the Nrf2/ARE pathway. [Note: this paragraph
includes indirect mechanistic evidence from non-PD models; e.g.,
references (59, 60)].

2.5 Carotenoids

2.5.1 Hippophae rhamnoides—f-carotene

[3-carotene (B-Car) mitigates oxidative stress and neuroinflammation
by reducing MDA and NF-«B p65 levels, while enhancing the activity
of SOD, GSH, and GSH-Px (63). It also decreases ROS levels and
restores antioxidant enzyme activity (64). Recent studies have mainly
focused on ROS modulation and clinical relevance. For example, Chaves
et al. (65) found that in a Drosophila PD model, p-Car nanoparticles
significantly increased SOD and GSH-Px activity, decreased ROS and
MDA levels, improved motor performance, and promoted dopaminergic
neuron survival. Clinically, Su et al. (66) conducted cross-sectional and
cohort studies revealing a significant inverse association between f3-Car
intake and both PD prevalence and all-cause mortality in the general
population. [Note: this paragraph includes indirect mechanistic
evidence from non-PD models; e.g., references (63, 64)].

2.5.2 Lycium barbarum—lutein

Lutein exerts multifaceted neuroprotective effects. On one hand, it
promotes Nrf2 nuclear translocation and binding to ARE elements,
upregulating HO-1 and NQO1 expression and enhancing antioxidant
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enzyme activity to clear ROS (67). On the other hand, it blocks IKKf-
mediated phosphorylation of IkBa and inhibits NF-kB p65 nuclear
translocation, thereby downregulating pro-inflammatory cytokines
such as TNF-a and IL-1f, reducing neuroinflammation, and preserving
mitochondrial function—ultimately alleviating both oxidative and
inflammatory neuronal damage (68). However, in the past 5 years,
there has been a lack of studies exploring lutein’s role in PD using
molecular mechanistic approaches or mammalian/invertebrate
models. Only Fernandes et al. (69) have reported that lutein treatment
in a Drosophila PD model improved climbing ability and survival rate
and restored brain dopamine levels, tyrosine hydroxylase activity, and
SOD, catalase (CAT), and glutathione S-transferase (GST) levels,
suggesting phenotypic improvement through antioxidant mechanisms.

2.6 Others

Several other medicine-food homologous compounds also exhibit
neuroprotective effects by alleviating oxidative stress, although none
have been validated through PD-specific animal models. For instance,
pachymaran (PCP), the major constituent of Poria cocos, activates the
Nrf2/ARE pathway, upregulates HO-1 and NQO1 gene expression,
enhances intrinsic antioxidant capacity, and suppresses TLR4/NF-kB
signaling to reduce inflammatory mediator release (70). It also
increases intracellular GSH, further reduces ROS, and helps maintain
mitochondrial function and neuronal survival (71). Ganoderma
triterpenes (GLTS), active components of Ganoderma lucidum, were
shown to reduce neuronal apoptosis, lower ROS and MDA levels, and
enhance mitochondrial function in AD mouse models (72). GLTs also
upregulate SOD and CAT expression, decrease MDA levels, and
activate the Nrf2/HO-1 pathway to exert antioxidative neuroprotection
(73). In AP25-35-induced AD rat models, hawthorn flavonoids (HF)
significantly increased HO-1 and NQO1, reduced MDA, and enhanced
SOD activity, thereby reducing oxidative stress and neurodegeneration
(74). HF also decreased ROS and pro-inflammatory cytokines,
stabilized mitochondrial membrane potential, and improved cognition
and behavior (75). In addition, some active ingredients such as eugenol
possess multiple neuroprotective mechanisms. Eugenol induces Nrf2
nuclear translocation via the Nrf2/ARE pathway, upregulates HO-1
and NQOJI, and prevents neuronal injury, improving neurological
epilepsy (76).
neuroinflammation by inhibiting IkBa phosphorylation and blocking

symptoms such as Eugenol also alleviates
P65 nuclear translocation, enhances membrane fluidity, and increases

neuronal resilience, thereby mitigating aluminum-induced
neurotoxicity, oxidative stress, neuronal loss, and reactive astrocytosis
(77). While these pathways have not yet been studied in PD-specific
models, other herbal compounds have shown efficacy through similar
mechanisms (24, 33). In summary, although relatively few studies have
explored PD treatment through oxidative stress modulation over the
past 5vyears, the established neuroprotective and mechanistic

similarities justify further investigation.

3 Key mechanistic pathways and
synergistic actions

In clinical application, TCM is often administered in multi-herbal
formulations (78-80), which typically involve multiple herbs targeting the

Frontiers in Nutrition

10.3389/fnut.2025.1677749

same signaling pathway (78, 81) or a single herb acting through multiple
mechanisms for the same disease (82, 83). To orient the reader, Figure 2
schematizes the core oxidative-stress network, with compound-level
cross-references in Appendix B: Supplementary Table 1. We therefore
proceed to the cross-talk and potential synergy among Nrf2/ARE, PI3K/
Akt, and NF-kB; a concise pathway-level summary linking representative
MFH these
Appendix B: Supplementary Table 2.

actives  to three axes is provided in

3.1 Activation of the Nrf2/ARE pathway

The Nrf2/ARE pathway exerts cross-regulatory control over
neuroinflammation and mitochondrial function through multiple
mechanisms (84). For instance, Nrf2 can inhibit NF-kB-mediated
expression of pro-inflammatory cytokines such as TNF-a and IL-1p,
making it a promising therapeutic target in neurodegenerative
disorders (85). The Nrf2/ARE pathway itself has diverse regulatory
routes (86, 87). Both LBP and APS promote the nuclear translocation
of Nrf2, upregulate HO-1 and NQOI expression, enhance ROS
clearance, restore SOD and GSH-Px activity, and stabilize
mitochondrial membrane potential (24, 33). CUR and EGCG have
also been shown to activate Nrf2 in rotenone- or 6-OHDA-induced
PD models, via direct Keapl modification or p62-mediated Keapl
autophagic degradation, respectively—resulting in elevated
antioxidant enzyme levels and significantly reduced oxidative damage
in model animals (47, 52). Across models, Nrf2 activation intersects
ferroptosis control via GPX4/iron handling and lipid-peroxidation
readouts, aligning with PD-specific oxidative features noted in

Sections 6.1 and 6.6.

3.2 PI3K/Akt signaling modulation

The PI3K/Akt signaling pathway serves as a key regulatory hub
for cellular stress response, survival, and metabolism (88, 89). In PD
models, dysregulation of this pathway exacerbates oxidative stress and
apoptosis in dopaminergic neurons (90). G-Rgl, APS, GA, and EGCG
are all capable of activating the PI3K/Akt pathway. G-Rgl, APS, and
GA exhibit similar mechanisms: activating the pathway, promoting
Akt phosphorylation, upregulating the Bcl-2/Bax ratio, and inhibiting
caspase-3 activity to protect neurons and attenuate oxidative stress
(23, 35, 36, 40). In MPTP-induced mice, EGCG not only activates
PI3K/Akt survival signaling but also inhibits the MAPK pathway to
reduce neuroinflammation and neuronal apoptosis (54). Furthermore,
APS enhances autophagic activity through the PI3K/Akt-mTOR axis
in 6-OHDA-treated PC12 cells (34).

3.3 NF-kB-mediated inflammation
suppression

NF-kB is a transcription factor composed primarily of a p65/p50
heterodimer, extensively involved in immune and inflammatory
regulation (91, 92). This classical signaling pathway has been
repeatedly implicated in chronic inflammation and neurodegenerative
disorders such as PD and is recognized as a key anti-inflammatory
therapeutic target (93, 94). In PD models, LBP, EGCG, HSD, GA, and
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Legend

Activation (solid)

Inhibition (dashed)

example

example

FIGURE 2

MFH compounds

LBP

APS

CUR

HSD

EGCG

beta-Car

Pathways

|

Lutein

Cross-talk between Nrf2/ARE, PI3K/Akt and NF-kB targeted by representative MFH compounds relevant to Parkinson'’s disease. Solid arrows denote
activation; dashed arrows denote inhibition. Edges summarize predominantly preclinical evidence in PD-relevant models (with selective mechanistic
support from non-PD models as noted in the text) and are schematic, not implying clinical efficacy.

CUR have all been shown to inhibit NF-kB signaling. By blocking
IxBa phosphorylation and preventing p65 nuclear translocation, these
compounds downregulate pro-inflammatory cytokines, mitigate
neuroinflammation, and improve behavioral outcomes (31, 43, 48, 55,
60). Both LBP and GA inhibit TLR4/NF-kB signaling (32, 43), thereby
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relieving oxidative stress and reducing inflammation and
cellular injury.

Clearly, compared with monotherapy, herbal combinations may
exert synergistic effects on PD by simultaneously acting on Nrf2/ARE,
PI3K/Akt, and NF-xB pathways. The use of TCM formulas harnesses
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the complementary functions of multiple active compounds to relieve
oxidative stress and inflammation, which constitutes a major
mechanism underlying the preservation of dopaminergic neuron
survival and function (95). Additionally, multi-target synergy (78)
may help avoid the diminished efficacy and tolerance often seen with
single-compound therapies during long-term intervention, thus
enabling more sustainable and stable therapeutic outcomes (96). Anti-
inflammatory NF-kB restraint may be potentiated by microbiota shifts
reported for MFH polysaccharides/phenolics, suggesting an
oxidative-inflammatory-gut axis relevant to PD (see Sections 6.6
and 4.4).

4 Feasibility of dietary
supplementation

With growing public awareness of health management and
diversification in the demand for “food-based therapies,” dietary
supplements have become an important tool for daily health
maintenance (97, 98). TCM resources classified as MFH offer both the
safety profile of common food ingredients and the multi-target
regulatory advantages of herbal medicine. Rich in natural bioactive
components such as polysaccharides, saponins, triterpenes,
polyphenols, and carotenoids, these herbs complement conventional
pharmaceuticals (99). Numerous experimental and clinical studies
(18, 100-102) indicate that converting these bioactives into
standardized nanoemulsions, microemulsions, or encapsulated
dietary supplements can not only enhance their antioxidative, anti-
inflammatory, and neuroprotective effects in preclinical models; in
selected preclinical models, co-administration with levodopa
appeared to modulate levodopa response and adverse-effect readouts;
clinical confirmation is lacking. This section elaborates on the
definition and features of dietary supplements, specific needs of PD
patients, current application status, and existing challenges—laying
the foundation for the development of practical and science-based
nutritional strategies.

4.1 Definition and application needs of
dietary supplements in PD

Dietary supplements are defined as auxiliary nutritional agents
derived from food-based ingredients or their extracts, formulated
using technologies such as nanoemulsion, microemulsion, liposomal
encapsulation, or microencapsulation to standardize and concentrate
natural actives. These products occupy a niche between conventional
food and prescription medications (103, 104). The pathogenesis of PD
involves multiple mechanisms such as oxidative stress,
neuroinflammation, and autophagy dysfunction. Long-term use of
dopaminergic therapies like levodopa is often accompanied by
wearing-off (end-of-dose) fluctuations and motor complications (5,
6). Dietary supplements, through their multi-target synergy, not only
mitigate oxidative and inflammatory stress but may also reduce
gastrointestinal side effects and dyskinesia risk, while offering
neuroprotective, immunomodulatory, and microbiota-regulating
benefits—fulfilling urgent unmet needs for adjunctive PD

management (105, 106).
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4.2 Formulation technologies and research
advances: current dosage forms and doses

4.2.1 Dosage forms

Advanced formulation techniques such as nanoemulsion (107),
microemulsion (108), liposomes (109), and microencapsulation (110)
have been widely applied to enhance the bioavailability and blood-
brain barrier permeability of TCM-derived polysaccharides, saponins,
112). These
technologies have already been incorporated into PD treatment

triterpenes, polyphenols, and carotenoids (111,

research. For example, Ramires Junior et al. (113) developed a
porphyrin-assisted CUR nanoemulsion (NC) in a 6-OHDA-induced
rat model and found that compared to free CUR, the NC formulation
significantly improved motor performance, mitochondrial activity,
and antioxidant parameters (MDA, SOD, GSH-Px). Imran et al. (114)
optimized a silibinin (SLM) oil-in-water microemulsion using central
composite design and demonstrated that intranasal administration
significantly increased brain accumulation and improved motor
function while suppressing neuroinflammation and oxidative stress in
an MPTP model. Liu et al. (115) administered curcumin liposomes
(BLIPO-CUR) camouflaged with NK cell membranes via the
meningeal lymphatic vessels (MLVs) in PD mice and achieved
targeted delivery to dopaminergic neurons, enabling ROS scavenging,
motor improvement, and neuronal apoptosis reversal (see Table 1).

4.2.2 Dosage

Currently, dose optimization of TCM bioactives for PD is mainly
based on in vitro and animal studies, with limited clinical validation. For
instance, Tan et al. (34) treated PC12 cells with 6-OHDA (100 pM) and
observed a dose-dependent increase in cell viability as APS concentration
increased from 50 uM to 100 pM to 200 pM. Another study (29) in a
silkworm PD model found that LBP at 50, 100, and 200 mg/kg doses
improved motor function and dopamine levels in a dose-dependent
manner. Zhu et al. (116) reported that in MPTP-induced PD mice,
intraperitoneal CUR at low (40 mg/kg), medium (80 mg/kg), and high
(160 mg/kg) doses resulted in dose-dependent improvements in motor
function and dopaminergic neuron protection. Human-equivalent doses
(HEDs) were estimated using standard allometric scaling [HED (mg/
(mg/kg) x Km_animal/Km_human; Km_
human = 37]. These values are illustrative anchors for hypothesis

kg) =animal  dose
generation rather than clinical dose recommendations and must
be refined by human PK/PD data. Preclinical doses are reported as
originally published and should not be interpreted as clinical
recommendations. lllustrative HEDs (allometric scaling; Km_mouse = 3,
Km_rat=6, Km_human = 37): CUR 80 mg/kg
(mouse) — HED = 80 x (3/37) = 6.5 mg/kg (~455 mg/day for 70 kg
adult). CUR 160 mg/kg (mouse) — HED = 13.0 mg/kg (~910 mg/day
for 70 kg). LBP 100 mg/kg d (rat) - HED =~ 100 x (6/37) = 16.2 mg/kg
(~1.13 g/day for 70 kg).

4.3 Human evidence, pharmacokinetic
limits, and trial design lessons

Human clinical evidence remains limited and underpowered.

Across small, heterogeneous trials of curcumin and EGCG, outcomes
are mixed and no disease-modifying efficacy has been established.
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TABLE 1 Comparative overview of formulation and delivery technologies with PD-relevant readouts.

Technology @ Representative Lead Route Key pharmacological/ Disease References

system/carrier active exposure improvements model
features (summary)

Improves motor performance; decreases
malondialdehyde (MDA); increases
Nanoemulsion Porphyrin-assisted curcumin | Curcumin superoxide dismutase (SOD) and
Oral/i.p. 6-OHDA rats (113)
(O/W) nanoemulsion (CUR) glutathione peroxidase (GSH-Px) activities;
stabilizes mitochondrial function compared

with free curcumin

Oil-in-water microemulsion Increases brain distribution; improves
Silymarin

Microemulsion optimized by central (SLM) Intranasal motor performance; suppresses MPTP rats (114)

composite design neuroinflammation and oxidative stress

NK-cell membrane- Enables targeted delivery to dopaminergic
Biomimetic camouflaged CUR liposomes | Curcumin neurons; enhances ROS scavenging;

MLVs-guided PD mice (115)

liposomes (BLIPO-CUR), meningeal (CUR) improves motor behavior; reduces neuronal

lymphatic route apoptosis

i.p., intraperitoneal; MDA, malondialdehyde; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; MLVs, meningeal lymphatic vessels.

Oral bioavailability and formulation choice cap target exposure for  reproducible clinical use. In addition to chemical fingerprints, include
many MFH actives; for catechins, dose-related liver signals necessitate ~ PD-relevant potency assays—e.g., Nrf2/ARE reporter activation,
monitoring. Practical implications are: (i) exposure first—use high-  inhibition of NF-kB nuclear translocation in microglia, and survival of
exposure formulations with early PK/PD readouts and predefined  human iPSC-derived TH* neurons under oxidative stress—to set
target-engagement biomarkers (e.g., Nrf2 transcriptional signature, ~ acceptance criteria that bridge identity — content — function. Third,
4-HNE/MDA, iron/ferroptosis panels); (ii) design discipline—apply ~ individual variability in therapeutic response due to genetic
delayed-start, futility, or adaptive phase 2 frameworks with >24-52-  polymorphisms (119), gut microbiota composition (120), and
week follow-up and co-primary endpoints pairing MDS-UPDRS with  concomitant medications (121) calls for development of personalized
biomarker change; (iii) safety and interactions—embed liver-function ~ supplementation strategies under a precision nutrition framework.
monitoring for catechin-rich products and reconcile concomitant  Finally, existing regulations limit the labeling claims of dietary
dopaminergic/MAO-B therapies. A side-by-side map of preclinical ~ supplements, precluding their promotion as “treatment” or “prevention”
signals versus human constraints and actionable next steps appearsin  for PD (122, 123), which may influence clinician and patient acceptance
Table 2, with consolidated human evidence, PK ceilings, safety notes, ~ (124). Long-term human safety and tolerability data specific to PD
and regulatory considerations detailed in Sections 6.3-6.5. remain limited; consequently, adequately powered randomized trials
with >24 to 52 weeks of follow-up are needed to define exposure-
response and risk profiles. In summary, the absence of high-quality,
4.4 Current limitations and future large-scale randomized controlled trials in PD populations remains a key
directions gap. Future research should prioritize clinical trial validation, multi-
component synergy analysis, and regulatory alignment to enable the
Although existing data on dosage forms and preclinical dosing  successful translation of dietary interventions into practical adjunctive
support the potential application of dietary supplements in PD, several =~ management tools for PD. Incomplete reporting of design safeguards
challenges remain. First, the current evidence base is relatively weak,  across studies precluded a definitive risk-of-bias determination;
consisting primarily of in vitro, small-animal, or observational studies.  accordingly, our synthesis should be regarded as hypothesis-generating
Large-scale, multicenter, double-blind randomized controlled trials are ~ pending confirmatory trials.
needed to determine optimal dosing and safety profiles. Second, Practical translational barriers include GMP-scale manufacturability,
standardization of bioactive content remains difficult due to significant  shelf-life stability under real-world storage, cost-of-goods and pricing, and
batch variation resulting from differences in geographical origin and  consumer acceptability (sensory attributes, pill burden, dosing frequency).
processing methods, necessitating development of robust quality =~ Regulatory constraints—spanning DSHEA/FDA/EFSA limits on disease
fingerprinting and regulatory standards (117, 118). Translation will ~ claims, substantiation standards for structure—function statements,
require layered quality systems: (i) Identity/authenticity by DNA  ingredient/novel-food authorization, raw-material identity testing, cGMP
barcoding plus pharmacopeial macro-/microscopy; (ii) Marker  batch documentation, and post-market surveillance—may restrict
quantification via HPLC/UPLC-UV or LC-MS/MS panels (e.g, labelingand clinical uptake in PD.
curcuminoids for CUR; catechins including EGCG for tea extracts; Rgl/
Rb1 for Panax; glycyrrhizin for Glycyrrhiza; HPSEC-MALS molecular-
weight profiles for LBP/APS); (iii) Impurity limits (heavy metals, 4.5 Safety, dosing, and regulato ry checklist
pesticides, residual solvents, mycotoxins, microbiology); (iv)
Chemometric fingerprints (NIR/FT-IR with similarity indices) to Dosing anchors: Start from HED back-calculations yet must
manage geographical and processing variability; and (v) ICH stability = be refined by human PK/brain-exposure; avoid cross-route
programs to establish shelf-life. These align with cGMP and support  extrapolations (i.p. — oral). For data, see Table 3.
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TABLE 2 Preclinical versus clinical evidence for major MFH bioactives in Parkinson's disease: translational gaps and action items.

Bioactive Key preclinical PD Clinical (PD)

(MFH) findings (models/ evidence

PK/Exposure Safety/Drug Critical
constraints interactions translational gaps
& action items

endpoints) overview

Small, short-duration
Rotenone/MPTP models:

Use high-exposure
Very low oral

trials with mixed Generally well tolerated; formulations; pair MDS-
activates Nrf2- ARE; upregulates bioavailability; requires
outcomes; monitor potential UPDRS with target-
HO-1/NQO1; inhibits microglial advanced delivery
Curcumin (CUR) formulation interactions with MAO-B engagement biomarkers
NLRP3; improves motor (nano/liposomes/
heterogeneity; no inhibitors and (Nrf2 signature, 4-HNE/
outcomes and TH* neuron intranasal) for adequate
established disease- polypharmacy MDA); >24-52-week
survival exposure
modifying benefit randomized designs
Define exposure-response;
6-OHDA/MPTP/PFFs/ Require liver-function
Exploratory/small Limited exposure at implement safety
Drosophila: enhances Nrf2 monitoring at higher
EGCG (green-tea trials with tolerable oral doses; liver monitoring; biomarker-
signaling; suppresses ferroptosis intakes; potential
catechin) inconsistent results; safety signal constrains enriched enrollment
and neuroinflammation; interactions with L-dopa/
no proven efficacy high dosing targeting iron/lipid-
improves behavior MAO-B inhibitors
peroxidation phenotypes
Cell/MPTP: activates PI3K/Akt; No positive, Oral absorption and Conduct PK/brain-
Generally favorable safety;
Ginsenoside Rgl promotes autophagy; facilitates adequately powered brain delivery uncertain; exposure and target-
interindividual variability
(G-Rgl) a-synuclein clearance; PD RCTs; human PD delivery optimization d engagement PoC studies
expecte
neuroprotection data scarce needed i prior to efficacy trials
Inhibits HMGB1/TLR4/NF-kB; PD clinical data Watch for Define therapeutic window;
Glycyrrhizic acid activates PI3K/Akt; improves lacking; human Oral exposure feasible mineralocorticoid-like early PD PoC with
(GA) motor and oxidative-stress evidence mainly from | but variable effects with chronic/high inflammatory readouts and
readouts in MPTP models other indications doses safety monitoring
6-OHDA/Drosophila: activates Stratify by microbiome/
Exposure limited orally;
Nrf2-ARE; suppresses NF-kB; No PD clinical trials inflammatory phenotype;
Hesperidin (HSD) formulation can enhance = Generally well tolerated
lowers MDA; improves motor with efficacy readouts evaluate food-format
bioavailability
function formulations in early trials
Nutritional
epidemiology suggests Avoid causal inference from
Drosophila PD: increased SOD Lipid solubility and
inverse associations observational data; perform
and GSH-Px activities; decreased dose/formulation High-dose caution in
B-Carotene (p-Car) with PD prevalence exposure-response bridging
ROS and MDA levels; improved strongly influence smokers
and all-cause and safety window
motor function exposure
mortality (non- definition
causal)
Standardize structure—
Lycium barbarum Activate Nrf2- ARE; suppress
Large molecules with function specifications
polysaccharides NF-kB; support mitochondrial
No PD clinical poor oral absorption; Generally favorable safety (MW/conformation);
(LBP)/Astragalus homeostasis; PD-adjacent/PD
evidence consider intranasal or profiles implement function-linked
polysaccharides models show antioxidant and
carrier-assisted delivery release tests (e.g., Nrf2
(APS) functional signals

reporter)

Safety monitoring: Routine labs with hepatic panels for high-dose
catechins; screen for herb-drug interactions with L-dopa/MAO-B
inhibitors (transporters/MAO-B modulation).

Formulation: Prefer nano/micro-delivery or biomimetic liposomes
with batch QC linking content — function (Nrf2, NF-xB, iPSC-TH*
assays).

Labeling/regulatory: Adhere to DSHEA/EFSA—structure-
function claims only; prohibit disease-treatment claims; ensure
identity/impurity/stability files.

Trial-readiness: Predefine pass/fail potency tied to QC assays;
choose >24-52 week randomized designs with exposure—
response analyses.
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5 Conclusion and outlook

This review highlights recent advances in the study of
polysaccharides, saponins/triterpenes, polyphenols, carotenoids, and
aromatic phenylpropanoids derived from medicine-food homologous
herbs in alleviating oxidative stress and neurodegeneration in
Parkinsons disease. Through multi-target actions (free-radical
scavenging, inflammation suppression, autophagy activation, and
mitochondrial support), these compounds show preclinical
neuroprotective promise; no clinical efficacy has been established.

Given their synergistic potential, these TCM bioactives—when
formulated as nanoemulsions, microemulsions, liposomes, or
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microencapsulation—can achieve improved bioavailability and brain
permeability. This paves a feasible path for their integration into
functional foods and dietary supplements. Although current dosage
studies remain insufficient, future research conducted under GRAS
and FDA/EFSA
relationships and long-term safety evaluations—will help ensure both

frameworks—focusing on dose-response
therapeutic efficacy and patient adherence.

Moving forward, dietary supplement research should advance
along two primary axes: (i) evidence-based and precision-guided
strategies—pre-specify  stratifiers  (oxidative-stress  and
detoxification gene variants, baseline redox panels, and
gut-microbiome profiles) and test treatment-by-biomarker
interactions; and (ii) full-chain standardization and mechanistic
decoding, including raw material authentication, active content
quantification,  formulation  optimization, and quality
fingerprinting, supported by network pharmacology, multi-omics,
and systems biology to elucidate compound-target-pathway
networks and guide formula refinement and novel target discovery.
As a practical example, network pharmacology can first overlap PD
oxidative-stress gene modules with target sets of MFH actives to
nominate shortlists of 2-3 component pairs (e.g., Rgl + EGCG, or
APS + CUR) that co-cover Nrf2/ARE and PI3K/Akt while
dampening NF-kB. A small, preclinical formulation screen can
then titrate dose ratios and delivery types (e.g., nanoemulsion vs.
liposome) in MPTP/6-OHDA models, with multi-omics
readouts—glutathione/redox panels, 4-HNE/MDA, Nrf2 target
genes, and phospho-Akt—used to confirm target engagement. Hits
advance to PK/brain-exposure and HED anchoring to inform first-
in-human dose-finding, thereby linking mechanism discovery to
formulation design with translational checkpoints.

Through coordinated implementation of these strategies and
interdisciplinary collaboration, the translation of medicine-food
homologous TCM bioactives into regulated and industrialized
functional foods or dietary supplements for PD can be accelerated—
offering patients safer, more effective, and longer-lasting adjunctive

therapeutic options.

10.3389/fnut.2025.1677749

6 Evidence capsules (updates)

This section was added to meet the reviewers’ requests for updates
on PD-specific oxidative stress, genetic intersections, human evidence
(including PK/safety), and translational quality checkpoints.

6.1 PD-specific features of oxidative stress

6.1.1 Dopamine oxidation and quinone stress

Contemporary syntheses reinforce that dopamine auto-
oxidation generates reactive o-quinones and H,O,that selectively
injure substantia nigra neurons through protein modification,
mitochondrial compromise, and redox cycling. These processes
help explain nigral vulnerability beyond generic oxidative stress
paradigms (125).

6.1.2 Neuromelanin—iron catalysis

Recent imaging and tissue studies emphasize neuromelanin as an
iron-interacting matrix that facilitates Fenton chemistry and lipid
peroxidation. Advances in neuromelanin-sensitive MRI and analytical
pathology strengthen the link between iron handling, neuromelanin
load, and PD-specific oxidative damage (126).

6.1.3 Complex | hypofunction stratification
Multi-cohort and patient-derived data show that a biologically
meaningful subset of idiopathic PD exhibits mitochondrial complex
I deficiency aligned with higher ROS burden and clinical
heterogeneity, supporting mitochondria-linked oxidative stress as a
disease-relevant—not merely generic—axis (127).

6.1.4 Implication for MFH

These three nodes (dopamine quinones, neuromelanin-iron
catalysis, complex I deficits) provide concrete mechanistic entry
points for MFH bioactives that activate Nrf2, stabilize mitochondria,
or buffer ferroptotic lipid peroxidation.

TABLE 3 Representative preclinical doses and illustrative human-equivalent dose (HED) anchors for key MFH actives.

Compound PD model/context Species Route

Evidence References

type

Animal Estimated

dose (mg/ HED (mg/kg)

a-synuclein pre-formed fibrils

)]

(dose-response)

Mouse
EGCG (PFF) model; 7-day Oral 10 0.81 PD, mammalian (53)
(C57BL/6)
pretreatment
CUR Rotenone-induced PD model Mouse Intraperitoneal 50 4.05 PD, mammalian (48)
MPTP-induced PD model
CUR Mouse Intraperitoneal 40; 80; 160 3.24;6.49; 12.97 PD, mammalian (117)

CoCl;-treated behavioral

Indirect (non-
100 16.22 (30)
PD), mammalian

LBP impairment model (indirect, Rat Intraperitoneal
non-PD)
6-OHDA-induced PD model

HSD Rat Oral
(aged)

50 4.05 PD, mammalian (61)

HED = animal dose x Km_animal/Km_human; Km_mouse = 3, Km_rat = 6, Km_human = 37. Values are anchors for hypothesis generation—not clinical recommendations. Several entries
use intraperitoneal dosing in mice; translation to oral dietary-supplement design requires caution due to route-dependent bioavailability and brain exposure differences. These HED
calculations are illustrative anchors for hypothesis generation only and are not clinical dosing recommendations.
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6.2 Genetic forms and oxidative cross-talk
(PINK1/Parkin, DJ-1, LRRK2, GBA1)

6.2.1 PINK1/Parkin mitophagy failure - ROS
spillover

Loss-of-function along the PINK1-Parkin axis impairs clearance
of damaged mitochondria, increasing ROS and sensitizing
dopaminergic neurons to oxidative injury; recent overviews
consolidate mechanistic and in vivo evidence for this link (128).

6.2.2 DJ-1 as a redox-responsive chaperone

DJ-1 participates in antioxidant defense and proteostasis through
cysteine-centered redox sensing; disease-linked variants undermine
these functions and heighten oxidative vulnerability (129).

6.2.3 LRRK2 and mitochondrial-inflammatory
cross-talk

Elevated LRRK2 activity has been tied to mitochondrial DNA
damage responses and inflammatory signaling, situating LRRK2 at the
intersection of redox stress and innate immunity in PD-relevant
systems (130).

6.2.4 GBA1l and lysosomal flux

Glucocerebrosidase deficiency perturbs lysosomal clearance and
lipid homeostasis, secondarily amplifying oxidative stress and
mitochondrial dysfunction; recent work highlights GCase-
mitochondria interactions in PD pathobiology (131).

6.2.5 Implication for MFH

These genetic axes motivate hypotheses that MFH actives could:
(i) support mitophagy/mitochondrial quality control, (ii) reinforce
endogenous redox buffering (e.g., Nrf2-GPX4), and (iii) dampen
inflammation linked to mitochondrial stress.

6.3 Human evidence map, pharmacokinetic
constraints, and safety

See for a consolidated grid.

6.3.1 Efficacy signals

Human studies of canonical MFH-relevant polyphenols (e.g.,
curcumin, EGCG) remain small and methodologically limited; no
disease-modifying efficacy has been established in PD. Concordant
reviews conclude that heterogeneous designs, short durations, and
insufficient target engagement preclude firm conclusions (132).

6.3.2 PK ceiling and exposure limits

Oral bioavailability is a principal barrier for curcumin and several
flavonoids; for green-tea catechins, regulatory toxicology summaries
highlight dose-related liver signals that cap safe exposure and
necessitate liver-function monitoring in products and trials (133).

6.3.3 Trial-design lessons

Future trials should:

enrich for participants with high redox/ferroptosis burden
(biomarker-enriched enrollment);

use delayed-start or target-engagement frameworks;
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pair clinical trajectories (e.g., MDS-UPDRS) with biochemical
readouts (Nrf2 transcriptional signature, MDA/4-HNE, iron/
ferroptosis panels) to confirm on-target exposure.

6.4 Drug—nutrient interactions and
practical dosing considerations

Catechin-rich products and other phenolic MFH actives can
interact with drug-metabolizing enzymes and transporters; vigilance
is warranted when co-administered with dopaminergic agents or
MAO-B inhibitors. Current PD-specific clinical interaction data are
sparse; risk management should include medication reconciliation
and—when high-dose catechins are contemplated—liver-function
monitoring in line with regulatory guidance (134).

6.5 Translational quality and regulatory
checkpoints

6.5.1 Non-targeted fingerprinting +
chemometrics

2024 updates advocate untargeted spectral fingerprints (e.g., NIR/
FT-IR/LC-UV) plus chemometrics to manage geo-processing
detect batch-to-batch
comparability in complex MFH matrices (135).

variability, adulteration, and ensure

6.5.2 Polysaccharide structure—function
alignment

Systematic reviews emphasize the centrality of molecular
weight and conformation to the bioactivity of medicinal
polysaccharides, recommending advanced sizing/characterization
(e.g., HPSEC-MALS) for specification setting and post-change
control (136).

6.5.3 Function-linked release tests

To bridge identity — content — function, MFH products
intended for PD research should adopt mechanism-linked release
assays (e.g., Nrf2/ARE reporter activation, NF-xB nuclear-
translocation inhibition in microglia, protection of human iPSC-
derived TH* neurons under oxidative stress) in addition to

pharmacopeial quality tests (see in the main text).

6.6 Anchors to the mechanism sections:
ferroptosis and the gut—brain axis

6.6.1 Ferroptosis—Nrf2 intersection

Recent PD-focused syntheses place GPX4 activity, iron handling,
and lipid peroxidation at the core of ferroptotic vulnerability. Nrf2
activation converges on these nodes (e.g., iron sequestration,
glutathione metabolism), supporting the cross-talk summarized in
Section 3.1 and (137).

6.6.2 Gut—brain axis
Contemporary reviews integrate PD-associated dysbiosis with
oxidative-inflammatory signaling and discuss how dietary

polyphenols and polysaccharides can modulate microbiota, barrier
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TABLE 4 Quality control and standardization from raw material to finished dosage form: an operational checklist.

Specific measures/methods

Key outputs/acceptance Notes/illustrative references

criteria

microbiology

Identity/ Correct species/part; exclusion of
DNA barcoding; pharmacopeial macro-/microscopy Supports MFH source verification (119)
authenticity adulterants/substitutes
HPLC/UPLC-UV or LC-MS/MS panels (e.g., curcuminoids;
Marker Target ranges with inter-batch RSD Links to formulation ratios and label
catechins incl. EGCG; Rg1/Rbl1; glycyrrhizin; HPSEC-MALS
quantification controls claims (119)
for LBP/APS MW profiles)
Heavy metals, pesticides, residual solvents, mycotoxins, Harmonize with DSHEA/EFSA & cGMP
Impurity limits Meets dietary-supplement limits

release (123, 124)

Fingerprinting/
NIR/FT-IR/LC-UYV fingerprints with similarity indices
chemometrics

Geographic/processing variability
Batch-to-batch comparability (119)
controlled; anomaly detection

Stability ICH long-term/accelerated (T/RH/light)

Shelf-life and storage conditions

established

Track both actives and dosage form

attributes (119)

Nrf2/ARE reporter activation; reduced NF-kB nuclear
Functional release

(PD-relevant)

translocation; improved survival of human iPSC-derived TH*
neurons under oxidative stress; meeting prespecified pass/fail

potency thresholds tied to content

Prespecified pass/fail potency Mechanism-linked release; neural

thresholds tied to content relevance (84-87, 91-95)

MFH, medicine-food homology; HPSEC-MALS, high-performance size-exclusion chromatography with multi-angle light scattering; TH*, tyrosine hydroxylase-positive; T/RH, temperature/

relative humidity; DSHEA, Dietary Supplement Health and Education Act.

function, and downstream neuroinflammation, aligning with the
“oxidative-inflammatory-gut” thread highlighted in Sections 3.3 and
4.4 (138).

6.7 Epidemiology capsule (2024-2025
updates)

6.7.1 Global projections

A 2025 BMJ modeling study based on GBD 2021 projects 25.2
million people living with PD by 2050 (= + 112% from 2021), with a
global prevalence of ~267/100,000 in 2050 and regional heterogeneity;
most growth is attributable to population aging and growth (3).

6.7.2 Systematic prevalence evidence

A 2024 meta-analysis reports substantial between-region
differences in PD prevalence (highest point estimates in East Asia &
Pacific), underscoring how study design and case-ascertainment
influence pooled estimates (139).

6.7.3 Authoritative overviews

2024 narrative syntheses highlight that prevalence has risen
beyond demographic change alone, while incidence trends remain
uncertain in many regions due to data quality gaps (140).

6.7.4 Regional updates (Asia)

A 2024 regional burden analysis (1990-2021) shows marked
increases in incidence (+198%), prevalence (+284%), mortality
(+111%), and DALY (+144%) across Asia, emphasizing geographic
variability relevant to projections (141).

6.7.5 Temporal trend reassessments

Methodologically updated 2024 analyses suggest overall PD
prevalence =3.15/1,000, notably exceeding older pooled
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estimates, again reflecting differing methods and

ascertainment (142).

6.7.6 Implication for Section 1.1

These multi-source data triangulate the message that PD
prevalence is rising but absolute estimates vary with modeling choices,
case definitions, and regional data quality—hence our choice in
Section 1.1 to cite multiple recent sources rather than a single model.

Author contributions

MW: Writing - original draft, Writing — review & editing. YZ:
Writing - review & editing, Writing - original draft. QW: Writing -
original draft. SM: Writing - original draft, Methodology,
Visualization, Software. CW: Resources, Writing — original draft,
Writing - review & editing, Funding acquisition, Supervision. JS:
Validation, Supervision, Writing — review & editing, Writing -
original draft.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was supported
by the CACMS Innovation Project: CI2021B001; Basic Scientific
Research Expenses of Central-Level Public Research Institutes:
YZX-202345.

Acknowledgments

The authors would like to thank the patients for their participation
in this study and permission to publish.

frontiersin.org


https://doi.org/10.3389/fnut.2025.1677749
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Wang et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that Gen Al was used in the creation of this
manuscript. Some of the abstract content and translations in this
article were generated by generative Al technology and have been
checked for plagiarism and false content. The author assumes full
responsibility for the content of this statement. AI Details: Name:
ChatGPT; Version: GPT-40; Model: GPT-4-turbo; Source: OpenAl.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,

References

1. The Lancet Psychiatry. Global burden of disease 2021: mental health messages.
Lancet Psychiatry. (2024) 11:573. doi: 10.1016/S2215-0366(24)00222-0

2. Luo Y, Qiao L, Li M, Wen X, Zhang W, Li X. Global, regional, national epidemiology
and trends of Parkinson's disease from 1990 to 2021: findings from the Global Burden
of Disease Study 2021. Front Aging Neurosci. (2024) 16:1498756. doi:
10.3389/fnagi.2024.1498756

3. SuD, Cui Y, He C, Yin P, Bai R, Zhu J, et al. Projections for prevalence of Parkinson's
disease and its driving factors in 195 countries and territories to 2050: modelling study of
Global Burden of Disease Study 2021. BMJ. (2025) 388:¢080952. doi: 10.1136/bmj-2024-080952

4. Sun C, Armstrong MJ. Treatment of Parkinson's disease with cognitive impairment:
current approaches and future directions. Behav Sci. (2021) 11:54. doi:
10.3390/bs11040054

5. Muller T. Safinamide: an add-on treatment for managing Parkinson's disease. Clin
Pharmacol. (2018) 10:31-41. doi: 10.2147/CPAA.S137740

6. Muleiro Alvarez M, Cano-Herrera G, Osorio Martinez MF, Vega Gonzales-Portillo
J, Monroy GR, Murguiondo Perez R, et al. A comprehensive approach to Parkinson's
disease: addressing its molecular, clinical, and therapeutic aspects. Int ] Mol Sci. (2024)
25:7183. doi: 10.3390/ijms25137183

7. Zhang Q, Aldridge GM, Narayanan NS, Anderson SW, Uc EY. Approach to
cognitive impairment in Parkinson's disease. Neurotherapeutics. (2020) 17:1495-510.
doi: 10.1007/s13311-020-00963-x

8. Andriolo IRL, Longo B, de Melo DM, de Souza MM, Prediger RD, Da Silva LM.
Gastrointestinal issues in depression, anxiety, and neurodegenerative diseases: a
systematic review on pathways and clinical targets implications. CNS Neurol Disord Drug
Targets. (2024) 23:1371-91. doi: 10.2174/0118715273289138240306050532

9. Marucci G, Buccioni M, Ben DD, Lambertucci C, Volpini R, Amenta . Efficacy of
acetylcholinesterase inhibitors in Alzheimer's disease. Neuropharmacology. (2021)
190:108352. doi: 10.1016/j.neuropharm.2020.108352

10. Kwon DK, Kwatra M, Wang J, Ko HS. Levodopa-induced dyskinesia in Parkinson's
disease: pathogenesis and emerging treatment strategies. Cells. (2022) 11:3736. doi:
10.3390/cells11233736

11. Lal R, Singh A, Watts S, Chopra K. Experimental models of Parkinson's disease:
challenges and opportunities. Eur ] Pharmacol. (2024) 980:176819. doi:
10.1016/j.ejphar.2024.176819

12. Caproni S, Di Fonzo A, Colosimo C. Oxidative stress: a new pathophysiological
pathway in Parkinson's disease and a potential target of the brain-sport crosstalk.
Parkinsons Dis. (2025) 2025:6691390. doi: 10.1155/padi/6691390

13. Guo S, Gao Y, Zhao Y. Neuroprotective microRNA-381 binds to repressed early
growth response 1 (EGR1) and alleviates oxidative stress injury in Parkinson's disease.
ACS Chem Neurosci. (2023) 14:1981-91. doi: 10.1021/acschemneuro.2c00724

14. Yang Y, Kong F, Ding Q, Cai Y, Hao Y, Tang B. Bruceine d elevates Nrf2 activation
to restrain Parkinson's disease in mice through suppressing oxidative stress and
inflammatory response. Biochem Biophys Res Commun. (2020) 526:1013-20. doi:
10.1016/j.bbrc.2020.03.097

15. Ismail H, Shakkour Z, Tabet M, Abdelhady S, Kobaisi A, Abedi R, et al. Traumatic
brain injury: oxidative stress and novel anti-oxidants such as mitoquinone and
edaravone. Antioxidants. (2020) 9:943. doi: 10.3390/antiox9100943

Frontiers in Nutrition

14

10.3389/fnut.2025.1677749

including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1677749/

full#supplementary-material

16. Mursaleen L, Noble B, Chan SHY, Somavarapu S, Zariwala MG. N-acetylcysteine
nanocarriers protect against oxidative stress in a cellular model of Parkinson's disease.
Antioxidants. (2020) 9:600. doi: 10.3390/antiox9070600

17. Khalatbari Mohseni G, Hosseini SA, Majdinasab N, Cheraghian B. Effects of
n-acetylcysteine on oxidative stress biomarkers, depression, and anxiety symptoms in
patients with multiple sclerosis. Neuropsychopharmacol Rep. (2023) 43:382-90. doi:
10.1002/npr2.12360

18.S0Y, Lee J, Yang G, Yang G, Kim S, Lee ], et al. The potentiality of natural products
and herbal medicine as novel medications for Parkinson's disease: a promising
therapeutic approach. Int ] Mol Sci. (2024) 25:1071. doi: 10.3390/ijms25021071

19. Sarris J, Ravindran A, Yatham LN, Marx W, Rucklidge JJ, McIntyre RS, et al.
Clinician guidelines for the treatment of psychiatric disorders with nutraceuticals and
phytoceuticals: The World Federation of Societies of Biological Psychiatry (WFSBP) and
Canadian Network for Mood and Anxiety Treatments (CANMAT) Taskforce. World J
Biol Psychiatry. (2022) 23:424-55. doi: 10.1080/15622975.2021.2013041

20. Wang X, Li ], Chen R, Li T, Chen M. Active ingredients from chinese medicine for
combination cancer therapy. Int ] Biol Sci. (2023) 19:3499-525. doi: 10.7150/ijbs.77720

21. Wang L, Chen Y, Liu Y, Wei ], Miao L, Chang Z, et al. Traditional Chinese medicine
for cerebral ischemia-reperfusion injury prevention: molecular mechanisms and future
perspectives. Am J Chin Med. (2025) 53:999-1026. doi: 10.1142/S0192415X25500387

22.Zhou X, Wang J, Zhou S. Poria cocos polysaccharides improve alcoholic liver
disease by interfering with ferroptosis through Nrf2 regulation. Aging. (2024)
16:6147-62. doi: 10.18632/aging.205693

23. Meng W, Chao W, Kaiwei Z, Sijia M, Jiajia S, Shijie X. Bioactive compounds from
Chinese herbal plants for neurological health: mechanisms, pathways, and functional
food applications. Front Nutr. (2025) 12:1537363. doi: 10.3389/fnut.2025.1537363

24. Huang Y, Zhang X, Chen L, Ren BX, Tang FR. Lycium barbarum ameliorates neural
damage induced by experimental ischemic stroke and radiation exposure. Front Biosci.
(2023) 28:38. doi: 10.31083/j.fb12802038

25. Wang Y, Wei W, Guo M, Li S, Chai Z, Ma C, et al. Lycium barbarum polysaccharide
promotes M2 polarization of BV2 microglia induced by LPS via inhibiting the TLR4/
NF-kB signaling pathway. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi. (2021) 37:1066-72. doi:
10.13423/j.cnki.cjemi.009313

26.Yang Y, Yu L, Zhu T, Xu S, He ], Mao N, et al. Neuroprotective effects of Lycium
barbarum polysaccharide on light-induced oxidative stress and mitochondrial damage
via the Nrf2/HO-1 pathway in mouse hippocampal neurons. Int ] Biol Macromol. (2023)
251:126315. doi: 10.1016/j.ijjbiomac.2023.126315

27. Lam C, Tipoe GL, So K, Fung M. Neuroprotective mechanism of Lycium barbarum
polysaccharides against hippocampal-dependent spatial memory deficits in a rat model of
obstructive sleep apnea. PLoS One. (2015) 10:¢0117990. doi: 10.1371/journal.pone.0117990

28.Jiang Z, Zeng Z, He H, Li M, Lan Y, Hui J, et al. Lycium barbarum glycopeptide
alleviates neuroinflammation in spinal cord injury via modulating docosahexaenoic acid
to inhibiting MAPKs/NF-kB and pyroptosis pathways. J Transl Med. (2023) 21:770. doi:
10.1186/512967-023-04648-9

29.SongJ, Liu L, Li Z, Mao T, Zhang J, Zhou L, et al. Lycium barbarum polysaccharide
improves dopamine metabolism and symptoms in an MPTP-induced model of
Parkinson's disease. BMC Med. (2022) 20:412. doi: 10.1186/s12916-022-02621-9

frontiersin.org


https://doi.org/10.3389/fnut.2025.1677749
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2025.1677749/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2025.1677749/full#supplementary-material
https://doi.org/10.1016/S2215-0366(24)00222-0
https://doi.org/10.3389/fnagi.2024.1498756
https://doi.org/10.1136/bmj-2024-080952
https://doi.org/10.3390/bs11040054
https://doi.org/10.2147/CPAA.S137740
https://doi.org/10.3390/ijms25137183
https://doi.org/10.1007/s13311-020-00963-x
https://doi.org/10.2174/0118715273289138240306050532
https://doi.org/10.1016/j.neuropharm.2020.108352
https://doi.org/10.3390/cells11233736
https://doi.org/10.1016/j.ejphar.2024.176819
https://doi.org/10.1155/padi/6691390
https://doi.org/10.1021/acschemneuro.2c00724
https://doi.org/10.1016/j.bbrc.2020.03.097
https://doi.org/10.3390/antiox9100943
https://doi.org/10.3390/antiox9070600
https://doi.org/10.1002/npr2.12360
https://doi.org/10.3390/ijms25021071
https://doi.org/10.1080/15622975.2021.2013041
https://doi.org/10.7150/ijbs.77720
https://doi.org/10.1142/S0192415X25500387
https://doi.org/10.18632/aging.205693
https://doi.org/10.3389/fnut.2025.1537363
https://doi.org/10.31083/j.fbl2802038
https://doi.org/10.13423/j.cnki.cjcmi.009313
https://doi.org/10.1016/j.ijbiomac.2023.126315
https://doi.org/10.1371/journal.pone.0117990
https://doi.org/10.1186/s12967-023-04648-9
https://doi.org/10.1186/s12916-022-02621-9

Wang et al.

30. Cao S, DuJ, Hei Q. Lycium barbarum polysaccharide protects against neurotoxicity
via the Nrf2-HO-1 pathway. Exp Ther Med. (2017) 14:4919-27. doi:
10.3892/etm.2017.5127

31.Gao K, Liu M, Cao J, Yao M, Lu Y, Li ], et al. Protective effects of Lycium barbarum
polysaccharide on 6-OHDA-induced apoptosis in PC12 cells through the ROS-NO
pathway. Molecules. (2014) 20:293-308. doi: 10.3390/molecules20010293

32.Zheng X, Wang J, Bi E, Li Y, Xiao J, Chai Z, et al. Protective effects of Lycium
barbarum polysaccharide on ovariectomy-induced cognition reduction in aging mice.
Int ] Mol Med. (2021) 48:4954. doi: 10.3892/ijmm.2021.4954

33.Shi Y, Ma P. Pharmacological effects of Astragalus polysaccharides in treating
neurodegenerative diseases. Front Pharmacol. (2024) 15:1449101. doi: 10.3389/fphar.
2024.1449101

34.TanY, Yin L, Sun Z, Shao S, Chen W, Man X, et al. Astragalus polysaccharide exerts
anti-Parkinson via activating the PI3K/Akt/mTOR pathway to increase cellular
autophagy level in vitro. Int ] Biol Macromol. (2020) 153:349-56. doi: 10.1016/j.ijbiomac.
2020.02.282

35.Long H, Cheng Y, Zhou Z, Luo H, Wen D, Gao L. PI3K/Akt signal pathway: a
target of natural products in the prevention and treatment of Alzheimer's disease and
Parkinson's disease. Front Pharmacol. (2021) 12:648636. doi: 10.3389/fphar.2021.648636

36. Ghafouri-Fard S, Balaei N, Shoorei H, Hasan SMFE, Hussen BM, Talebi SE, et al. The
effects of ginsenosides on PI3K/Akt signaling pathway. Mol Biol Rep. (2022) 49:6701-16.
doi: 10.1007/s11033-022-07270-y

37. Liu Z, Cecarini V, Cuccioloni M, Bonfili L, Gong C, Angeletti M, et al. Ginsenosides
Rgl and Rg2 activate autophagy and attenuate oxidative stress in neuroblastoma cells
overexpressing AP(1-42). Antioxidants. (2024) 13:310. doi: 10.3390/antiox13030310

38. Huang L, Liu L, Liu J, Dou L, Wang G, Liu X, et al. Ginsenoside rgl protects against
neurodegeneration by inducing neurite outgrowth in cultured hippocampal neurons.
Neural Regen Res. (2016) 11:319-25. doi: 10.4103/1673-5374.177741

39. Wang S, Peng Y, Fan P, Ye ], Ma W, Wu Q, et al. Ginsenoside rgl ameliorates stress-
exacerbated Parkinson's disease in mice by eliminating RTP801 and a-synuclein
autophagic degradation obstacle. Acta Pharmacol Sin. (2025) 46:308-25. doi: 10.1038/
541401-024-01374-w

40.Li Y, Wu ], Du E Tang T, Lim JCW, Karuppiah T, et al. Neuroprotective potential
of glycyrrhizic acid in ischemic stroke: mechanisms and therapeutic prospects.
Pharmaceuticals. (2024) 17:1493. doi: 10.3390/ph17111493

41. Fu G, Kang X, Lin S. Glycyrrhizic acid inhibits hippocampal neuron apoptosis by
activating the PI3k/ AKT signaling pathway. Biochem Genet. (2024) 63:4366-81. doi:
10.1007/s10528-024-10936-w

42. Kartik S, Pal R, Chaudhary MJ, Nath R, Kumar M. Modulation of autophagy and nitric
oxide signaling via glycyrrhizic acid and 7-nitroindazole in MPTP-induced Parkinson's
disease model. Ann Neurosci. (2024) 31:265-76. doi: 10.1177/09727531231191661

43. Zeng X, Sheng Z, Zhang Y, Xiao J, Li Y, Zhang J, et al. The therapeutic potential of
glycyrrhizic acid and its metabolites in neurodegenerative diseases: evidence from
animal models. Eur ] Pharmacol. (2024) 985:177098. doi: 10.1016/j.ejphar.2024.177098

44. Chaurasiya ND, Leon F, Muhammad I, Tekwani BL. Natural products inhibitors of
monoamine oxidases-potential new drug leads for neuroprotection, neurological disorders,
and neuroblastoma. Molecules. (2022) 27:4297. doi: 10.3390/molecules27134297

45. Park ], Sohn H, Koh YH, Jo C. Curcumin activates Nrf2 through PKCdelta-
mediated p62 phosphorylation at ser351. Sci Rep. (2021) 11:8430. doi:
10.1038/s41598-021-87225-8

46. Moldoveanu C, Tomoaia-Cotisel M, Sevastre-Berghian A, Tomoaia G, Mocanu A,
Pal-Racz C, et al. A review on current aspects of curcumin-based effects in relation to
neurodegenerative, neuroinflammatory and cerebrovascular diseases. Molecules. (2024)
30:1493. doi: 10.3390/molecules30010043

47. Rathore AS, Singh SS, Birla H, Zahra W, Keshri PK, Dilnashin H, et al. Curcumin
modulates P62-Keapl-Nrf2-mediated autophagy in rotenone-induced Parkinson's
disease mouse models. ACS Chem Neurosci. (2023) 14, 1412-1423. doi: 10.1021/
acschemneuro.2c00706

48.Xul,Hao L, YuJ, Cheng S, LiE Ding§, et al. Curcumin protects against rotenone-
induced Parkinson's disease in mice by inhibiting microglial NLRP3 inflammasome
activation and alleviating mitochondrial dysfunction. Heliyon. (2023) 9:¢16195. doi:
10.1016/j.heliyon.2023.e16195

49.Xu Q, Chen Y, Chen D, Reddy MB. The protection of EGCG against 6-OHDA-
induced oxidative damage by regulating PPARy and Nrf2/HO-1 signaling. Nutr Metab
Insights. (2024) 17:11786388241253436. doi: 10.1177/11786388241253436

50. Hao L, Zhang A, Lv D, Cong L, Sun Z, Liu L. EGCG activates Keap1/P62/Nrf2
pathway, inhibits iron deposition and apoptosis in rats with cerebral hemorrhage. Sci
Rep. (2024) 14:31474. doi: 10.1038/s41598-024-82938-y

51.Kim S, Seong K, Kim W, Jung J. Epigallocatechin gallate protects against hypoxia-
induced inflammation in microglia via NF-kB suppression and Nrf2/HO-1 activation.
Int ] Mol Sci. (2022) 23:4004. doi: 10.3390/ijms23074004

52.Xia Y, Wang H, Xie Z, Liu Z, Wang H. Inhibition of ferroptosis underlies EGCG
mediated protection against Parkinson's disease in a Drosophila model. Free Radic Biol
Med. (2024) 211:63-76. doi: 10.1016/j.freeradbiomed.2023.12.005

Frontiers in Nutrition

10.3389/fnut.2025.1677749

53. Shen J, Xie J, Ye L, Mao J, Sun S, Chen W, et al. Neuroprotective effect of green tea
extract (—)-epigallocatechin-3-gallate in a preformed fibril-induced mouse model of
Parkinson's disease. Neuroreport. (2024) 35:421-30. doi:
10.1097/WNR.0000000000002027

54.Li S, Wang Z, Liu G, Chen M. Neurodegenerative diseases and catechins:
(—)-epigallocatechin-3-gallate is a modulator of chronic neuroinflammation and
oxidative stress. Front Nutr. (2024) 11:1425839. doi: 10.3389/fnut.2024.1425839

55. Amin MA, Zehravi M, Sweilam SH, Shatu MM, Durgawale TP, Qureshi MS, et al.
Neuroprotective potential of epigallocatechin gallate in neurodegenerative diseases:
insights into molecular mechanisms and clinical relevance. Brain Res. (2025)
1860:149693. doi: 10.1016/j.brainres.2025.149693

56. Pontes NHL, de Sousa dos Reis TD, Vasconcelos CFM, de Aragdo P d TTD, Souza
RB, Junior FEAC. Impact of eugenol on in vivo model of 6-hydroxydopamine-induced
oxidative stress. Free Radic Res. (2021) 55:556-68. doi: 10.1080/10715762.2021.1971662

57.Vora U, Vyas VK, Wal P, Saxena B. Effects of eugenol on the behavioral and
pathological progression in the MPTP-induced Parkinson's disease mouse model. Drug
Discov Ther. (2022) 16:154-63. doi: 10.5582/ddt.2022.01026

58. Moreira Vasconcelos CF, da Cunha Ferreira NM, Hardy Lima Pontes N, de Sousa
Dos Reis TD, Basto Souza R, Aragao Catunda Junior FE, et al. Eugenol and its
association with levodopa in 6-hydroxydopamine-induced hemiparkinsonian rats:
behavioural and neurochemical alterations. Basic Clin Pharmacol Toxicol. (2020)
127:287-302. doi: 10.1111/bcpt.13425

59.Zhu X, Liu H, Liu Y, Chen Y, Liu Y, Yin X. The antidepressant-like effects of
hesperidin in streptozotocin-induced diabetic rats by activating Nrf2/ARE/glyoxalase 1
pathway. Front Pharmacol. (2020) 11:1325. doi: 10.3389/fphar.2020.01325

60. Zhang J, Jiang H, Wu E Chi X, Pang Y, Jin H, et al. Neuroprotective effects of
hesperetin in regulating microglia polarization after ischemic stroke by inhibiting TLR4/
NF-«kB pathway. ] Healthc Eng. (2021) 2021:9938874. doi: 10.1155/2021/9938874

61. Antunes MS, Goes ATR, Boeira SP, Prigol M, Jesse CR. Protective effect of
hesperidin in a model of Parkinson's disease induced by 6-hydroxydopamine in aged
mice. Nutrition. (2014) 30:1415-22. doi: 10.1016/j.nut.2014.03.024

62. Adedara AO, Bressan GN, Dos Santos MM, Fachinetto R, Abolaji AO, Barbosa
NV. Antioxidant responses driven by hesperetin and hesperidin counteract Parkinson's
disease-like phenotypes in Drosophila melanogaster. Neurotoxicology. (2024) 101:117-27.
doi: 10.1016/j.neuro.2024.02.006

63. Althurwi HN, Abdel-Rahman RE, Soliman GA, Ogaly HA, Alkholifi FK, Abd-
Elsalam RM, et al. Protective effect of beta-carotene against myeloperoxidase-mediated
oxidative stress and inflammation in rat ischemic brain injury. Antioxidants. (2022)
11:2344. doi: 10.3390/antiox11122344

64. Elkholy NS, Mohammed HS, Shafaa MW. Assessment of the therapeutic potential
of lutein and beta-carotene nanodispersions in a rat model of fibromyalgia. Sci Rep.
(2023) 13:19712. doi: 10.1038/s41598-023-46980-6

65. Chaves NSG, Janner DE, Poetini MR, Fernandes EJ, de Almeida FP, Musachio
EAS, et al. p-Carotene-loaded nanoparticles protect against neuromotor damage,
oxidative stress, and dopamine deficits in a model of Parkinson's disease in Drosophila
melanogaster. Comp Biochem Physiol C Toxicol Pharmacol. (2023) 268:109615. doi:
10.1016/j.cbpc.2023.109615

66.Su J, Liu L, Wang R, Li C, Wang Z, Xu Q, et al. Association between dietary
pB-carotene intake with Parkinson’s disease and all-cause mortality among American
adults aged 40 and older (NHANES 2001-2018). Front Nutr. (2024) 11:1430605. doi:
10.3389/fnut.2024.1430605

67.1i Z, Cao Z, Chen E Li B, Jin H. Lutein inhibits glutamate-induced apoptosis in
HT22 cells via the Nrf2/HO-1 signaling pathway. Front Neurosci. (2024) 18:1432969.
doi: 10.3389/fnins.2024.1432969

68. Ahn Y], Kim H. Lutein as a modulator of oxidative stress-mediated inflammatory
diseases. Antioxidants. (2021) 10:1448. doi: 10.3390/antiox10091448

69. Fernandes EJ, Poetini MR, Barrientos MS, Bortolotto VC, Araujo SM, Santos
Musachio EA, et al. Exposure to lutein-loaded nanoparticles attenuates Parkinson's
model-induced damage in Drosophila melanogaster: restoration of dopaminergic and
cholinergic system and oxidative stress indicators. Chem Biol Interact. (2021)
340:109431. doi: 10.1016/j.cbi.2021.109431

70. Song M, Zhang S, Gan Y, Ding T, Li Z, Fan X. Poria cocos polysaccharide reshapes
gut microbiota to regulate short-chain fatty acids and alleviate neuroinflammation-
related cognitive impairment in Alzheimer's disease. J Agric Food Chem. (2025)
73:10316-30. doi: 10.1021/acs.jafc.5c01042

71. Zhou X, Zhang Y, Jiang Y, Zhou C, Ling Y. Poria cocos polysaccharide attenuates damage
of nervus in Alzheimer's disease rat model induced by d-galactose and aluminum trichloride.
Neuroreport. (2021) 32:727-37. doi: 10.1097/WNR.0000000000001648

72.Lian W, Yang X, Duan Q, Li J, Zhao Y, Yu C, et al. The biological activity of
Ganoderma lucidum on neurodegenerative diseases: the interplay between different
active compounds and the pathological hallmarks. Molecules. (2024) 29:2516. doi:
10.3390/molecules29112516

73. Chen X, Deng Z, Zhang L, Pan Y, Fu J, Zou L, et al. Therapeutic potential of the
medicinal mushroom Ganoderma lucidum against Alzheimer's disease. Biomed
Pharmacother. (2024) 172:116222. doi: 10.1016/j.biopha.2024.116222

frontiersin.org


https://doi.org/10.3389/fnut.2025.1677749
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3892/etm.2017.5127
https://doi.org/10.3390/molecules20010293
https://doi.org/10.3892/ijmm.2021.4954
https://doi.org/10.3389/fphar.2024.1449101
https://doi.org/10.3389/fphar.2024.1449101
https://doi.org/10.1016/j.ijbiomac.2020.02.282
https://doi.org/10.1016/j.ijbiomac.2020.02.282
https://doi.org/10.3389/fphar.2021.648636
https://doi.org/10.1007/s11033-022-07270-y
https://doi.org/10.3390/antiox13030310
https://doi.org/10.4103/1673-5374.177741
https://doi.org/10.1038/s41401-024-01374-w
https://doi.org/10.1038/s41401-024-01374-w
https://doi.org/10.3390/ph17111493
https://doi.org/10.1007/s10528-024-10936-w
https://doi.org/10.1177/09727531231191661
https://doi.org/10.1016/j.ejphar.2024.177098
https://doi.org/10.3390/molecules27134297
https://doi.org/10.1038/s41598-021-87225-8
https://doi.org/10.3390/molecules30010043
https://doi.org/10.1021/acschemneuro.2c00706
https://doi.org/10.1021/acschemneuro.2c00706
https://doi.org/10.1016/j.heliyon.2023.e16195
https://doi.org/10.1177/11786388241253436
https://doi.org/10.1038/s41598-024-82938-y
https://doi.org/10.3390/ijms23074004
https://doi.org/10.1016/j.freeradbiomed.2023.12.005
https://doi.org/10.1097/WNR.0000000000002027
https://doi.org/10.3389/fnut.2024.1425839
https://doi.org/10.1016/j.brainres.2025.149693
https://doi.org/10.1080/10715762.2021.1971662
https://doi.org/10.5582/ddt.2022.01026
https://doi.org/10.1111/bcpt.13425
https://doi.org/10.3389/fphar.2020.01325
https://doi.org/10.1155/2021/9938874
https://doi.org/10.1016/j.nut.2014.03.024
https://doi.org/10.1016/j.neuro.2024.02.006
https://doi.org/10.3390/antiox11122344
https://doi.org/10.1038/s41598-023-46980-6
https://doi.org/10.1016/j.cbpc.2023.109615
https://doi.org/10.3389/fnut.2024.1430605
https://doi.org/10.3389/fnins.2024.1432969
https://doi.org/10.3390/antiox10091448
https://doi.org/10.1016/j.cbi.2021.109431
https://doi.org/10.1021/acs.jafc.5c01042
https://doi.org/10.1097/WNR.0000000000001648
https://doi.org/10.3390/molecules29112516
https://doi.org/10.1016/j.biopha.2024.116222

Wang et al.

74.Xu Y, Deng T, Xie L, Qin T, Sun T. Neuroprotective effects of hawthorn leaf
flavonoids in Ap,s;s-induced Alzheimer's disease model. Phytother Res. (2023)
37:1346-65. doi: 10.1002/ptr.7690

75.Rami M, Rahdar S, Nasab HA, Hoseininezhad SE, Ahmadi SNS, Rajizadeh MA.
The combination of hawthorn extract administration and high-intensity interval
training (HIIT) alleviates hippocampus damage in aged rats: the behavioral, molecular
and  histological  evaluations.  Biogerontology. ~ (2025)  26:137.  doi:
10.1007/s10522-025-10264-5

76. Damasceno ROS, Pinheiro JLS, Rodrigues LHM, Gomes RC, Duarte ABS, Emidio
JJ, et al. Anti-inflammatory and antioxidant activities of eugenol: an update.
Pharmaceuticals. (2024) 17:1505. doi: 10.3390/ph17111505

77. Prakash C, Tyagi ], Singh KV, Kumar G, Sharma D. Eugenol attenuates aluminium-
induced neurotoxicity in rats by inhibiting the activation of STAT3 and NF-«B. Metab
Brain Dis. (2025) 40:87. doi: 10.1007/s11011-024-01526-1

78. Liu H, Yue Q, Zhang W, Ding Q, Yang J, Lin M, et al. Xinglou chengqi decoction
protects against cerebral ischemia/reperfusion injury by inhibiting ferroptosis via
SLC7al1/GPX4 signaling. Adv Biol. (2024) 8:e2400180. doi: 10.1002/adbi.202400180

79. Zhai Y, Pang X, Mei X, Pang Y, Shu J, Xiao Y, et al. Shuanglu tongnao formula
alleviates cerebral ischemia/reperfusion injury by rebuilding inflammatory
microenvironment after cerebral ischemia. ] Ethnopharmacol. (2025) 346:119640. doi:
10.1016/j.jep.2025.119640

80. Wu ], Yang J, Hu J, Xu S, Zhang X, Qian S, et al. Reporting quality and risk of bias
of randomized controlled trials of Chinese herbal medicine for multiple sclerosis. Front
Immunol. (2024) 15:1429895. doi: 10.3389/fimmu.2024.1429895

81.Long J, Zhang ], Zeng X, Wang M, Wang N. Prevention and treatment of
Alzheimer's disease via the regulation of the gut microbiota with traditional chinese
medicine. CNS Neurosci Ther. (2024) 30:¢70101. doi: 10.1111/cns.70101

82.Zhou ], Yang Q, Wei W, Huo J, Wang W. Codonopsis pilosula polysaccharide
alleviates ulcerative colitis by modulating gut microbiota and SCFA/GPR/NLRP3
pathway. J Ethnopharmacol. (2025) 337:118928. doi: 10.1016/j.jep.2024.118928

83. Wang Y, Wang C, Zhu Y, Chen K, Yu Y, Li R, et al. Systematic pharmacology and
experimental validation revealed the mechanism of bupleurum Chinese DC-mediated
autophagy in alleviating osteoarthritis. J Ethnopharmacol. (2025) 351:120042. doi:
10.1016/j,jep.2025.120042

84.Tao J, Zhou J, Zhu H, Xu L, Yang J, Mu X, et al. Tetramethylpyrazine inhibits
ferroptosis in spinal cord injury by regulating iron metabolism through the Nrf2/ARE
pathway. Front Pharmacol. (2024) 15:1503064. doi: 10.3389/fphar.2024.1503064

85. Costa MFD, Rosler TW, Hoglinger GU. Exploring the neuroprotective potential
of Nrf2-pathway activators against annonacin toxicity. Sci Rep. (2024) 14:20123. doi:
10.1038/541598-024-70837-1

86. Manavi MA, Mohammad Jafari R, Shafaroodi H, Dehpour AR. The Keap1/Nrf2/
ARE/HO-1 axis in epilepsy: crosstalk between oxidative stress and neuroinflammation.
Int Immunopharmacol. (2025) 153:114304. doi: 10.1016/j.intimp.2025.114304

87. Wang S, Huang J, Chen Y, Liang Y, Chen L, Ye D, et al. Qifu-yin activates the
Keap1/Nrf2/ARE signaling and ameliorates synaptic injury and oxidative stress in APP/
PS1 mice. ] Ethnopharmacol. (2024) 333:118497. doi: 10.1016/j.jep.2024.118497

88. Maharati A, Moghbeli M. PI3K/Akt signaling pathway as a critical regulator of
epithelial-mesenchymal transition in colorectal tumor cells. Cell Commun Signal. (2023)
21:201. doi: 10.1186/s12964-023-01225-x

89. Peng Y, Wang Y, Zhou C, Mei W, Zeng C. PI3K/Akt/mTOR pathway and its role
in cancer therapeutics: are we making headway? Front Oncol. (2022) 12:819128. doi:
10.3389/fonc.2022.819128

90. AlRuwaili R, Al-Kuraishy HM, Al-Gareeb AI, Albuhadily AK, Alexiou A,
Papadakis M, et al. Targeting of the PI3 k/AKT/GSK3beta pathway in Parkinson's
disease: a therapeutic blueprint. Mol Neurobiol. (2025) 62:15108-31. doi:
10.1007/s12035-025-05113-y

91. Zhang T, Ma C, Zhang Z, Zhang H, Hu H. NF-kB signaling in inflammation and
cancer. MedComm. (2021) 2:618-53. doi: 10.1002/mco02.104

92. Barnabei L, Laplantine E, Mbongo W, Rieux-Laucat F, Weil R. NF-kB: at the
borders of autoimmunity and inflammation. Front Immunol. (2021) 12:716469. doi:
10.3389/fimmu.2021.716469

93. Kaltschmidt B, Helweg LP, Greiner JFW, Kaltschmidt C. NF-kB in
neurodegenerative diseases: recent evidence from human genetics. Front Mol Neurosci.
(2022) 15:954541. doi: 10.3389/fnmol.2022.954541

94. Zhang W, Xiao D, Mao Q, Xia H. Role of neuroinflammation in neurodegeneration
development. Signal Transduct Target Ther. (2023) 8:267. doi: 10.1038/s41392-023-01486-5

95.Wu S, Rong C, Lin R, Ji K, Lin T, Chen W, et al. Chinese medicine PaBing-II
protects human iPSC-derived dopaminergic neurons from oxidative stress. Front
Immunol. (2024) 15:1410784. doi: 10.3389/fimmu.2024.1410784

96.Lu S, JiN, Wang W, Lin X, Gao D, Geng D. Salidroside improves cognitive function
in Parkinson's disease via Braf-mediated mitogen-activated protein kinase signaling
pathway. Biomed Pharmacother. (2024) 177:116968. doi: 10.1016/j.biopha.2024.116968

97. Djaoudene O, Romano A, Bradai YD, Zebiri F, Ouchene A, Yousfi Y, et al. A global
overview of dietary supplements: regulation, market trends, usage during the COVID-19
pandemic, and health effects. Nutrients. (2023) 15:3320. doi: 10.3390/nu15153320

Frontiers in Nutrition

16

10.3389/fnut.2025.1677749

98. Mishra S, Stierman B, Gahche JJ, Potischman N. Dietary supplement use among
adults: United States, 2017-2018. NCHS Data Brief. (2021) 399:1-8. doi: 10.15620/
cdc:101131

99. Ma ], Huang S, Shi L, Shen Y, Gao S, Wu Z. Research progress on the effect of
medicine and food homology resources for sleep improvement. Heliyon. (2024)
10:€40067. doi: 10.1016/j.heliyon.2024.e40067

100. LiJ, YuJ, Guo J, Liu J, Wan G, Wei X, et al. Nardostachys jatamansi and levodopa
combination alleviates Parkinson's disease symptoms in rats through activation of Nrf2
and inhibition of NLRP3 signaling pathways. Pharm Biol. (2023) 61:1175-85. doi:
10.1080/13880209.2023.2244176

101. Liu M, Xue J, Cao Y, Hao Z, Wang Y, Li ], et al. The effects of nardosinone on
levodopa intervention in the treatment of Parkinson's disease. Biomed Pharmacother.
(2024) 174:116448. doi: 10.1016/j.biopha.2024.116448

102. Poetini MR, Musachio EAS, Araujo SM, Bortolotto VC, Meichtry LB, Silva NC,
et al. Improvement of non-motor and motor behavioral alterations associated with
Parkinson-like disease in Drosophila melanogaster: comparative effects of treatments
with  hesperidin and 1-dopa. Neurotoxicology. (2022) 89:174-83. doi:
10.1016/j.neuro.2022.02.004

103. Chavda VP, Patel AB, Mistry KJ, Suthar SE, Wu Z, Chen Z, et al. Nano-drug
delivery systems entrapping natural bioactive compounds for cancer: recent progress
and future challenges. Front Oncol. (2022) 12:867655. doi: 10.3389/fonc.2022.867655

104. Pandey R, Bhairam M, Shukla SS, Gidwani B. Colloidal and vesicular delivery system
for herbal bioactive constituents. Daru. (2021) 29:415-38. doi: 10.1007/s40199-021-00403-x

105. Lyu S, Zhang CS, Mao Z, Guo X, Li Z, Luo X, et al. Real-world Chinese herbal
medicine for Parkinson's disease: a hospital-based retrospective analysis of electronic medical
records. Front Aging Neurosci. (2024) 16:1362948. doi: 10.3389/fnagi.2024.1362948

106. Zhao W, Cui H, Liu J, Sun H, Zhang Z, Zhang Z, et al. Herbal interventions in
Parkinson's disease: a systematic review of preclinical studies. Cell Mol Neurobiol. (2025)
45:50. doi: 10.1007/s10571-025-01556-y

107. Huang C, Wang C, Zhang W, Yang T, Xia M, Lei X, et al. Preparation, in vitro and
in vivo evaluation of nanoemulsion in situ gel for transnasal delivery of traditional
Chinese medicine volatile oil from Ligusticum sinense Oliv.cv. Chaxiong. Molecules.
(2022) 27:7644. doi: 10.3390/molecules27217644

108. Phongpradist R, Thongchai W, Thongkorn K, Lekawanvijit S, Chittasupho C.
Surface modification of curcumin microemulsions by coupling of KLVFF peptide: a
prototype for targeted bifunctional microemulsions. Polymers. (2022) 14:443. doi:
10.3390/polym14030443

109. Wan ], Long Y, Liu S, Zhang Y, Xiang Y, Li D, et al. Geniposide-loaded liposomes
for brain targeting: development, evaluation, and in vivo studies. AAPS PharmSciTech.
(2021) 22:222. doi: 10.1208/s12249-021-02093-9

110. Patel SS, Pushpadass HA, Franklin MEE, Battula SN, Vellingiri P.
Microencapsulation of curcumin by spray drying: characterization and fortification of
milk. ] Food Sci Technol. (2022) 59:1326-40. doi: 10.1007/s13197-021-05142-0

111. Liu T, Zhang M, Zhang ], Kang N, Zheng L, Ding Z. Targeted delivery of
macrophage membrane biomimetic liposomes through intranasal administration for
treatment of ischemic stroke. Int ] Nanomedicine. (2024) 19:6177-99. doi:
10.2147/1JN.S458656

112. Katila N, Duwa R, Bhurtel S, Khanal S, Maharjan S, Jeong J, et al. Enhancement
of blood-brain barrier penetration and the neuroprotective effect of resveratrol. ] Control
Release. (2022) 346:1-19. doi: 10.1016/j.jconrel.2022.04.003

113. Ramires Junior OV, Alves BDS, Barros PAB, Rodrigues JL, Ferreira SP, Monteiro
LKS, et al. Nanoemulsion improves the neuroprotective effects of curcumin in an
experimental model of Parkinson's disease. Neurotox Res. (2021) 39:787-99. doi:
10.1007/s12640-021-00362-w

114. Imran M, Almehmadi M, Alsaiari AA, Kamal M, Alshammari MK, Alzahrani
MO, et al. Intranasal delivery of a silymarin loaded microemulsion for the effective
treatment of Parkinson's disease in rats: formulation, optimization, characterization, and
in vivo evaluation. Pharmaceutics. (2023) 15:618. doi: 10.3390/pharmaceutics15020618

115. Liu J, Gao D, Hu D, Lan S, Liu Y, Zheng H, et al. Delivery of biomimetic
liposomes via meningeal lymphatic vessels route for targeted therapy of Parkinson's
disease. Research. (2023) 6:30. doi: 10.34133/research.0030

116. Zhu H, Zhang H, Hou B, Xu B, Ji L, Wu Y. Curcumin regulates gut microbiota
and exerts a neuroprotective effect in the MPTP model of Parkinson's disease. Evid
Based Complement Alternat Med. (2022) 2022:9110560. doi: 10.1155/2022/9110560

117. QuJ, Xu N, Zhang J, Geng X, Zhang R. Panax notoginseng saponins and their
applications in nervous system disorders: a narrative review. Ann Transl Med. (2020)
8:1525. doi: 10.21037/atm-20-6909

118. Li Y, Fan ], Jin H, Wei E, Ma S. New vision for TCM quality control: elemental
fingerprints and key ingredient combination strategy for identification and evaluation
of TCMs. Eur ] Med Chem. (2025) 281:117006. doi: 10.1016/j.ejmech.2024.117006

119. Razali K, Algantri K, Loh SP, Cheng S, Mohamed W. Integrating nutriepigenomics
in Parkinson's disease management: new promising strategy in the omics era. IBRO
Neurosci Rep. (2022) 13:364-72. doi: 10.1016/j.ibneur.2022.10.003

120. Zhang X, Tang B, Guo J. Parkinson's disease and gut microbiota: from clinical to
mechanistic and therapeutic studies. Transl Neurodegener. (2023) 12:59. doi:
10.1186/540035-023-00392-8

frontiersin.org


https://doi.org/10.3389/fnut.2025.1677749
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1002/ptr.7690
https://doi.org/10.1007/s10522-025-10264-5
https://doi.org/10.3390/ph17111505
https://doi.org/10.1007/s11011-024-01526-1
https://doi.org/10.1002/adbi.202400180
https://doi.org/10.1016/j.jep.2025.119640
https://doi.org/10.3389/fimmu.2024.1429895
https://doi.org/10.1111/cns.70101
https://doi.org/10.1016/j.jep.2024.118928
https://doi.org/10.1016/j.jep.2025.120042
https://doi.org/10.3389/fphar.2024.1503064
https://doi.org/10.1038/s41598-024-70837-1
https://doi.org/10.1016/j.intimp.2025.114304
https://doi.org/10.1016/j.jep.2024.118497
https://doi.org/10.1186/s12964-023-01225-x
https://doi.org/10.3389/fonc.2022.819128
https://doi.org/10.1007/s12035-025-05113-y
https://doi.org/10.1002/mco2.104
https://doi.org/10.3389/fimmu.2021.716469
https://doi.org/10.3389/fnmol.2022.954541
https://doi.org/10.1038/s41392-023-01486-5
https://doi.org/10.3389/fimmu.2024.1410784
https://doi.org/10.1016/j.biopha.2024.116968
https://doi.org/10.3390/nu15153320
https://doi.org/10.15620/cdc:101131
https://doi.org/10.15620/cdc:101131
https://doi.org/10.1016/j.heliyon.2024.e40067
https://doi.org/10.1080/13880209.2023.2244176
https://doi.org/10.1016/j.biopha.2024.116448
https://doi.org/10.1016/j.neuro.2022.02.004
https://doi.org/10.3389/fonc.2022.867655
https://doi.org/10.1007/s40199-021-00403-x
https://doi.org/10.3389/fnagi.2024.1362948
https://doi.org/10.1007/s10571-025-01556-y
https://doi.org/10.3390/molecules27217644
https://doi.org/10.3390/polym14030443
https://doi.org/10.1208/s12249-021-02093-9
https://doi.org/10.1007/s13197-021-05142-0
https://doi.org/10.2147/IJN.S458656
https://doi.org/10.1016/j.jconrel.2022.04.003
https://doi.org/10.1007/s12640-021-00362-w
https://doi.org/10.3390/pharmaceutics15020618
https://doi.org/10.34133/research.0030
https://doi.org/10.1155/2022/9110560
https://doi.org/10.21037/atm-20-6909
https://doi.org/10.1016/j.ejmech.2024.117006
https://doi.org/10.1016/j.ibneur.2022.10.003
https://doi.org/10.1186/s40035-023-00392-8

Wang et al.

121. Montanari M, Mercuri NB, Martella G. Exceeding the limits with nutraceuticals:
looking towards Parkinson's disease and frailty. Int ] Mol Sci. (2024) 26:122. doi:
10.3390/ijms26010122

122. Li W, Wertheimer A. Narrative review: the FDAs perfunctory approach of dietary
supplement regulations giving rise to copious reports of adverse events. Innov Pharm.
(2023) 14:10. doi: 10.24926/iip.v14i1.4989

123. Thakkar S, Anklam E, Xu A, Ulberth F, Li ], Li B, et al. Regulatory landscape of
dietary supplements and herbal medicines from a global perspective. Regul Toxicol
Pharmacol. (2020) 114:104647. doi: 10.1016/j.yrtph.2020.104647

124. Chiba T, Tanemura N. Differences in the perception of dietary supplements
between dietary supplement/medicine users and non-users. Nutrients. (2022) 14:4114.
doi: 10.3390/nu14194114

125. Zhou ZD, Yi LX, Wang DQ, Lim TM, Tan EK. Role of dopamine in the
pathophysiology of Parkinson's disease. Transl Neurodegener. (2023) 12:44. doi:
10.1186/s40035-023-00378-6

126. Alushaj E, Handfield-Jones N, Kuurstra A, Morava A, Menon RS, Owen AM.
Increased iron in the substantia nigra pars compacta identifies patients with early
Parkinson's disease: a 3T and 7T MRI study. Neuroimage Clin. (2024) 41:103577. doi:
10.1016/j.nicl.2024.103577

127. Flones IH, Toker L, Sandnes DA, Castelli M, Mostafavi S, Lura N, et al.
Mitochondrial complex I deficiency stratifies idiopathic Parkinson's disease. Nat
Commun. (2024) 15:3631. doi: 10.1038/s41467-024-47867-4

128. O’Callaghan B, Hardy J, Plun-Favreau H. PINK1: from Parkinson's disease to
mitophagy and back again. PLoS Biol. (2023) 21:¢3002196. doi: 10.1371/journal.pbio.3002196

129. Skou LD, Johansen SK, Okarmus J, Meyer M. Pathogenesis of DJ-1/PARK?7-
mediated Parkinson's disease. Cells. (2024) 13:296. doi: 10.3390/cells13040296

130. Qi R, Sammler E, Gonzalez-Hunt CP, Barraza I, Pena N, Rouanet JP, et al. A
blood-based marker of mitochondrial DNA damage in Parkinson's disease. Sci Transl
Med. (2023) 15:eabo1557. doi: 10.1126/scitranslmed.abo1557

131. Baden P, Perez MJ, Raji H, Bertoli F, Kalb S, Illescas M, et al. Glucocerebrosidase
is imported into mitochondria and preserves complex I integrity and energy metabolism.
Nat Commun. (2023) 14:1930. doi: 10.1038/s41467-023-37454-4

Frontiers in Nutrition

17

10.3389/fnut.2025.1677749

132. Chang YH. Curcumin as a potential therapeutic agent for Parkinson's disease: a
systematic review. Front Pharmacol. (2025) 16:1593191. doi: 10.3389/fphar.2025.1593191

133. Zhang X, Wu H, Tang B, Guo J. Clinical, mechanistic, biomarker, and therapeutic
advances in GBAl-associated Parkinson's disease. Transl Neurodegener. (2024) 13:48.
doi: 10.1186/s40035-024-00437-6

134. Kyriacou NM, Gross AS, McLachlan AJ. Green tea catechins as perpetrators of
drug pharmacokinetic interactions. Clin Pharmacol Ther. (2025) 118:45-61. doi:
10.1002/cpt.3547

135. Ji P, Yang X, Zhao X. Application of metabolomics in quality control of traditional
Chinese medicines: a review. Front Plant Sci. (2024) 15:1463666. doi: 10.3389/fpls.2024.1463666

136. Fan X, Li K, Qin X, Li Z, Du Y. Advances in the preparation and bioactivity of
polysaccharides from medicinal plants with different molecular weights: a review. Chem
Biodivers. (2025) 22:¢03031. doi: 10.1002/cbdv.202403031

137. Zhou M, Xu K, Ge ], Luo X, Wu M, Wang N, et al. Targeting ferroptosis in
Parkinson's disease: mechanisms and emerging therapeutic strategies. Int ] Mol Sci.
(2024) 25:13042. doi: 10.3390/ijms252313042

138. Alam M, Abbas K, Mustafa M, Usmani N, Habib S. Microbiome-based therapies
for Parkinson's disease. Front Nutr. (2024) 11:1496616. doi: 10.3389/fnut.2024.1496616

139. Pereira GM, Teixeira-Dos-Santos D, Soares NM, Marconi GA, Friedrich DC,
Saffie Awad P, et al. A systematic review and meta-analysis of the prevalence of
Parkinson's disease in lower to upper-middle-income countries. npj Parkinsons Dis.
(2024) 10:181. doi: 10.1038/s41531-024-00779-y

140. Ben-Shlomo Y, Darweesh S, Llibre-Guerra J, Marras C, San Luciano M, Tanner
C. The epidemiology of Parkinson's disease. Lancet. (2024) 403:283-92. doi:
10.1016/S0140-6736(23)01419-8

141. Yang Q, Chang X, Li S, Li X, Kang C, Yuan W, et al. Disease burden of Parkinson's
disease in Asia and its 34 countries and territories from 1990 to 2021: findings from the
Global Burden of Disease Study 2021. Neuroepidemiology. (2024) 59:525-57. doi:
10.1159/000542606

142. Zhu J, Cui Y, Zhang J, Yan R, Su D, Zhao D, et al. Temporal trends in the
prevalence of Parkinson's disease from 1980 to 2023: a systematic review and meta-
analysis. Lancet Healthy Longev. (2024) 5:e464-79. doi: 10.1016/S2666-7568(24)00094-1

frontiersin.org


https://doi.org/10.3389/fnut.2025.1677749
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/ijms26010122
https://doi.org/10.24926/iip.v14i1.4989
https://doi.org/10.1016/j.yrtph.2020.104647
https://doi.org/10.3390/nu14194114
https://doi.org/10.1186/s40035-023-00378-6
https://doi.org/10.1016/j.nicl.2024.103577
https://doi.org/10.1038/s41467-024-47867-4
https://doi.org/10.1371/journal.pbio.3002196
https://doi.org/10.3390/cells13040296
https://doi.org/10.1126/scitranslmed.abo1557
https://doi.org/10.1038/s41467-023-37454-4
https://doi.org/10.3389/fphar.2025.1593191
https://doi.org/10.1186/s40035-024-00437-6
https://doi.org/10.1002/cpt.3547
https://doi.org/10.3389/fpls.2024.1463666
https://doi.org/10.1002/cbdv.202403031
https://doi.org/10.3390/ijms252313042
https://doi.org/10.3389/fnut.2024.1496616
https://doi.org/10.1038/s41531-024-00779-y
https://doi.org/10.1016/S0140-6736(23)01419-8
https://doi.org/10.1159/000542606
https://doi.org/10.1016/S2666-7568(24)00094-1

Wang et al. 10.3389/fnut.2025.1677749

Glossa ry TNF-a - Tumor necrosis factor-alpha
PD - Parkinson’s disease IL-1f - Interleukin-1 beta
SNpc - Substantia nigra pars compacta IL-6 - Interleukin-6

Nrf2/ARE - Nuclear factor erythroid 2-related factor 2/antioxidant ~ MAO-B - Monoamine oxidase B
response element

COX-2 - Cyclooxygenase-2
NF-kB - Nuclear factor kappa-light-chain-enhancer of activated B cells

LBP - Lycium barbarum polysaccharides
MMP - Mitochondrial membrane potential

APS - Astragalus polysaccharides
SOD - Superoxide dismutase

G-Rgl - Ginsenoside Rgl
GSH-Px - Glutathione peroxidase

GA - Glycyrrhizic acid
ROS - Reactive oxygen species

CUR - Curcumin
PC12 - Pheochromocytoma cell line PC12

EGCG - Epigallocatechin gallate
SH-SY5Y - Human neuroblastoma cell line SH-SY5Y

PFFs - Pre-formed fibrils
MPTP - 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine

CAT - Catalase
6-OHDA - 6-Hydroxydopamine

GST - Glutathione S-transferase
HO-1 - Heme oxygenase-1

PCP - Pachymaran
NQOI1 - NAD(P)H quinone dehydrogenase 1

GLTs - Ganoderma triterpenes
PI3K/Akt - Phosphoinositide 3-kinase/protein kinase B

HF - Hawthorn flavonoids
AMPK - AMP-activated protein kinase

PINKI1 - PTEN-induced putative kinase 1
mTOR - Mechanistic target of rapamycin

MDS-UPDRS - Movement Disorder Society-Unified Parkinson’s

MDA - Malondialdehyde Disease Rating Scale

TLR4 - Toll-like receptor 4 PDQ-39 - Parkinson’s Disease Questionnaire-39
MyD88 - Myeloid differentiation primary response protein 88 GRAS - Generally Recognized as Safe

HMGBI1 - High mobility group box 1 FDA - Food and Drug Administration

Bcl-2 - B-cell lymphoma 2 EFSA - European Food Safety Authority

Bax - Bcl-2-associated X protein RCT - Randomized controlled trial

MAPK - Mitogen-activated protein kinase TCM - Traditional Chinese Medicine
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