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Objective: Parkinson’s disease (PD) is a progressive neurodegenerative disorder, with neuroinflammation as core pathological 
drivers. The NLRP3/Caspase-1/IL-1β signaling pathway acts as a pivotal mediator of PD-related neuroinflammation, while exosome 
serves as key regulatory mediators of this pathway. This review systematically synthesizes the molecular mechanisms underlying 
exosome-mediated modulation of the NLRP3/Caspase-1/IL-1β axis in PD.
Methods: We screened PubMed and Embase databases from January 2010 to January 2025 to search for published studies. The search 
keywords used are as follows: [“Parkinsonl” or “PD”], [“exosome”], [“NLRP3” or “inflammation”], [“acupuncture” or “electroacu
puncture”]. Studies on human/animal models were included, and articles that did not meet the requirements were excluded.
Results: Exosomes exert dual regulatory effects on the NLRP3/Caspase-1/IL-1β axis, with functional divergence determined by their 
cellular origin. From a pro-inflammatory perspective, exosomes derived from microglia and neurons are enriched in NLRP3, ASC, α- 
syn oligomers, and pro-IL-1β. After endocytosis by target dopaminergic neurons or surrounding microglia, these exosomes trigger 
mitochondrial ROS overproduction and intracellular K+ efflux—two critical signals for NLRP3 inflammasome activation. This leads to 
the assembly of the NLRP3-ASC-Caspase-1 complex, subsequent cleavage of pro-IL-1β/pro-IL-18 into mature cytokines, and 
exacerbation of dopaminergic neuronal pyroptosis. Notably, α-syn oligomers carried by these exosomes also enhance fibril formation 
in recipient cells, further amplifying NLRP3 activation and α-syn propagation; for example, microglial exosomes from MPTP-induced 
PD mice show 2–3-fold higher NLRP3 expression compared to wild-type controls.
Conclusion: The exosome-NLRP3/Caspase-1/IL-1β axis mediates PD pathology. Targeting this axis holds promise for PD, and future 
research ought to optimize its clinical translation.
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Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disease worldwide. It is characterized by the 
progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc), abnormal aggregation of α- 
synuclein (α-syn) forming Lewy bodies, and chronic neuroinflammation in the brain.1,2 As a key driving factor for PD 
progression, neuroinflammation forms a vicious cycle with α-syn pathology: abnormally aggregated α-syn activates 
microglia, triggering the release of pro-inflammatory factors, which further exacerbates neuronal damage and α-syn 
aggregation.3,4 Among numerous inflammatory regulatory pathways, the NLRP3 inflammasome plays a central role—its 
activation cleaves caspase-1, promotes the release of pro-inflammatory cytokines IL-1β and IL-18, and induces 
pyroptosis, directly contributing to dopaminergic neuronal damage and neuroinflammation amplification.5,6
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As extracellular vesicles with a diameter of 30–150 nm, exosomes are key mediators of intercellular communication. 
They can carry bioactive molecules such as proteins (eg, α-syn, NLRP3), nucleic acids (microRNAs [miRNAs], 
messenger RNAs [mRNAs]), and lipids, crossing the blood–brain barrier (BBB) to transmit signals in the brain 
microenvironment.7,8 Recent studies have confirmed that exosomes play dual roles in the PD inflammatory microenvir
onment. On the one hand, pro-inflammatory cell-derived exosomes can mediate the activation of the NLRP3 inflamma
some and α-syn propagation, exacerbating neuroinflammation; on the other hand, anti-inflammatory cell-derived 
exosomes can remodel the brain’s anti-inflammatory microenvironment by inhibiting the NLRP3 pathway and clearing α- 
syn aggregation.9,10

Given the central role of exosomes in NLRP3 inflammation regulation and PD pathological progression, this review 
comprehensively elaborates on the regulatory network of the exosome-NLRP3 inflammatory axis in PD from perspec
tives including cell source specificity, inflammatory regulatory mechanisms, complication relevance, and therapeutic 
translational potential, aiming to provide novel insights into disease-modifying therapy for PD.

Overview of Exosomes and Parkinson’s Disease-Associated 
Neuroinflammation
Exosome Biology and Secretion in PD
Exosomes are released through the fusion of intracellular multivesicular bodies (MVBs) with the plasma membrane and 
are widely present in the blood, cerebrospinal fluid (CSF), and brain tissues.11 Their biogenesis is regulated by the 
endosomal sorting complex required for transport (ESCRT) pathway, Rab GTPase family, and lipid metabolism. Notably, 
the pathological microenvironment of PD (eg, oxidative stress, mitochondrial dysfunction) can significantly affect 
exosome secretion efficiency and cargo composition.12,13 For instance, in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced PD mouse models, exosome secretion from microglia and neurons in the substantia nigra region is 
increased by 2–3 folds compared with wild-type mice, with significantly elevated levels of α-syn oligomers, NLRP3, and 
ASC proteins in exosomes.9,14

The cargo of exosomes exhibits cell source specificity. Among these, microglia-derived exosomes (MDEs) are 
enriched in inflammation-related molecules (eg, NLRP3, IL-1β, inducible nitric oxide synthase [iNOS]). In contrast, 
mesenchymal stem cell (MSC)-derived exosomes are enriched in anti-inflammatory factors (eg, IL-10, transforming 
growth factor [TGF]-β) and neurotrophic factors (eg, brain-derived neurotrophic factor [BDNF], glial cell line-derived 
neurotrophic factor [GDNF]). Additionally, neuron-derived exosomes carry α-syn, synapse-associated proteins (eg, 
postsynaptic density protein 95 [PSD95]), and mitochondrial fragments.9,10,15 These characteristics render exosomes 
“carriers” of intercellular signal transmission in the PD inflammatory microenvironment, mediating inflammatory cross
talk between neurons, microglia, and astrocytes.7,16

PD Neuroinflammation and NLRP3-α-Syn Vicious Cycle
Neuroinflammation in PD is centered on sustained microglial activation, characterized by M1 polarization (high 
expression of Iba-1, CD68), increased release of pro-inflammatory cytokines (IL-1β, IL-6, tumor necrosis factor 
[TNF]-α), and reactive astrogliosis.3,17 As a “molecular switch” for inflammatory activation, the NLRP3 inflammasome 
requires two signals for its activation: the first (priming signal) is triggered by LPS, α-syn, etc, activating the NF-κB 
pathway and upregulating the expression of NLRP3 and pro-IL-1β; the second (activation signal) is mediated by 
mitochondrial ROS, K+ efflux, and lysosomal damage, inducing the assembly of the NLRP3-ASC-caspase-1 complex.5,18

In the substantia nigra region of the brain in PD patients and animal models, biomarkers of NLRP3 inflammasome 
activation (cleaved caspase-1, IL-1β, GSDMD-N) are all significantly upregulated and positively correlated with the 
degree of dopaminergic neuronal loss.5,19 More importantly, NLRP3 activation and α-syn pathology form a vicious cycle: 
α-syn aggregation primes the NLRP3 inflammasome via the Toll-like receptor 4 (TLR4)/NF-κB pathway, while activated 
NLRP3 inhibits autophagy (via the IL-1β/mammalian target of rapamycin [mTOR] signaling pathway), further promot
ing α-syn aggregation and propagation.3,4
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Bidirectional Exosome Regulation in PD Inflammation
Exosomes exhibit bidirectional regulatory properties of “pro-inflammatory-anti-inflammatory” in PD-related inflamma
tion, with the pro-inflammatory effect manifested by microglia- and neuron-derived exosomes serving as key mediators 
of inflammatory propagation (as shown in Figure 1). For instance, after BV2 microglia is stimulated by α-syn, the 
secreted exosomes carry NLRP3 and ASC. Following endocytosis by dopaminergic neurons, these exosomes activate the 
intracellular NLRP3 pathway, promoting IL-1β release and α-syn aggregation.9 Neuron-derived exosomes are capable of 
transporting α-syn oligomers, which activate the TLR4/NF-κB/NLRP3 axis in microglia and induce a vicious cycle: 
neuronal damage triggers exosome release, which in turn activates microglia, and this microglial activation subsequently 
leads to further neuronal damage.14

Meanwhile, the anti-inflammatory effect is reflected by mesenchymal stem cell (MSC)- and astrocyte-derived 
exosomes exerting neuroprotective effects via mechanisms including direct inhibition of NLRP3 inflammasome activa
tion, regulation of microglial polarization (M1→M2), and facilitation of α-syn clearance.9,10 For instance, astrocyte- 
derived exosomes can upregulate the expression of IL-10 and BDNF, inhibit NLRP3 activation in microglia, and reduce 
dopaminergic neuronal loss.15

These bidirectional effects depend on the cellular origin of exosomes, the disease stage of PD, and the inflammatory 
state of the microenvironment. In the early stage of PD, exosomes may exert protective effects by clearing α-syn. 
Whereas in the progressive stage of the disease, pro-inflammatory exosomes predominate, exacerbating inflammation and 
pathological progression.7,16

Figure 1 Dual Roles of Exosomes in Parkinson’s Disease Mediating Neuroinflammation vs Neuroprotection. Top Left (Vicious Cycle): The red-shaded region depicts the 
neurodegenerative feedback loop. Damaged Dopaminergic Neurons (left) exhibiting mitochondrial fragmentation release lipid vesicles containing α-synuclein oligomers 
(depicted as red clusters). These vesicles are internalized by Activated Microglia (M1 phenotype, Orange cell), triggering the assembly of NLRP3 inflammasomes (spoked 
wheel structures). The microglia subsequently release exosomes containing these inflammasomes and pro-inflammatory cytokines (eg, IL-1β, shown as red spiky spheres), 
which cycle back to further damage the neuron, inducing the formation of double-membraned autophagosomes. Bottom Right (Therapeutic Intervention): The blue-shaded 
region illustrates the protective mechanism. Mesenchymal Stem Cells (MSCs) or Astrocytes (teal cell) secrete Therapeutic Exosomes (blue vesicles). These exosomes are 
loaded with protective cargo, specifically microRNA-146a (miR-146a) (green strands) and Growth Factors such as BDNF (green rods). Upon uptake by the dopaminergic 
neuron, these factors restore mitochondrial health and interrupt the apoptotic pathway. Bold text: Highlights critical cell types (eg, Activated Microglia, Macrophage) and key 
molecular components (eg, NLRP3, NF-κB) central to the pathway; Red/Orange text and structures: Indicate pathological elements, pro-inflammatory cytokines, and 
damaged cellular states (eg, Damaged \α-syn, Mitochondrial Dysfunction); Arrows (→): Indicate the directional flow of exosomes and the sequence of signal transduction 
events (eg, Priming → Activation); Horizontal line (—): explanatory function.
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Cell-Specific Exosome Mechanisms in PD Inflammation
Immune Cell Exosomes: NLRP3 Activation and α-Syn Propagation
Immune cells (microglia, macrophages) are the primary propagators of NLRP3 inflammation, and their derived exosomes 
serve as core carriers for pro-inflammatory signal transduction in PD (Figure 2). Their mechanisms focus on NLRP3 
inflammasome activation and α-syn propagation. Studies have demonstrated that microglia-derived exosomes (MDEs) 
are the most widely studied pro-inflammatory exosomes in PD, and their regulation of inflammation depends on cargo 
composition and target cell types. NLRP3 and apoptosis-associated speck-like protein (ASC) carried by MDEs can 
directly enter neurons. By promoting mitochondrial ROS production and K+ efflux in neurons, MDEs activate the 
neuron-intrinsic NLRP3 inflammasome, leading to IL-1β release and neuronal pyroptosis.9 In MPTP-induced mouse 
models, inhibition of MDE release (via GW4869 treatment) reduced NLRP3 activation in substantia nigra neurons by 
50% and increased dopaminergic neuron survival rate by 40%.9

Furthermore, MDEs can encapsulate α-syn oligomers and facilitate α-syn spreading in the brain through intercellular 
transmission. After binding to MDEs, α-syn exhibits enhanced fibril-forming capacity, which further activates microglial 
NLRP3.7,16 Notably, released MDEs can be internalized by surrounding microglia and amplify NLRP3 inflammasome 
activation via the TLR4/NF-κB pathway, forming a “cascade reaction” of microglial population activation.20

Peripheral macrophage-derived exosomes (MaDEs) can cross the BBB to enter the brain, participating in the 
regulation of PD-related inflammation. For instance, exosomes secreted by peripheral blood macrophages from PD 
patients are enriched in TNF-α and IL-6, which can activate the NLRP3 inflammasome in brain microglia. In contrast, 
knockdown of macrophage exosome secretion alleviates neuroinflammation in MPTP-induced mice.21 Additionally, 
intestinal macrophage-derived exosomes can carry gut microbiota metabolites (eg, lipopolysaccharide [LPS]), activating 
the intracerebral NLRP3 pathway via the gut-brain axis and exacerbating PD-related inflammation.22

Figure 2 Immune Cell Exosomes mediated NLRP3 inflammatory cycle in Parkinson’s disease. Bold text: Highlights critical cell types (eg, Activated Microglia, Macrophage) 
and key molecular components (eg, NLRP3, NF-κB) central to the pathway; Red and Orange text and structures: Indicate pathological elements, pro-inflammatory cytokines, 
and damaged cellular states (eg, Damaged \α-syn, Mitochondrial Dysfunction); The red dots near macrophages are inflammatory factors, such as TNF - α; Arrows (→): 
Indicate the directional flow of exosomes and the sequence of signal transduction events (eg, Priming → Activation); Horizontal line (—): explanatory function.
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Neurocyte Exosomes: Heterogeneous Inflammation Regulation
Neurocyte-derived exosomes (from neurons and astrocytes) exhibit functional heterogeneity in PD-related inflammation. 
Neuron-derived exosomes are predominantly pro-inflammatory, while astrocyte-derived exosomes are predominantly 
anti-inflammatory.

Neuron-derived exosomes (NDEs) are key mediators of α-syn propagation and inflammation initiation, with their pro- 
inflammatory mechanisms involving two pathways. First, activating microglial NLRP3. α-syn oligomers carried by NDEs bind 
to toll-like receptor 2 (TLR2)/TLR4 on microglia, initiating the NF-κB pathway and upregulating the expression of NLRP3 and 
pro-IL-1β; meanwhile, mitochondrial fragments in NDEs can induce mitochondrial reactive oxygen species (ROS) production 
in microglia, triggering NLRP3 inflammasome activation.14,23 In A53T transgenic mice, inhibition of NDE secretion reduced 
IL-1β release from microglia by 35% and α-syn aggregation by 42%.14 Second, exacerbating neuron–neuron inflammatory 
propagation. NDEs released by damaged neurons can be internalized by adjacent healthy neurons, delivering α-syn and 
NLRP3-activated fragments, which leads to inflammatory spreading and neuronal population damage [52, 94].

Astrocyte-derived exosomes (ADEs) are key anti-inflammatory exosomes in the brain, with their regulatory 
mechanisms focusing on NLRP3 inhibition and neuroprotection. Studies have demonstrated that ADEs upregulate 
the expression of IL-10 and BDNF, inhibit microglial M1 polarization as well as the assembly and activation of 
the NLRP3 inflammasome, and simultaneously promote the phagocytic clearance of α-syn by microglia.15 In 
MPTP-induced mice, intravenous injection of ADEs reduced NLRP3 expression in the substantia nigra by 45% 
and increased the survival rate of tyrosine hydroxylase (TH)-positive neurons by 38%.15 Additionally, ADEs can 
upregulate the expression of tight junction proteins (eg, occludin, ZO-1), reduce the entry of peripheral inflam
matory factors into the brain, and indirectly inhibit NLRP3 inflammasome activation.24

Stem Cell Exosomes: Anti-Inflammation and Neuroprotection
Stem cell-derived exosomes (from mesenchymal stem cells and neural stem cells) have emerged as promising candidates 
for PD treatment due to their potent anti-inflammatory and neuroprotective activities, exhibiting multi-targeted regulation 
of NLRP3 inflammation.

Mesenchymal stem cell-derived exosomes (MSC-Exo) are the most extensively studied anti-inflammatory exosomes. 
They inhibit NLRP3 inflammation through three pathways: direct inhibition of NLRP3 assembly, autophagy-mediated 
NLRP3 degradation promotion, and regulation of microglial polarization. MiR-146a and miR-29c carried by MSC-Exo can 
directly target the 3’ untranslated region (3’UTR) of NLRP3 mRNA to inhibit its expression; meanwhile, TGF-β in MSC- 
Exo activates the Smad pathway, downregulates nuclear factor-κB (NF-κB) activity, and blocks the priming signal of the 
NLRP3 inflammasome [97, S1].24,25 MSC-Exo can activate the autophagic pathway in neurons and microglia (upregulating 
the LC3-II/LC3-I ratio and reducing p62 expression), promote NLRP3 protein degradation, and simultaneously enhance α- 
syn clearance.10 Additionally, MSC-Exo can induce microglial polarization toward the M2 phenotype (high expression of 
arginase-1 [Arg-1] and CD206), reduce the release of IL-1β and TNF-α, and increase the secretion of IL-4 and IL-10.26 In 
MPTP-induced PD mice, intranasal administration of MSC-Exo significantly improved motor dysfunction, reduced the 
expression of NLRP3 and IL-1β in the substantia nigra by 60%, and decreased dopaminergic neuronal loss by 55%.10

Neural stem cell-derived exosomes (NSC-Exo) possess both anti-inflammatory and neuroregenerative activities, with 
their regulation of NLRP3 inflammation relying on neurotrophic factors and miRNA networks. BDNF secreted by NSC- 
Exo can activate the TrkB pathway in neurons, enhance mitochondrial function, and reduce ROS-mediated NLRP3 
activation.26 Additionally, miR-124 carried by NSC-Exo can target TLR4, inhibit the NF-κB/NLRP3 pathway, and 
simultaneously promote microglial M2 polarization.8 We have summarized the inflammatory regulatory characteristics of 
extracellular vesicles from different sources, as shown in Table 1.

PD Complications and the Exosome-NLRP3 Axis
Complications of PD are categorized into motor-related and non-motor-related types. The exosome-NLRP3 inflammatory 
axis exhibits specificity in its roles across different complications, which is closely associated with differences in affected 
brain regions and inflammatory networks.

Neuropsychiatric Disease and Treatment 2026:22                                                                              https://doi.org/10.2147/NDT.S587802                                                                                                                                                                                                                                                                                                                                                                                                       5

Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Table 1 Comparison of Inflammatory Regulatory Characteristics of Extracellular Vesicles from Different Sources

Extracellular 
Vesicle Source

Model Core Inflammation 
Regulation Direction

Key Molecular Targets Main Mechanism of Action Reference

Microglia C57BL/6J mice Pro-inflammatory NLRP3, IL-1β, iNOS Mediate NLRP3 activation and release of IL-1β and iNOS [27]
Microglia C57BL/6J mice Pro-inflammatory NLRP3, IL-1β, α-syn, 

Caspase-1

Activate NLRP3 and promote the release of IL-1β [23]

Microglia C57BL/6J mice Pro-inflammatory NLRP3, α-syn Promote NLRP3 inflammasome mediated neuroinflammation [20]
Astrocytes (A1) C57BL/6J mice Pro-inflammatory NLRP3, caspase-1, NF-κB Activate NLRP3 inflammasome and caspase-1 [28]

Macrophage C57BL/6J mice Pro-inflammatory NLRP3, ASC, caspase1, 

TIRAP, NF-κB

Inhibition of NLRP3 and TIRAP/NF - κ B pathway activation [29]

Macrophage C57BL/6J mice and Bv-2 

cells

Pro-inflammatory NLRP3, caspase-1, IL-1β, IL- 

18

Inhibit the protein expression of NLRP3 and caspase-1, and reduce the 

levels of IL-1 β and IL-18

[30]

DA neurons C57BL/6J mice Anti-inflammatory NLRP3, Caspase-1 Inhibition of NLRP3 inflammasome activation [31]
DA neurons Nlrp3−/−, Drd1−/−, and 

Drd2−/− mice

Anti-inflammatory cAMP, NLRP3 Negative regulation of NLRP3 inflammasome by cAMP [32]

Astrocytes (A2) Rats Anti-inflammatory NLRP3, ASC, Caspase-1, Inhibition of NLRP3 inflammasome activation and cysteine protease- 
1 secretion

[33]

Astrocytes (A2) Rats Anti-inflammatory NLRP3, S1PR3, IRF5, miR- 

628

Delivery of miR-628 inhibits NLRP3, S1PR3, and IRF5 [34]

Mesenchymal stem 

cell

C57BL/6J mice Anti-inflammatory miR-146a, NLRP3, ASC, 

LC3-II, Beclin1

Directly inhibit NLRP3 expression and promote NLRP3 degradation [35]

Mesenchymal stem 
cell

C57BL/6J mice and 
MN9D cells

Anti-inflammatory NLRP3, CDK5 Release microRNA (miR)-188-3p to inhibit NLRP3 and CDK5 
activation

[36]

Abbreviations: α-syn, α-synuclein; DA, Dopamine; CDK5, Cell division protein kinase 5; cAMP, cyclic adenosine monophosphate; miR, microRNA; iNOS, inducible nitric oxide synthase; SIRP3, Sphingosine-1-phosphate receptor 3; 
IRF5, Interferon Regulatory Factor 5.
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Motor Complications: Nigrostriatal NLRP3 Activation
Freezing of gait (FOG) and postural instability (core affected brain region: nigrostriatal pathway) are the most common 
motor complications of PD, with their core inflammatory mechanism being exosome-mediated NLRP3 inflammation 
activation in the nigrostriatal pathway. The TLR4/NF-κB/NLRP3 axis and α-syn/TLRs/NF-κB/NLRP3 axis are key axes 
driving inflammatory progression in the disease.3,9 NLRP3, IL-1β, TNF-α, inducible nitric oxide synthase (iNOS), and α- 
syn oligomers carried by exosomes are core biomarkers of inflammatory progression.37 MDEs carry NLRP3 and α-syn, 
target and damage substantia nigra dopaminergic neurons and striatal synapses, leading to impaired motor coordination. 
In MPTP-induced mice, the level of NLRP3 in MDEs is positively correlated with the incidence of FOG, and inhibition 
of exosome release prolongs the rotarod test latency by 30%.9

Dysphagia (core affected brain region: brainstem swallowing center) has been rarely studied, but preliminary 
evidence indicates that the NLRP3/IL-1β axis is a key inflammatory axis driving the occurrence and progression of 
the condition.37 After brainstem microglia are stimulated by α-syn carried by exosomes, NLRP3 is activated to release 
IL-1β, damaging dysphagia-related neurons. Subsequently, exosomes can spread from the substantia nigra to the 
brainstem, exacerbating local inflammation.37

Non-Motor Complications: Hippocampal/Amygdalar/Gut-Brain Axis
Cognitive impairment (core-affected brain region: hippocampus) is an important non-motor complication of PD, with the 
exosome-NLRP3 inflammatory axis focusing on hippocampal synaptic damage. The cGAS-STING-NLRP3 axis and NLRP3/ 
IL-1β/PSD95 axis are key inflammatory axes.38,39 NLRP3, IL-1β, PSD95 (synaptic plasticity marker), and BrdU+/NeuN+ 

(neurogenesis marker) are critical biomarkers of inflammatory progression.38 MDEs carry NLRP3 into hippocampal neurons, 
activate the inflammasome, reduce synaptic density (by decreasing PSD95 expression) and neurogenesis, leading to spatial 
memory impairment. In the Morris water maze test, mice with regulated NLRP3 in exosomes showed a 40% increase in time 
spent in the target quadrant.38

Depression and anxiety (core affected brain region: amygdala) are associated with NLRP3 activation in the amygdala 
and neurotrophic factor imbalance as their core inflammatory mechanisms. The amygdalar NLRP3/IL-1β/BDNF axis is 
a key axis driving inflammatory progression.37 NLRP3, IL-1β, and BDNF are core inflammatory biomarkers.37,40 Studies 
have shown that after NLRP3 activation in amygdalar MDEs, BDNF secretion is inhibited, leading to depressive-like 
behaviors. Following exosome regulation, the immobility time of mice in the forced swim test was reduced by 28%, and 
the exploration time in the central zone of the open field test was increased by 32%.37,41

Autonomic dysfunction (core affected brain region and organ: autonomic nervous center + intestine) is closely 
associated with inflammatory propagation via the gut-brain axis. The gut-brain axis NLRP3 pathway is a key pathway 
influencing inflammatory progression.22 NLRP3, LPS, and short-chain fatty acids (SCFA) are core biomarkers of 
inflammation induction.42 Gut microbiota dysbiosis leads to increased LPS carried by exosomes, which enter the central 
nervous system (CNS) via the gut-brain axis and activate NLRP3 inflammation in the autonomic nervous center.43 After 
gut microbiota modulation by electroacupuncture, exosomal LPS is reduced, and autonomic functions (eg, defecation 
frequency) are improved.44,45

The exosome-NLRP3 inflammatory axis in different complications is centered on NLRP3 inflammasome activation, with 
exosomes serving as carriers of inflammatory signals to mediate α-syn propagation and pro-inflammatory cytokine release.46 

However, affected brain regions determine the specificity of inflammatory networks (the nigrostriatal pathway focuses on 
motor function, the hippocampus on cognition, and the amygdala on emotion), and biomarker expression profiles vary with 
brain region functions (eg, decreased PSD95 in cognitive impairment and reduced BDNF in depression and anxiety).

Exosome-Targeted Interventions for PD Inflammation
Based on the core role of exosomes in PD-related inflammation, current intervention strategies are mainly categorized 
into four types: regulation of exosome origin, modification of exosome cargo, enhancement of exosome delivery, and 
non-pharmacological combined intervention.47–51 All strategies are in the preclinical research stage, with some showing 
promising translational potential, as shown in Figure 3.
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Inhibit Pro-Inflammatory Exosome Secretion
This strategy is mainly achieved by small-molecule inhibitors blocking exosome secretion from pro-inflammatory cells 
(microglia, neurons), thereby reducing NLRP3 inflammatory propagation. GW4869 (a ceramide synthase inhibitor) and 
DMA (an exosome release inhibitor) are representative agents.9,52,53 Studies have demonstrated that, after treating 
MPTP-induced mice with GW4869, exosome secretion from brain microglia was reduced by 50%, the expression of 
NLRP3 and IL-1β was decreased by 45%, and the survival rate of dopaminergic neurons was increased by 40%.9 Small- 
molecule inhibitors offer simple operation and rapid inhibition of inflammatory propagation, but they lack cell specificity 
and may simultaneously suppress the secretion of anti-inflammatory exosomes.

Exosome Cargo Modification (Engineered/Drug-Loaded)
Currently, there are two main approaches for the modification of exosome cargo. The first is genetically modified 
exosomes, whose core mechanism involves modifying exosome donor cells via approaches such as small interfering 
RNA (siRNA) and lentiviral transfection, enabling the secreted exosomes to carry anti-inflammatory molecules (eg, 
NLRP3 siRNA, miR-146a).54,55 Studies have demonstrated that lentiviral transfection of BV2 microglia to silence 
NLRP3 resulted in exosomes that reduced α-syn aggregation in neurons by 35%.9,55 Additionally, after transfecting 
mesenchymal stem cells (MSCs) with miR-146a, the efficiency of exosomes in inhibiting NLRP3 activation was 
doubled.56 Genetically modified exosomes exhibit high targeting specificity, allowing precise regulation of inflammatory 
pathways, but the efficiency and safety of gene transfection require further optimization.

Figure 3 Therapeutic Interventions Targeting the Exosome-NLRP3 Aixs in Parkinson’s Disease. Top Panel (Stem Cell Therapy): Mesenchymal Stem Cells (MSCs) and 
Astrocytes are utilized to secrete therapeutic exosomes. These vesicles are naturally enriched with miR-146a (genetic regulator) and BDNF (Brain-Derived Neurotrophic 
Factor), which are transferred to recipient cells to promote survival and anti-inflammatory states. Left Panel (Chemical Inhibition): The pharmacological agent GW4869 is 
depicted inhibiting the exosomal secretory machinery of pro-inflammatory M1 Microglia. This blockade prevents the release of “MDEs” (Microglial-Derived Exosomes) 
carrying toxic α-synuclein and NLRP3 inflammasome components. Right Panel (Engineering & Loading): Engineered exosomes are modified with surface Transferrin 
Receptor (TfR) Antibodies (Y-shaped markers) to facilitate transport across the Blood-Brain Barrier (BBB). These vesicles serve as delivery vehicles for siRNA and MCC950 
(a specific NLRP3 inhibitor) to directly target microglial inflammation. Bottom Panel (Gut-Brain Regulation): Probiotics are used to modulate the intestinal environment, 
strengthening the gut barrier and reducing the release of Lipopolysaccharide (LPS)-associated exosomes into the Gut-Brain Axis. Center Panel (Recovery Zone): The 
cumulative effect of these interventions is the promotion of a Healing Neuron phenotype (characterized by restored mitochondrial function and enhanced autophagy) and 
the repolarization of microglia to the protective Resting (M2) phenotype. Bold text: Indicates specific biological structures, molecules, or labels explicitly visible in the figure; 
Blue and Green text elements: Correspond to therapeutic agents (eg, “miR-146a”, “BDNF”) and neuroprotective states (eg, “Healing Neuron”) depicted in cool tones in the 
diagram; Red and Orange text elements: Correspond to pathological drivers (eg, “LPS”, “α-syn”) and inflammatory states (eg, “M1 Microglia”) depicted in warm tones in the 
diagram; Arrows (→): Indicate promotion, secretion, or transfer pathways; T-bars (T): Indicate inhibition or suppression of a pathway; Red Cross (×): Indicates the blockage 
or prohibition of a pathological process.
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The second approach is drug-loaded exosomes, which involves loading NLRP3 inhibitors (eg, MCC950) and 
antioxidants (eg, curcumin) into exosomes to enhance drug brain penetrability and targeting specificity.57,58 When 
MCC950 is loaded into MSC-derived exosomes and administered intranasally, the intracerebral drug concentration is 
increased by 5-fold compared with free MCC950, and NLRP3 activation is reduced by 60%.59 Drug-loaded exosomes 
can synergistically exert the anti-inflammatory effects of exosomes and the inhibitory effects of drugs. However, the 
loading efficiency and drug release kinetics require further optimization.

Enhance Exosome Delivery (BBB Penetration)
Enhancement of exosome delivery involves the use of nanocarriers (eg, PEGylated liposomes, metal-organic frameworks 
[MOFs]) or ligand modification (eg, transferrin receptor [TfR] antibodies, CD11b ligands) to improve the BBB 
penetrability and microglial targeting specificity of exosomes.59–61

Studies have demonstrated that PEGylated liposome-encapsulated MSC-derived exosomes exhibit an 8-fold increase 
in intracerebral uptake compared with free exosomes and can reduce NLRP3 inflammation in the substantia nigra by 
70%.59,62 Exosome delivery enhancement can address the key issue of low exosome brain delivery efficiency; however, 
the long-term safety of nanocarriers requires evaluation.

Non-Pharmacological Interventions (EA/Probiotics)
Electroacupuncture is a major clinical approach for regulating exosomes to treat inflammation. It modulates gut 
microbiota to increase SCFA, reduce LPS content in intestine-derived exosomes, and inhibit gut-brain axis NLRP3 
inflammation.22,63 In an animal study, after electroacupuncture treatment of 6-hydroxydopamine (6-OHDA)-induced rats, 
fecal SCFA was increased by 2-fold, exosomal LPS was reduced by 45%, motor dysfunction was improved, and NLRP3 
expression in the substantia nigra was decreased by 38%.22,64

Probiotic intervention can also regulate exosomes to inhibit inflammation. Studies have demonstrated that supple
mentation with probiotics such as Bifidobacteria and Lactobacilli modulates gut microbiota balance and reduces the 
secretion of pro-inflammatory exosomes.21,65 After probiotic intervention in MPTP-induced mice, intestinal barrier 
function was enhanced (occludin upregulated by 30%), NLRP3 activation in brain microglia was reduced by 35%, 
and α-syn aggregation was decreased by 40%.21,66 We compared the conversion potential of different intervention 
strategies, as shown in Table 2.

Preclinical Progress and Translational Challenges
PD heterogeneity demands a nuanced understanding of NLRP3’s functional role in disease pathogenesis sporadic PD 
which accounts for 90% of all clinical cases displays robust NLRP3 activation associated with gut microbiota dysbiosis 
and exosomal LPS transmission,21 while monogenic PD variants such as LRRK2 G2019S exhibit milder NLRP3 
involvement owing to the predominance of kinase-mediated pathological processes.39 Human clinical evidence corro
borates the clinical relevance of NLRP3 in PD the levels of NLRP3 and IL-1β in the cerebrospinal fluid and peripheral 
exosomes of PD patients are two to three times higher than those in healthy controls, and these elevations correlate with 
UPDRS scores and α-syn aggregation.50,75 Postmortem pathological studies have confirmed the colocalization of NLRP3 
with α-syn in dopaminergic neurons and activated microglia within the substantia nigra.23,28 These lines of evidence 
establish a critical link between preclinical experimental findings and clinical patient populations and further highlight 
the subtype- and stage-dependent contributions of NLRP3 to PD pathogenesis.

Currently, all exosome-targeted interventions for PD-related inflammation are in the preclinical stage and have not yet 
entered clinical trials. The efficacy of exosome regulatory strategies has been validated in various PD animal models, 
such as MPTP-induced, A53T transgenic, and 6-hydroxydopamine (6-OHDA)-induced models, including improvements 
in motor function, protection of dopaminergic neurons, and inhibition of inflammation.10,59,76,77 In terms of technical 
breakthroughs, nanocarrier delivery systems (eg, PEGylated liposomes, metal-organic frameworks [MOFs]) have 
significantly enhanced exosome brain penetrability, enabling intracerebral drug concentrations to reach the therapeutic 
threshold.59,78 Additionally, engineered exosomes (eg, siRNA-modified, ligand-targeted) exhibit significantly superior 
targeting specificity and anti-inflammatory activity compared with natural exosomes.9,56
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Table 2 Comparison of Conversion Potential of Different Intervention Strategies

Intervention 
Strategy

Model Signaling 
Pathway

Mechanism Result Advantages Challenges Reference

Extracellular 

vesicle source 

inhibition

Rat nucleus 

pulposus cells

Nrf2/HO- 

1/NLRP3

NLRP3↓, IL-1β↓, 

Nrf2↑, HO-1↑
Inhibition of NLRP3 inflammasome activation and local cell 

death

Easy to 

operate, quick 

to take effect

Lack of cell 

specificity

[9,67]

Gene modified 

exosomes

C57/BL6 mice MAPK / 

Akt

IL-1β↓, IL-6↓, IL-17↓, IL-18↓, 

TNF-α↓, iNOS 

IL-4↑, Arg1

Exosomes derived from vMIP-II-Lamp2b gene-modified M2 

cells provide neuroprotection by targeting the injured spinal 

cord, inhibiting chemokine signals and modulating microglia/ 
macrophage polarization in mice

Strong 

targeting ability 

and clear 
mechanism

Low 

transfection 

efficiency, 
safety to be 

verified

[68]

Drug loaded 
extracellular 

vesicles

C57/BL6 mice HMGB1/ 
NLRP3

HMGB1↓, NLRP3↓, Caspase- 
1↓, Caspase-3↓, iNOS↓ 
IL-10↑, TGF-β↑, Arg-1↑

Extracellular vesicles derived from MSCs carrying 
dexamethasone alleviate inflammatory damage in septic mice

Synergistic 
anti- 

inflammatory, 

high drug 
utilization rate

Low load 
efficiency and 

unstable 

release 
dynamics

[59]

Nano carrier 

delivery

Zebrafish — NLRP3↓, α-SMA↓ Forming specific ligand receptor interactions with CD44, 

inhibiting NLRP3 activation, thereby reducing inflammatory 
response.

Strong brain 

penetration 
and improved 

targeting ability

Long term 

safety 
unknown

[69]
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Electroacupuncture Rats LPS/ 

NLRP3

6-OHDA↓, gasdermin D↓, 

Caspase1↓, IL-1β↓, LPS↓ 
DA↑

EA has the potential to alleviate PD-related symptoms and 

safeguard dopaminergic neurons by rectifying gut microbiota 
dysbiosis and downregulating the LPS/NLRP3 immune 

pathway along the gut-brain axis in PD rat models.

Non invasive, 

high safety

The 

mechanism of 
action needs 

further 

clarification

[22]

C57BL/6 mice NLRP3/ 
Caspase-1

NLRP3↓, IL-1β↓, IL-18↓, 
caspase-1↓, gasdermin D↓, 

DA↑

EA mitigates PD symptoms and exerts neuroprotective 
effects by inhibiting NLRP3 inflammasome-mediated 

neuroinflammation.

[70]

C57BL/6 mice Nrf2/ 
NLRP3/ 

Caspase-1

IL-1β↓, IL-18↓, NLRP3↓, 
Caspase-1↓, gasdermin D↓ 
Nrf2↑, DA↑

EA stimulation can inhibit the neuroinflammatory response in 
PD mice, which may be related to its regulation of flame 

erosion mediated by the Nrf2/NLRP3/Aspase-1 pathway.

[71]

Rats Sirt3/ 
NLRP3/ 

gasdermin 

D

α-syn↓, NLRP3↓, GSDMD↓, 
ASC↓, Caspase-1↓ 
Sirt3↑

EA can repair neuronal damage and alleviate mitochondrial 
damage in PD rats by regulating the Sirt3/NLRP3/GDMD 

signaling pathway.

[72]

Rats NLRP3/ 

Caspase-1

IL-1β↓, IL-18↓, NLRP3↓, 

Caspase-1↓, gasdermin D↓, α- 
syn↓, ASC↓

The ameliorative effect of EA on dopaminergic neuron 

damage in PD rats may be related to its effects in inhibiting 
NLRP3/Caspase-1 mediated neuronal pyrosis.

[73]

C57BL/6 mice TXNIP/ 

NLRP3

TXNIP↓, NLRP3↓, α-syn↓ EA can reduce the abnormal accumulation of α - syn in the 

colon tissue of PD mice, regulate the TXNIP/NLRP3 signaling 
pathway, and thus delay the occurrence and development of 

PD.

[74]

Notes: ↑: Increased expression/level; ↓: Decreased expression/level. 
Abbreviations: TXNIP, Thioredoxin interaction protein; α-syn, α-synuclein; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; SIRT3, Silent Information Regulator 3; —, no signal pathway.
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Numerous core challenges remain for the clinical translation of exosome-targeted therapeutic strategies. First, 
exosome heterogeneity and standardization. The cargo and functions of exosomes are significantly influenced by 
donor cell type, culture conditions, and disease stage, leading to poor reproducibility of experimental results among 
different research teams and a lack of unified exosome preparation and quality control standards.79,80 Studies have shown 
that the content of miR-146a in MSC-derived exosomes from different sources can vary by 3-fold, directly affecting their 
NLRP3 inhibitory efficiency.56 Second, insufficient brain penetrability and targeting specificity. The efficiency of natural 
exosomes crossing the BBB is only 0.1%-1%, making it difficult to achieve effective intracerebral concentrations.81,82 

Although nanocarriers and ligand modification can improve delivery efficiency, issues such as carrier toxicity and 
immunogenicity persist.59,83 Additionally, there is a lack of clinical biomarkers for monitoring the activity of the 
exosome-NLRP3 inflammatory axis, making it difficult to evaluate the efficacy of intervention strategies.2 Although 
levels of NLRP3 and IL-1β in peripheral blood are associated with PD severity, whether they can reflect intracerebral 
inflammatory status remains to be verified.39 Most importantly, safety assessment is lacking. The long-term safety of 
exosome-targeted interventions is unclear: inhibition of exosome origin may disrupt normal intercellular communication; 
genetically modified exosomes may carry the risk of insertional mutations; and nanocarriers may accumulate in the brain, 
triggering long-term inflammation.8,39

Limitations and Future Directions
The existing evidence has the following limitations. First, unclear cell-specific mechanisms. Most studies focus on the 
overall effects of exosomes, lacking specific sorting and functional validation of exosomes derived from different cell types 
such as microglia and neurons.7,16 Second, insufficient research on disease stage dependency. The functional switching 
mechanism of exosomes (anti-inflammatory in the early stage of PD and pro-inflammatory in the progressive stage) has not 
been clarified, making it difficult to develop stage-specific intervention strategies.7 Third, lack of clinical data. All studies 
are based on cell and animal models, with a shortage of human sample validation (eg, the correlation between exosomal 
NLRP3 levels in CSF of PD patients and disease severity).39 Fourth, inadequate research on the crosstalk between 
exosomes and other inflammatory pathways. For instance, the interactions between the exosome-NLRP3 axis and pathways 
such as TLR4 and cGAS-STING remain unclear.18

Future research should focus on the following aspects. First, it is necessary to decipher the functional specificity of 
exosome subpopulations. Using techniques such as single-cell sequencing and flow cytometry sorting, we isolate exosome 
subpopulations from different cell sources with distinct cargo compositions, and clarify their specific roles in inflammation 
regulation.84,85 Second, we explore disease stage-dependent mechanisms. Construct progressive PD models (eg, different 
age stages of A53T transgenic mice) to analyze changes in exosome secretion and function with disease progression.7,75,86

Additionally, there is a need to develop clinically applicable biomarkers: validate the correlation between biomarkers 
of the “exosome-NLRP3-IL-1β” axis in CSF/peripheral blood and PD severity as well as complications, providing tools 
for clinical efficacy monitoring.87,88 Furthermore, we design combined intervention strategies, such as “nanocarrier- 
delivered engineered exosomes + NLRP3 inhibitors”, to synergistically exert targeted delivery and inflammation 
inhibitory effects.89–91 Most importantly, conduct preclinical safety assessments. Systematically evaluate the long-term 
toxicity, immunogenicity, and BBB accumulation risk of exosome-targeted intervention strategies.92,93

Conclusion
PD progression is tightly linked to the exosome-NLRP3 inflammatory axis, which mediates the vicious cycle between 
neuroinflammation and α-synuclein pathology. This review highlights exosomes as dual-function mediators. Pro- 
inflammatory exosomes from microglia/neurons propagate NLRP3 activation and α-syn spreading, while anti- 
inflammatory counterparts from MSCs/astrocytes inhibit NLRP3, clear α-syn aggregates, and protect dopaminergic 
neurons. Notably, this axis exhibits brain region specificity in PD complications—targeting the nigrostriatal pathway 
in motor deficits, hippocampus in cognitive impairment, and amygdala in neuropsychiatric symptoms—providing 
a foundation for precision therapy.

Preclinical advances support the translational feasibility of NLRP3 targeting with nanocarrier-modified exosomes 
such as PEGylated liposomes and RVG29 peptide-conjugated variants achieving an 8-fold higher brain penetration 
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efficiency than free therapeutic agents,56,93 while cell-specifically engineered exosomes including miR-146a-loaded 
MSC-derived exosomes exert inhibitory effects on microglial NLRP3 activation without inducing systemic 
immunosuppression.34,35,54 Critically, NLRP3 acts as a causal driver of Parkinson’s disease with NLRP3 knockout 
mice exhibiting attenuated α-syn aggregation and dopaminergic neuron loss in MPTP/A53T mouse models and human 
genetic investigations establishing a direct link between the NLRP3 variant rs10754558 and elevated PD risk alongside 
accelerated disease progression.29 These experimental and clinical genetic data confirm that NLRP3 functions not merely 
as a secondary pathological response but as an upstream mediator of α-syn-related pathology thus validating its potential 
as a disease-modifying therapeutic target for PD.

Our work advances existing knowledge by three distinct novelties: First, we establish exosomes as non-redundant 
mediators bridging α-syn propagation and NLRP3 activation, whereas prior studies focused on direct protein–pathway 
interaction.3,5 Second, we uncover a disease-stage-dependent switch in exosome function—protective in early PD via α- 
syn clearance but pathogenic in progressive stages by amplifying NLRP3 inflammasome cascades,87 which explains the 
conflicting anti-/pro-inflammatory roles of exosomes reported in isolated studies. Third, we extend NLRP3 regulation to 
the gut-brain axis, demonstrating that intestinal exosomal LPS/α-syn activates central inflammation, a systemic mechan
ism rarely explored in PD.21,22 These findings clarify exosomes as upstream triggers and regulatory checkpoints of the α- 
syn-NLRP3 axis, distinguishing from prior work limited to brain-localized signaling.

Key challenges include exosome heterogeneity, insufficient BBB penetration, and lack of clinical biomarkers. Future 
research should focus on deciphering exosome subpopulation functions, developing stage-specific interventions, and 
validating peripheral exosomal NLRP3/IL-1β as clinical efficacy monitors. Overall, the exosome-NLRP3 axis unlocks 
a novel paradigm for PD disease-modifying therapy, with translational potential to transform clinical management by 
leveraging exosomes’ unique communication and targeting capabilities.
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