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Abstract: The neuroinflammatory mechanisms underlying Parkinson’s disease (PD) have evolved from a view of localized central 
events to a systemic network perspective involving “brain-periphery” interactions. The NLRP3 inflammasome, as a core component of 
the innate immune system, plays a pivotal role within this network. This review aims to systematically elucidate NLRP3’s multifaceted 
roles in PD: First, it delves into the “self-amplifying” vicious cycle between α-synuclein pathology and NLRP3 activation, supports the 
hypothesis that this cycle may serve as a core engine. Second, it transcends central nervous system limitations to systematically 
examine how the central-peripheral immune interaction network—comprising gut microbiota and peripheral immune cells—regulates 
this cycle. Third, it objectively evaluates the potential and current limitations of NLRP3 pathway-associated molecules as biomarkers 
for disease diagnosis and progression monitoring. Fourth, it comprehensively reviews therapeutic strategies targeting NLRP3 and 
critically examines key challenges in their clinical translation. This paper provides an integrated perspective for understanding PD as 
a systemic inflammatory disease and offers a theoretical framework for future biomarker development and precision treatment 
strategies based on this pathway. 
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Introduction
Parkinson’s disease (PD) is a neurodegenerative disorder characterized by progressive loss of dopaminergic neurons in the 
substantia nigra of the midbrain. Beyond the classic pathology of protein misfolding and aggregation, neuroinflammation has 
been demonstrated to be a core factor driving the onset and progression of PD.1,2 Within the complex neuroinflammatory 
network of PD, the NLRP3 inflammasome—a key component of the innate immune system—directly participates in and 
amplifies neuroinflammatory cascades by mediating the mature release of interleukin-1β (IL-1β) and IL-18, as well as 
inducing pyroptosis.1,3 Notably, pathological α-synuclein aggregates—the core pathological protein in Parkinson’s disease 
—can serve as endogenous danger signals (DAMPs) to directly activate NLRP3 inflammasomes in microglia.4–6 The active 
caspase-1 generated by NLRP3 activation not only promotes the maturation of inflammatory factors such as IL-1β but also 
directly cleaves α-synuclein to accelerate its abnormal aggregation.3 Crucially, NLRP3-mediated pyroptosis induces the 
release of intracellular α-synuclein, allowing its dissemination to neighboring cells.3–6 These processes collectively form 
a self-amplifying vicious cycle: α-synuclein aggregate → NLRP3 activation → increased α-synuclein aggregation and 
seeding.3,7 This positive feedback loop has been validated in multiple PD experimental models, such as MPTP mice and α- 
synuclein transgenic models.3,6–8 It is considered one of the “core engines” driving the continuous advancement of PD.3,7,9 

Furthermore, dopamine depletion resulting from dopaminergic neuronal degeneration releases its endogenous inhibition of 
NLRP3 activation,5,9 thereby further amplifying neuroinflammatory responses. This may represent a key mechanism under
lying the specific vulnerability exhibited by this neuronal population.
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As research deepens, the academic community’s understanding of the inflammatory mechanisms underlying 
Parkinson’s disease (PD) is undergoing a paradigm shift from a localized to a systemic perspective. Traditional views 
have predominantly focused on localized inflammatory responses mediated by microglia within the central nervous 
system. However, recent evidence indicates that activation of the peripheral immune system and its dynamic interactions 
with the central nervous system profoundly influence the pathological progression of PD.10,11 Specifically, systemic 
factors such as dysbiosis of the gut microbiota, peripheral immune cell infiltration, and blood-brain barrier dysfunction 
have been demonstrated to significantly influence the activation status of NLRP3 inflammasomes within the central 
nervous system. These factors collectively constitute the complex “gut-brain axis” and systemic immune-inflammatory 
network.10,11 The introduction of this systemic perspective offers significant insights for understanding the clinical 
heterogeneity of PD and exploring novel therapeutic targets.

However, existing reviews predominantly focus on summarizing individual mechanisms or therapeutic strategies, 
with insufficient systematic integration of the following interrelated key questions: (1) What are the detailed molecular 
mechanisms underlying the bidirectional vicious cycle between α-synuclein and NLRP3 inflammasome, and do they 
constitute the core engine driving disease progression? (2) Through which specific interfaces do the central and 
peripheral immune systems achieve functional coupling and jointly regulate NLRP3 activation? (3) What practical 
bottlenecks—regarding target specificity, long-term safety, and patient selection—do NLRP3 pathway-targeting therapies 
face in clinical translation? Against this backdrop of unresolved questions, this review aims to systematically address and 
critically examine these issues with NLRP3 inflammasome as the pivotal hub. This paper will first focus on the 
bidirectional vicious cycle between α-synuclein and NLRP3, elucidating its mechanism as the “core engine” driving 
disease progression. Subsequently, it will systematically describe how the central-peripheral immune interaction network 
regulates this cycle, providing evidence for understanding PD as a systemic inflammatory disease. Following this, the 
biomarker value and limitations of NLRP3-associated molecules will be objectively evaluated. Finally, we comprehen
sively review therapeutic strategies targeting NLRP3, delving into their mechanism heterogeneity, controversies, and 
future directions in clinical translation. This paper aims to provide an integrated perspective for deepening the under
standing of PD’s inflammatory mechanisms and to establish a theoretical framework for developing future precision 
intervention strategies.

Structural Features, Activation Mechanisms, and Core Role of the NLRP3 
Inflammasome in Neuroinflammation
Structural Features and Activation Mechanisms of the NLRP3 Inflammasome
The NLRP3 inflammasome is a cytoplasmic multiprotein complex belonging to the nucleotide-binding and oligomerization 
domain (NOD)-like receptor family, capable of recognizing microbial ligands and endogenous danger signals.12 The 
NLRP3 inflammasome core structure comprises the sensor protein NLRP3, the adaptor protein ASC (apoptosis-related 
speck-like protein), and the effector protein caspase-1.13 Structurally, NLRP3 comprises three characteristic domains:13 the 
N-terminal pyrophosphate-containing domain (PYD) responsible for binding to ASC; the central nucleotide-binding and 
oligomerization domain (NACHT) possessing ATPase activities that drive protein oligomerization; and the C-terminal 
leucine-rich repeat (LRR) domain responsible for recognizing danger signals and maintaining a self-inhibited conformation 
in the resting state. ASC acts as a “molecular bridge”, binding to oligomerized NLRP3 through its PYD domain while 
recruiting pro-caspase-1 via its CARD domain. During activation, it forms large “ASC plaques” to amplify inflammatory 
signals. Caspase-1 exists as an inactive zymogen; upon recruitment near ASC, it activates through self-cleavage.

The classical activation of NLRP3 inflammasome follows a “dual signaling model”.13,14 Signal 1 (initiator signal) 
activates the NF-κB pathway via Toll-like receptors (TLRs) or cytokine receptors, inducing the transcriptional expression 
of NLRP3 and pro-IL-1β.13–15 Signal 2 (activation signal) is triggered by multiple stimuli (such as ATP, reactive oxygen 
species, and lysosomal rupture). Through mechanisms including potassium ion efflux,13,14 mitochondrial dysfunction 
(mtROS production),5 and lysosomal damage.7 It promotes NLRP3 to undergo conformational changes and oligomer
ization. In this process, NEK7 acts as a key regulatory protein by interacting with the LRR domain of NLRP3, thereby 
promoting its oligomerization and assembly with ASC.13,14 Activated caspase-1 cleaves pro-IL-1β and pro-IL-18 to 
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generate mature inflammatory factors, while simultaneously cleaving gasdermin D (GSDMD) to induce pyroptosis.12,16 

This series of processes is precisely regulated by protein interactions, post-translational modifications (such as ubiqui
tination and phosphorylation), and subcellular localization.13,14

Specific Regulatory Patterns in Neuroinflammation
Within the central nervous system, the regulation of NLRP3 inflammasomes exhibits a more complex pattern of tissue 
specificity and cell type dependency. It is primarily expressed in microglia,17 while astrocytes may also participate in 
activation. For instance, in ischemic stroke models, astrocyte-derived lipoprotein-2 (LCN2) activates NLRP3 through the 
receptor 24p3R.18 This cell type-specific regulation, together with the unique signaling interaction network within the neural 
microenvironment, collectively constitutes the complex landscape of NLRP3 activation in the central nervous system.

At the regulatory mechanism level, NLRP3 activation in neuroinflammation undergoes multi-tiered precision control. 
Regarding ion channel regulation, the THIK-1 potassium channel participates in NLRP3 activation in microglia by 
modulating K+ efflux; its inhibition or genetic knockout significantly reduces IL-1β release.19 At the level of immune 
receptor interactions, TREM2 negatively regulates pyroptosis by activating β-catenin signaling to suppress NLRP3 
expression and complex assembly.20 Mitochondrial stress serves as a central hub, activated by environmental toxins such 
as cadmium through the Sirt3-mtROS axis to trigger NLRP3,21 while compounds like cryptotanshinone inhibit its 
activation by blocking calcium signaling and mtROS production.22

Furthermore, endogenous danger signals in the neuropathological environment (such as Aβ and α-synuclein) can 
directly serve as damage-associated molecular patterns (DAMPs) to trigger NLRP3 assembly.12,23 These signals interact 
with the aforementioned regulatory network to jointly determine the activation threshold and intensity of NLRP3 within 
the central nervous system. Notably, post-translational modifications (such as ubiquitination and phosphorylation) and 
subcellular localization (such as the endoplasmic reticulum-mitochondrial interface) further constitute the fine-tuned 
regulatory hierarchy of NLRP3 activation,13,14 ensuring its equilibrium between pathogen clearance and excessive 
inflammation. Dysregulation of this balance may drive neurodegenerative diseases.

Pyroptosis: A Core Effect Mechanism Linking Neuronal Inflammation and 
Neurodegeneration
Pyroptosis, the terminal event of NLRP3 inflammasome activation, is not only a product of neuroinflammation but also 
a key effector driving neurodegeneration, forming a direct causal pathway from inflammatory signaling to neuronal death.

From the molecular execution mechanism perspective, activated caspase-1 cleaves gasdermin D (GSDMD), releasing 
its N-terminal domain and forming pores in the cell membrane.12 This subsequently leads to cell permeabilization and 
lysis, massive release of inflammatory factors, and leakage of intracellular contents (including pathological proteins).12,16 

This process not only directly causes cell death but, more importantly, releases pathological proteins and danger signals 
into the extracellular space. These activate nearby immune cells, triggering a cascading amplification of secondary 
inflammatory responses and forming a positive feedback loop of “pyroptosis-inflammation-more pyroptosis”.

Evidence regarding pathological protein dissemination further reveals the amplification effect of pyroptosis. In brain 
tissue from Alzheimer’s disease (AD) patients, cleaved GSDMD is widely expressed in microglia, astrocytes, and 
neurons. Moreover, the number of GSDMD-positive neurons shows a significant positive correlation with the degree of 
neuronal loss in the hippocampal CA1 region.24 More critically, NLRP3-positive microglia are frequently located 
adjacent to Aβ plaques, suggesting that pyroptotic cell lysis directly promotes the release of pathological proteins 
from intracellular compartments into the extracellular space, thereby accelerating their dissemination throughout the 
brain parenchyma.24

The Pervasive Role of NLRP3 Inflammasomes in Neurodegenerative 
Diseases
Interventional studies across multiple neurodegenerative models provide functional validation for this causal pathway: In MPTP- 
induced Parkinson’s disease (PD) models, inhibition of the NLRP3/caspase-1 pathway significantly mitigates dopaminergic 
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neuronal damage.25 Confirming that the activation of this pathway is an upstream driver of neuronal death. Cadmium exposure 
induces pyroptosis in hippocampal neurons and cognitive impairment by activating the NLRP3-GSDMD axis,21 indicating that 
environmental toxins can directly cause neurological damage through this pathway. In vascular dementia (VaD) models, NLRP3 
inhibitor AMS-17 mitigates neuronal degeneration by suppressing caspase-1 activation,25 further supporting the causal role of 
this pathway.

The above evidence collectively suggests that NLRP3 inflammasome-mediated pyroptosis not only directly causes 
neuronal death and neural network disruption,15 but also drives its dissemination within the brain by releasing 
pathological proteins. This transforms localized initial injury into a progressively worsening global pathological process. 
This causal chain renders key molecules in the pyroptosis pathway—such as caspase-1 and GSDMD—highly promising 
therapeutic intervention targets.

The Bidirectional Vicious Cycle Between α-Synuclein and NLRP3
The abnormal aggregation of α-synuclein and the activation of the NLRP3 inflammasome are not isolated pathological 
events. Existing research indicates that the two can mutually drive each other through multiple mechanisms (as shown in 
Figure 1), forming a self-amplifying vicious cycle. This cycle is considered one of the core engines driving the 
progressive progression of Parkinson’s disease.

Molecular Mechanism of Pathological α-Synuclein Activation of NLRP3
Misfolded and aggregated α-synuclein, acting as an endogenous damage-associated molecular pattern (DAMP), effec
tively activates the NLRP3 inflammasome.26,27 This process primarily follows the classical “dual signaling” model. α- 
synuclein oligomers or fibrils activate the NF-κB signaling pathway through pattern recognition receptors such as Toll- 
like receptors (eg, TLR2, TLR4),26–28 thereby upregulating the transcriptional expression of NLRP3 and pro-IL-1β. 
Signal 2 (activation signal) is triggered when α-synuclein aggregates are phagocytosed by microglia.6,26,27 This process 

Figure 1 Schematic Illustration of the NLRP3 Inflammasome Signaling Pathway Activated by α-Synuclein in Parkinson’s Disease. The NLRP3 inflammasome comprises the 
sensor protein NLRP3, the adaptor protein ASC, and the effector protein caspase-1. Its classical activation follows a two-step model: an initiator signal upregulates NLRP3 
and cytokine precursor expression via the TLR/NF-κB pathway; an activator signal triggers NLRP3 oligomerization and completes inflammasome assembly. Activated 
caspase-1 performs a dual function: it cleaves pro-IL-1β/18 to generate mature inflammatory factors while simultaneously cleaving the GSDMD protein. The GSDMD 
N-terminal domain forms pores in the cell membrane, directly inducing pyroptosis accompanied by massive release of inflammatory mediators.
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involves lysosomal membrane rupture and cathepsin B release,7 or by inducing mitochondrial dysfunction that generates 
substantial reactive oxygen species (mtROS).5,7,28 These cellular stress events collectively constitute the activation 
signal, triggering NLRP3 oligomerization.10,27 Research suggests that α-synuclein may activate NLRP3 through the 
CD36-Fyn kinase pathway, with NEK7 playing a crucial role as a key regulatory protein in NLRP3 oligomerization and 
inflammasome assembly.10

It is noteworthy that some studies suggest α-synuclein-driven NLRP3 activation may occur independently of classical 
activators such as ATP, involving distinct upstream pathways.29 In the substantia nigra region of Parkinson’s disease 
patients, α-synuclein has been observed to interact with Toll-like receptors, potentially contributing to NLRP3 activation. 
This process triggers NF-κB nuclear translocation and the release of proinflammatory factors,4 providing clinical- 
pathological evidence for this mechanism.

NLRP3 Activation Promotes Aggregation and Dissemination of α-Synuclein
Activation of the NLRP3 inflammasome may not only be a consequence of the inflammatory response but also serve as 
the starting point of a positive feedback loop. In addition to cleaving the IL-1β precursor, activated caspase-1 may 
directly or indirectly influence the aggregation state of α-synuclein, as suggested by some studies.27,30 Experiments 
demonstrate that caspase-1 deficiency suppresses α-synuclein-induced microglial activation and dopaminergic neuronal 
damage.15 In α-synuclein A53T transgenic mice, activation of the NLRP3/caspase-1 pathway correlates with enhanced α- 
synuclein aggregation, while the NLRP3 inhibitor MCC950 attenuates this process,7 suggesting this pathway may 
participate in regulating α-synuclein pathology.

More critically, NLRP3-activated pyroptosis may serve as a key mechanism for pathological protein dissemination. 
Activated caspase-1 cleaves GSDMD protein, inducing inflammatory programmed cell death in microglia and leading to 
the release of cellular contents—including mature IL-1β, IL-18, and pathological α-synuclein.8,28 These released 
pathological proteins may be taken up by neighboring cells, thereby promoting their dissemination among neurons.8,30 

Concurrently, IL-1β released during pyroptosis can further activate surrounding glial cells, amplifying the inflammatory 
response and potentially exacerbating the intercellular transfer of α-synuclein.25 In an MPTP-induced Parkinson’s disease 
model, caspase-1-dependent pyroptosis was found to contribute to dopaminergic neuron degeneration and motor 
dysfunction,25 providing preliminary functional validation for this mechanism.

Experimental Evidence and Theoretical Models of Vicious Cycles
The bidirectional interaction between α-synuclein and the NLRP3 inflammasome has been validated to varying degrees 
across multiple experimental models, gradually forming a coherent theoretical framework.

Experimental evidence indicates that overexpression of α-synuclein enhances NLRP3 activation, while dopamine receptor 
DRD1 agonists inhibit this process, suggesting dopaminergic signaling may participate in regulating this circuit.9 In 
Parkinson’s disease patients, NLRP3-associated molecules in peripheral blood mononuclear cells positively correlate with 
plasma α-synuclein levels, and both are significantly associated with disease severity (UPDRS III score).10 Dopamine 
depletion within microglia leads to NLRP3 inhibition reversal, sustaining enhanced inflammation and potentially accelerating 
α-synuclein aggregation.25 These observations provide multifaceted support for the existence of a vicious cycle.

Based on the above evidence, researchers proposed two complementary theoretical models: The bidirectional feedback 
loop model depicts a cyclical amplification process where “abnormal α-synuclein activates NLRP3 → caspase-1 activation 
promotes α-synuclein aggregation → pyroptosis releases pathological proteins → dissemination to neighboring cells 
triggers a new round of inflammation”. 8,30 Metabolic regulation models reveal that Parkin deficiency may impair 
NLRP3 ubiquitination and degradation, with accumulated mitochondrial reactive oxygen species (mitoROS) further 
amplifying inflammatory signaling and promoting α-synuclein pathology within neurons.31,32 These two models elucidate 
the potential molecular basis for the bidirectional vicious cycle between α-synuclein and NLRP3 from distinct perspectives.

Central-Peripheral Immune Interaction Network
Neuroinflammation in PD extends beyond the central nervous system (CNS), involving complex central-peripheral 
immune interactions. The NLRP3 inflammasome, as a core regulatory component of the innate immune system, plays 
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a pivotal role in this interactive network. It synergistically drives the pathological progression of PD through the gut- 
brain axis, peripheral immune cell infiltration, and systemic inflammatory effects.

The Bridging Role of NLRP3 in the Gut-Brain Axis
The gut-brain axis serves as a bidirectional communication pathway linking the gut and brain, with NLRP3 inflamma
somes playing a pivotal bridging role. Preclinical studies indicate that dysbiosis of the gut microbiota can simultaneously 
activate NLRP3 inflammasomes in both the colon and brain, compromising the integrity of the intestinal barrier and 
blood-brain barrier (BBB). This leads to the dissemination of peripheral inflammatory factors to the central nervous 
system, ultimately triggering cognitive dysfunction.33 In the context of PD, existing evidence supports the existence of 
a “microbiota-gut-inflammasome-brain axis” pathological mechanism, wherein gut microbiota dysbiosis mediates per
ipheral-central immune interactions by activating NLRP3 inflammasomes, thereby contributing to neuroinflammation 
and neurodegeneration.34 Environmental stressors (such as heat stress) can also indirectly affect CNS function by altering 
the composition of the gut microbiota and its metabolites, thereby disrupting the homeostasis of the microbiota-gut-brain 
axis.35 However, there is currently a lack of direct clinical evidence confirming the causal relationship of NLRP3 in the 
gut-brain axis of PD.34

Effects of Gut Microbiota Dysbiosis on NLRP3 Activation
Dysbiosis of the gut microbiota is a key trigger for activating NLRP3 inflammasomes. Animal models confirm that stress 
states such as chronic sleep deprivation can lead to gut dysbiosis, significantly upregulating NLRP3 expression in the 
colon and brain. This is accompanied by increased permeability of the intestinal barrier and blood-brain barrier (BBB), 
ultimately inducing neuroinflammation and neuronal damage.33 Downregulating NLRP3 expression in the intestine 
effectively protects intestinal barrier function, reduces peripheral inflammatory factor levels, and decreases NLRP3 
activation in the brain, thereby improving neurological deficits.33 In PD, gut microbiota dysbiosis may continuously 
activate the NLRP3 pathway in intestinal and central immune cells by releasing pathogen-associated molecular patterns 
(PAMPs) or metabolites, forming a vicious cycle of “gut-derived inflammation-central neurodegeneration”.34

Peripheral Immune Cell Infiltration and Blood-Brain Barrier Disruption
Peripheral immune cell infiltration and BBB dysfunction constitute the core components of central-peripheral immune 
interactions in PD. Research findings indicate: 1. Peripheral immune activation promotes central inflammation. PD 
patients exhibit significantly elevated gene expression of NLRP3, ASC, and caspase-1 in peripheral blood mononuclear 
cells (PBMCs). Furthermore, plasma IL-1β levels correlate positively with motor symptom severity, suggesting periph
eral immune activation may influence central pathology via the circulatory system.10 2. NLRP3-Driven BBB Impairment: 
In cerebral ischemia models, NLRP3 inflammasome activation promotes cerebral edema and blood-brain barrier (BBB) 
disruption. Its inhibitor MCC950 mitigates BBB damage and downregulates aquaporin-4 (AQP4) expression.36 Notably, 
in Parkinson’s disease models, the NLRP3 inhibitor MCC7840 has also been shown to improve BBB permeability,8 

suggesting that NLRP3-mediated BBB damage mechanisms may share cross-disease commonalities.8 3. Immune cell 
barrier-crossing migration: In α-synuclein transgenic mice, NLRP3 activation significantly correlates with CD4+ and 
CD8+ T cell infiltration in the substantia nigra region; NLRP3 inhibition reduces T cell infiltration and microglial 
activation, thereby protecting dopaminergic neurons.7 Furthermore, bone marrow-derived macrophages undergo NLRP3 
inflammasome activation upon MPP+ stimulation, and these activated immune cells may enter the CNS through 
a compromised blood-brain barrier.37

Synergistic Effects of Systemic Inflammation and Central Nervous System 
Inflammation
Systemic inflammation and central nervous system inflammation form a synergistic amplification effect through the 
NLRP3 pathway: 1. Liver-brain axis interaction: In MPTP-induced PD mouse models, inhibiting hepatic NLRP3 
inflammasomes reduces peripheral proinflammatory cytokine release, thereby mitigating midbrain microglial activation 
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and dopaminergic neuron loss. This confirms that hepatogenic inflammation exacerbates central neurodegeneration via 
systemic pathways.38 2. Circulating Inflammatory Mediators and Vesicular Transport: Extracellular vesicles enriched 
with NLRP3 were detected in the plasma of PD patients, with their levels significantly correlated with disease status. 
This suggests that circulating vesicles may serve as carriers mediating the transmission of peripheral inflammatory 
signals to the central nervous system.39 3. Inflammatory Cascade Amplification: Local inflammation triggered by NLRP3 
activation in the gut can compromise the intestinal barrier, allowing endotoxins (such as LPS) to enter the bloodstream 
and activate systemic immune responses. Concurrently, disruption of the blood-brain barrier facilitates the entry of 
peripheral inflammatory cells and factors into the CNS, forming a positive feedback loop with NLRP3 activation in 
microglia. This ultimately amplifies neuroinflammation and neuronal damage.33,38,39

Clinical Research Advances on NLRP3-Related Molecules as Biomarkers 
for PD
The pivotal role of NLRP3 inflammasomes and their associated molecules in the pathological progression of Parkinson’s 
disease (PD) provides a theoretical basis for their use as biomarkers for clinical diagnosis and disease monitoring. 
Current research primarily focuses on the diagnostic value of NLRP3 pathway-related molecules in bodily fluids and 
peripheral blood mononuclear cells (PBMCs).

Clinical Value of Body Fluid Biomarkers
Cerebrospinal fluid (CSF) testing directly reflects the inflammatory state of the central nervous system. Studies indicate 
that levels of NLRP3 downstream effector molecules IL-1β, IL-6, and TNF-α are significantly elevated in the CSF of PD 
patients, while neurofilament light chain (NfL), a marker of axonal damage, also shows an upward trend.40 However, 
cerebrospinal fluid acquisition is invasive and unsuitable for routine screening and dynamic monitoring, limiting its 
clinical application.

Blood testing is more aligned with clinical practice due to its convenience and reproducibility. Serological studies 
have revealed significant differences in serum levels of TNF and neutrophil gelatinase-associated lipocalin (NGAL) 
between PD patients and healthy controls.40 Serum IL-8 levels showed a positive correlation with PD clinical scores, 
suggesting that inflammatory cytokines may serve as supplementary indicators for assessing disease severity.41 The 
monocyte-specific marker sCD163 is elevated in the cerebrospinal fluid of patients with late-stage Parkinson’s disease 
and correlates with cognitive decline, potentially serving as an early warning indicator for cognitive deterioration.42

Diagnostic Value of Peripheral Blood Mononuclear Cells
Peripheral blood mononuclear cells (PBMCs) provide a convenient window for exploring peripheral immune activation, as their 
collection is non-invasive and reproducible, making them suitable for clinical application. Studies have found that gene 
expression and protein levels of NLRP3, ASC, and caspase-1 in PBMCs from PD patients are significantly higher than in 
healthy controls.10 Molecular levels of NLRP3 pathway molecules derived from PBMCs positively correlated with plasma IL-1β 
and α-synuclein concentrations, and showed significant associations with Hoehn-Yahr staging and UPDRS III scores.10 It may 
serve as a non-invasive biomarker reflecting the progression of motor symptoms in Parkinson’s disease. Additionally, PD patients 
exhibit significantly reduced peripheral blood lymphocyte counts and elevated neutrophil-to-lymphocyte ratios (NLR), with 
variations observed across different subtypes (eg, sporadic and GBA-related forms).43 These indicators have been widely 
adopted in clinical testing and possess a solid foundation for broader.

Combined Detection Strategy: The Integrative Value of NLRP3 and Exosomal α- 
Synuclein
In recent years, peripheral blood exosome detection has opened new avenues for PD biomarker research. Exosomes are 
nanoscale vesicles secreted by cells that can carry proteins and nucleic acids from their source cells. Detection of α- 
synuclein in exosomes derived from the central nervous system indirectly reflects pathological changes within the brain. 
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Its levels are significantly elevated in PD patients and correlate with disease severity. This method combines non- 
invasiveness with central nervous system specificity, offering new possibilities for early PD diagnosis.

It is noteworthy that the pathological essence of PD lies in a systemic inflammatory network involving “central- 
peripheral” interactions, and a single biomarker often fails to comprehensively reflect its complex processes. Therefore, 
a combined detection strategy—integrating NLRP3-associated molecules reflecting peripheral immune activation (such 
as NLRP3 expression in PBMCs and serum IL-1β levels) with CNS-derived exosomal α-synuclein reflecting central 
pathological burden—holds significant clinical value. The rationale for this approach lies in the bidirectional relationship 
between peripheral and central pathways: peripheral inflammatory activation may accelerate central α-synuclein aggre
gation and dissemination, while central pathological burden can drive peripheral immune dysregulation. Combined 
detection provides a comprehensive assessment of disease status from both “peripheral immunity” and “central 
pathology” dimensions, potentially enhancing early PD identification and aiding differentiation from other neurodegen
erative diseases. Preliminary studies suggest superior sensitivity and specificity compared to any single biomarker, 
though large-scale clinical validation remains pending.

Challenges in Clinical Translation
Despite progress, the clinical translation of NLRP3-related biomarkers faces multiple challenges. Insufficient biomarker 
specificity remains the primary issue. While serum NfL reflects neural damage, it is elevated across various neurological 
disorders.44 Elevated inflammatory markers such as IL-1β and TNF-α are also observed in other inflammatory diseases, 
making them inadequate for PD differential diagnosis when used alone. Lack of standardized testing constrains clinical 
adoption: inconsistencies in assay methods, antibody selection, and cutoff values across studies hinder cross-study 
comparisons. Disease heterogeneity significantly impacts interpretation: peripheral inflammatory patterns vary across 
PD subtypes,43 suggesting a single biomarker may not cover all patient populations. Furthermore, most studies employ 
cross-sectional designs, necessitating large-scale prospective cohort validation to establish longitudinal associations 
between biomarkers and disease progression.

Overall, detecting NLRP3 pathway molecules in PBMCs, measuring serum inflammatory factor panels, and analyzing 
peripheral blood exosome α-synuclein represent the most clinically promising approaches at present. These methods 
feature readily obtainable samples and allow for repeated monitoring, with some indicators already possessing 
a foundation for clinical testing. Future research should focus on standardizing detection protocols and validating clinical 
utility through large-scale longitudinal studies. This will advance NLRP3-related biomarkers from research to clinical 
practice, providing practical tools for early PD identification and disease monitoring.

Therapeutic Strategies Targeting NLRP3 and Their Clinical Translation
Given the central role of NLRP3 inflammasome in neuroinflammation during Parkinson’s disease (as shown in Table 1), 
targeting this pathway has emerged as a highly promising therapeutic strategy. In recent years, preliminary progress has 
been made in translating basic research into clinical applications. However, significant variations exist in the translational 
potential, feasibility, and limitations of different intervention approaches, necessitating rational evaluation. The landscape 
of therapeutic strategies aiming to modulate the NLRP3 inflammasome pathway in PD is diverse, encompassing direct 
inhibitors, natural compounds, and combination approaches. For clarity, the key strategies, their mechanisms, and 
developmental status are summarized in Table 2.

Clinical Research Progress of Small-Molecule Inhibitors
Small-molecule NLRP3 inhibitors represent the fastest-progressing direction in current clinical translation. As a classic 
inhibitor, MCC950 has been demonstrated to significantly reduce microglial activation, α-synuclein aggregation, and 
dopaminergic neuron loss in MPTP-induced mouse models and α-synuclein transgenic models, while also improving 
motor dysfunction.7,30 However, MCC950 did not advance to clinical trials due to liver toxicity. This incident underscores 
the necessity of long-term safety assessments for NLRP3 inhibitors. NT-0796, developed based on this foundation, has entered 
early-stage clinical trials. This drug optimizes brain penetration and bioavailability. A 28-day trial in PD patients demonstrated 
good tolerability and reduced systemic inflammatory markers.8 Notably, this study confirms that NLRP3 inhibitors remain 
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effective when administered after symptom onset. This suggests NLRP3 inhibitors may possess disease-modifying potential 
beyond early intervention. However, short-term tolerability does not equate to long-term safety. Given NLRP3’s physiological 
role in antimicrobial immunity, chronic suppression over years or even decades may increase infection risk—a concern that 
requires resolution through large-scale long-term follow-up studies. OLT1177 has been demonstrated to cross the blood-brain 
barrier and protect dopaminergic neurons in the MPTP model.45 Having already shown safety in osteoarthritis clinical trials, 
confirmation of its efficacy in PD could significantly accelerate the clinical translation process. This suggests that the “old 
drug, new use” strategy holds unique advantages in NLRP3-targeted therapy.

Table 1 Neuronal Damage Mechanisms Mediated by NLRP3 Inflammasome Activation

Injury Mechanism Core Elements/Events Ultimate Effect

Mitochondrial Dysfunction and Oxidative 
Stress

mtROS, oxidized mtDNA Energy metabolism disorders activate the NLRP3 
inflammasome within neurons

Lysosomal damage and impaired autophagy Protease leakage Protease leakage

Direct toxicity of inflammatory mediators I L-1β,TNF-α,IL-18 Activate the stress pathway within neurons
Pyroptosis caspase-1 Neuronal Inflammatory Lytic Death

Positive Feedback Amplification of 

Neuroinflammation

DAMPs released by necrotic cells 

(such as ATP, HMGB1) and 
pathological α-synuclein

Persistent activation of NLRP3 inflammasomes in 

surrounding microglia and astrocytes creates a vicious cycle 
of “neuronal death → amplified inflammation → further 

neuronal death”

Table 2 Key NLRP3-Targeting Approaches for Parkinson’s Disease

Candidate drug Target/Mechanism of Action Advantages Challenges and Limitations

MCC950 Directly and specifically inhibits 

NLRP3 inflammasome assembly and 

activation

A classic proof-of-concept therapeutic 

agent; demonstrated significant 

reduction of neuroinflammation and α- 
synuclein pathology, protection of 

dopaminergic neurons, and 

improvement of motor function across 
multiple PD animal models (MPTP, α- 

synuclein transgenic).

Clinical development discontinued due 

to hepatotoxicity

NT-0796 Directly inhibits NLRP3; Optimized 
for brain penetration and 

bioavailability

Demonstrated good tolerability in PD 
patients and reduced systemic 

inflammatory markers; evidence that 

intervention remains effective even 
after symptom onset.

Short-term safety does not equate to 
long-term safety.

OLT1177 

(dapansutrile)

Directly inhibit NLRP3 It can cross the blood-brain barrier and 

demonstrates protective effects in 
MPTP models.

Its efficacy in PD has not yet been 

clinically validated.

Andrographolide By inducing Parkin-dependent 

mitochondrial autophagy to clear 
damaged mitochondria, thereby 

upstream inhibition of NLRP3 

activation.

Intervening in upstream signaling 

pathways may circumvent the 
immunological risks associated with 

direct NLRP3 inhibition, offering 

relatively high safety.

Long-term intervention may impair the 

physiological function of mitochondrial 
autophagy; natural products commonly 

face challenges with oral bioavailability 

and brain penetration.
Psoralen Directly binds to the NACHT and 

LRR domains of NLRP3, inhibiting its 

phosphorylation and assembly.

The mechanism of action is relatively 

well-defined and highly specific.

Oral bioavailability and brain 

permeability are the primary limitations.

Dl- 

3-n-butylphthalide, 

NBP

Multi-target regulation: 

Simultaneously inhibits NLRP3 

activation and α-synuclein aggregation 
while improving mitochondrial 

function.

Approved drugs with established safety 

profiles; multi-mechanism synergistic 

effects

Efficacy in PD patients requires further 

validation; the primary protective 

mechanism—whether NLRP3 inhibition 
or other dominant effects—needs 

clarification.
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Regulatory Effects of Natural Products and Traditional Chinese Medicines
Natural products offer a diverse source with relatively high safety profiles, providing a rich library of candidate molecules 
for NLRP3-targeted therapies. However, research in this field often prioritizes phenomena over mechanisms, with most 
studies confined to cellular and animal models, resulting in limited clinical evidence. Based on their mechanisms of action, 
these compounds can be categorized as follows: 1. Mitochondrial autophagy-promoting agents: Andrographolide clears 
damaged mitochondria by inducing Parkin-dependent mitochondrial autophagy, thereby inhibiting NLRP3 activation.46 

The advantage of this strategy lies in its ability to intervene in NLRP3 upstream signaling, theoretically avoiding the 
immune risks associated with direct NLRP3 inhibition. However, given the extensive physiological functions of mitochon
drial autophagy, long-term intervention may carry unknown consequences. 2. Direct NLRP3 Assembly Inhibitors: Psoralen 
binds to NLRP3’s NACHT and LRR domains, inhibiting its phosphorylation.47 These drugs exhibit high specificity, but oral 
bioavailability and brain penetration remain common limitations of natural products. 3. Multi-target Regulation Category: 
Dl-3-n-butylphthalide (NBP) is a domestically developed Class I novel drug in China, currently used clinically for ischemic 
stroke treatment. It has been demonstrated in MPTP and 6-OHDA models to simultaneously inhibit NLRP3 activation and 
α-synuclein aggregation while improving mitochondrial function.48 NBP’s clinical availability positions it as a prime 
candidate for extension into PD therapy, though its efficacy in PD patients requires clarification—whether it stems from 
NLRP3 inhibition or other dominant mechanisms.

Overall, despite their diverse structures, most natural products exert their effects by modulating NLRP3 upstream 
signaling, demonstrating a “multi-target, multi-pathway” characteristic. However, natural product research still faces 
multiple hurdles—including dose conversion, bioavailability, and metabolic stability—to bridge the gap from “in vitro 
efficacy” to “in vivo efficacy” and ultimately to “clinical efficacy”.

Rational Design of Combination Therapy Strategies
Combination therapy aims to enhance efficacy through multi-target synergistic intervention, and its design should be 
based on clear mechanistic complementarity rather than blindly stacking agents. 1. The mechanism underlying combina
tion with levodopa is that levodopa not only replenishes dopamine, but dopamine itself can inhibit NLRP3 activation in 
microglia via D1/D2 receptors.9 Therefore, combining levodopa with NLRP3 inhibitors may achieve dual objectives of 
“symptom control” and “inflammation suppression”. Observations of comparable efficacy in MPTP models25 suggest 
potential overlapping effects, necessitating further research to optimize combination regimens. 2. Strategies combining 
autophagy inducers are based on a dual intervention logic of “inhibiting activation + promoting clearance”. Autophagy 
inducers such as andrographolide promote NLRP3 degradation,46 and their combination with NLRP3 inhibitors syner
gistically suppresses inflammation at multiple levels. However, autophagy is a double-edged sword; excessive activation 
may induce autophagic cell death, necessitating precise definition of the safety window. 3. The concept of combining 
NLRP3 inhibitors with neurotrophic support remains theoretical. While NLRP3 inhibitors can mitigate inflammatory 
damage, they struggle to directly promote neuronal repair. Theoretically, pairing them with neurotrophic factors or stem 
cell therapies could address these limitations. However, the complexity of such combined regimens would significantly 
increase the difficulty of clinical validation.

It is worth noting that while combination therapy holds theoretical advantages, it also presents practical challenges 
such as drug interactions, cumulative side effects, and complex clinical validation. Therefore, combination strategies 
should be based on addressing inherent limitations rather than simply piling on more drugs under the assumption that 
more is better.

The Blood-Brain Barrier and Practical Considerations for Long-Term Safety
Blood-brain barrier penetration remains a core challenge that cannot be avoided in NLRP3-targeted therapies. Although 
compounds such as NT-0796 and OLT1177 have demonstrated BBB penetration capabilities,8,45 most candidate molecules 
still rely on delivery systems. The rabies virus glycopeptide (RVG)-modified siRNA delivery system (CMV-RVG-9dR- 
siRNLRP3) enables brain targeting,27 but its complexity and cost limit clinical adoption. Non-invasive routes like intranasal 
administration can bypass the BBB, yet precise control over dosage and intracerebral distribution remains challenging.
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A more fundamental challenge lies in defining the therapeutic window for NLRP3 inhibitors. On one hand, NLRP3 
participates in anti-pathogen immunity, and long-term suppression may increase infection risk—a concern particularly 
noteworthy in elderly PD patients. On the other hand, NLRP3 performs physiological functions in both central and 
peripheral systems, and complete inhibition could lead to unknown consequences. Existing short-term clinical trials are 
insufficient to address these questions; future long-term follow-up and real-world data accumulation are needed to 
establish safety evidence. Another question worthy of deep consideration is: Who is suitable for NLRP3-targeted 
therapy? Preclinical studies indicate that NLRP3 activation mechanisms differ across PD models (eg, LRRK2 mutant, 
sporadic),43 suggesting not all PD patients may benefit equally from NLRP3 inhibition. Future efforts should integrate 
biomarkers (eg, NLRP3 expression levels in PBMCs, serum IL-1β) to identify “inflammatory” PD subgroups, enabling 
precision medicine rather than a one-size-fits-all approach.

In summary, therapeutic strategies targeting NLRP3 are at a critical juncture in their transition from basic research to 
clinical application. The most promising avenues for near-term translation include: Clinical validation of brain-penetrant 
small-molecule inhibitors (eg, NT-0796). Exploring repurposing of approved drugs (eg, dibenzoylmethane) for new 
indications; and biomarker research to identify patient populations benefiting from NLRP3 inhibition based on inflam
matory markers like NLR and IL-1β. These directions collectively point to a core challenge: how to select the “right 
treatment” for the “right patients” at the “right time” within the highly heterogeneous disease of PD. Addressing this 
question may hold greater clinical significance than developing yet another novel drug.

Mechanistic Controversies and Practical Considerations for Clinical 
Translation
Although the role of NLRP3 inflammasome in Parkinson’s disease neuroinflammation has been extensively demon
strated, several unresolved controversies and practical challenges remain in the transition from basic research to clinical 
application. Rationally examining these issues helps avoid unrealistic expectations for targeted therapies and guides 
future research directions.

Causality Debate in NLRP3 Activation: Driving Factor or Concomitant Phenomenon?
Whether LRP3 inflammasome activation in PD serves as the primary driver of neurodegeneration or merely a secondary 
concomitant phenomenon following neuronal injury remains a central controversy. This distinction directly informs 
therapeutic strategy positioning: if it is the driver, early intervention holds significant promise; if it is merely 
a concomitant phenomenon, targeted therapies may yield limited efficacy, potentially addressing symptoms rather than 
the root cause.

Key evidence supporting its role as a driving factor comes from animal models: In MPTP-induced mouse models, 
NLRP3 gene knockout significantly mitigates dopaminergic neuron loss and motor deficits, whereas microglia-specific 
expression of an active NLRP3 mutant exacerbates the pathological phenotype.37 Clinical correlation studies further 
demonstrate elevated expression of NLRP3, ASC, and caspase-1 in peripheral blood mononuclear cells, along with 
increased plasma IL-1β levels in PD patients, positively correlated with disease severity,10 providing indirect support for 
the driver hypothesis.

However, Mendelian randomization studies found no significant association between genetic expression alterations of 
NLRP3, IL-1β, or IL-18 and PD risk or progression.49 This finding poses a substantial challenge to the “driver” 
hypothesis—if the NLRP3 pathway were an upstream driver, its genetic variants should influence disease risk, yet this 
is not the case. This suggests NLRP3 is more likely an “amplifier” of disease progression rather than an “initiator”.

A more plausible integrated explanation is that in the early stages of the disease, initial pathological events such as 
peripheral inflammation and α-synuclein aggregation activate NLRP3. This complex then amplifies the inflammatory 
response through mechanisms like IL-1β release and pyroptosis induction, accelerating neuronal damage. Subsequently, 
the damaged neurons release more DAMPs, further activating NLRP3 and creating a vicious cycle. In this model, 
NLRP3 serves both as a “responder” to initial injury and a “driver” of chronic progression. Clinically, this insight 
suggests that NLRP3-targeted therapies may be more effective for patients already in the inflammatory amplification 
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phase, rather than being universally applicable to all PD patients. It also implies that simply inhibiting NLRP3 is unlikely 
to halt disease onset but holds promise for slowing disease progression.

Cell-Specific Effects and the Complexity of Regulatory Networks
The activation of NLRP3 inflammasomes is not uniformly distributed across all cell types, and this cell specificity adds 
further complexity to their role in PD. Studies indicate that NLRP3 activation primarily occurs in microglia,30,50 but 
NLRP3 inflammasomes expressed by dopaminergic neurons themselves may also directly contribute to 
neurodegeneration.51 The relative contributions of these two sources of NLRP3 activation—the “parainflammation” 
from immune cells and the “autoinflammation” from neurons—to disease progression remain unclear and require 
analysis using cell-specific intervention models (eg, microglia-specific Nlrp3 knockout mice). If neuronal NLRP3 
activation constitutes the primary pathway for neuronal death, therapeutic strategies targeting microglia may yield 
limited efficacy. Conversely, if microglial NLRP3 activation drives inflammatory amplification, targeting microglia 
becomes a more rational therapeutic approach.

The regulatory network governing NLRP3 activity exhibits multi-layered complexity with numerous nodes. Upstream 
regulatory mechanisms include: ubiquitin-mediated degradation (Parkin-mediated degradation defects exacerbate 
inflammation32), autophagy/ mitophagy (mitophagy defects promote NLRP3 activation,46 while quercetin inhibits 
NLRP3 by promoting autophagy52), transcription factors (eg, C/EBPβ participates in NLRP3 transcriptional 
regulation53), microRNAs (eg, miR-7,54 miR-188-3p55 regulate NLRP3 expression at the post-transcriptional level), 
ion channels (eg, Kv1.3 participates in NLRP3 activation in microglia6), and neurotransmitter regulation (dopamine 
inhibits NLRP3 via D1/D2 receptors, and this negative feedback fails with neuronal loss6,9). These regulatory nodes 
intertwine to form a complex signaling network, where abnormalities in any node may alter NLRP3 activation thresholds 
and intensity.

The clinical implication of this complexity is that simply inhibiting NLRP3 itself may struggle to block the continuous 
influx of multiple upstream activation signals. Conversely, intervening in upstream common pathways—such as enhancing 
autophagy or protecting mitochondria—might offer more comprehensive suppression of NLRP3 activation. However, such 
interventions could also trigger broader biological effects, making the safety window harder to define.

Mechanistic Heterogeneity Among Different PD Models: The “Reproducibility Crisis” 
in Preclinical Research
The activation mechanisms and functions of NLRP3 exhibit significant heterogeneity across different PD models. This 
phenomenon warrants careful consideration and partially explains why certain interventions that demonstrate remarkable 
efficacy in animal models may fail in human subjects.

Regarding the activation mechanism of α-synuclein, human microglia exhibit weaker dependence on caspase-1 
enzyme activity compared to mouse microglia,5 suggesting that findings based on mouse-derived cells may overestimate 
the efficacy of certain interventions in humans. More notably, β-hydroxybutyrate inhibits ATP-induced NLRP3 activation 
but fails to block α-synuclein fibril activation.29 This implies that inhibitors effective in PD-specific pathological contexts 
may be missed by conventional ATP-based screening systems. It also suggests that NLRP3 inhibitor strategies from other 
disease areas cannot be readily applied to PD.

Model type also influences outcomes: In Parkin mutation models, USP9X inhibition improves NLRP3 activation.56 

Conversely, NLRP3 deficiency confers protective effects in MPTP models.37 In the LRRK2-G2019S mutation model, 
NLRP3 exhibits spontaneous activation even without stimulation.57 This heterogeneity strongly suggests that PD patients 
with different etiological subtypes may respond differently to NLRP3-targeted therapies. This implies that distinct 
intervention strategies may be required for genetic versus sporadic forms, as well as for early-onset versus late-onset PD.

This phenomenon offers insights for clinical translation: no single drug can be suitable for all PD patients. Future 
clinical trials should incorporate inflammation-related biomarkers into their inclusion criteria, prioritizing the selection of 
the “NLRP3-activated” patient subgroup rather than targeting the entire PD population indiscriminately. This also implies 
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that the beneficiary population for NLRP3-targeted therapies may be narrower than anticipated, necessitating a rational 
assessment of their commercial development value.

Safety Concerns Regarding Long-Term Suppression of NLRP3
Preclinical studies indicate that short-term use of NLRP3 inhibitors (such as MCC950 and OLT1177) can reduce 
neuroinflammation and improve motor function.7,8,45 The oral inhibitor NT-0796 demonstrated good tolerability in a 28- 
day trial involving PD patients.26 However, short-term safety does not equate to long-term safety. As a chronic 
progressive disease, PD requires sustained intervention over years or even decades, necessitating vigilance regarding 
the following risks. Immune defense impairment is the primary concern. NLRP3 participates in anti-pathogen immunity, 
and its prolonged suppression may increase infection risk.15,28

1. Most PD patients are elderly with inherently compromised immune function. Infectious complications such as 
community-acquired pneumonia are already common causes of death in advanced patients; the risk may multiply when 
compounded by drug-induced immunosuppression.

2. Compensatory activation of other inflammatory pathways may diminish therapeutic efficacy. Following NLRP3 
inhibition, alternative inflammatory pathways (such as NLRC4 and AIM2) may undergo compensatory activation,58 

leading to reduced therapeutic response. This phenomenon has been suggested in animal studies, though its long-term 
implications remain unclear. Should compensatory activation indeed occur, it implies that NLRP3 inhibition alone may 
prove insufficient for sustained inflammation control, necessitating combined intervention targeting additional pathways.

3. The potential for NLRP3 inhibitors to interfere with cellular clearance mechanisms cannot be overlooked. NLRP3 
degradation relies on autophagy-lysosomal pathways (such as Parkin-mediated ubiquitin-dependent degradation).32 

Prolonged NLRP3 inhibition may disrupt cellular clearance mechanisms, thereby exacerbating the accumulation of 
pathological proteins like α-synuclein. This presents a potential paradox: suppressing inflammation may simultaneously 
weaken the cell’s capacity to clear pathological proteins.

4. Additionally, dopamine itself can inhibit NLRP3 activation in microglia through D1/D2 receptors,9 forming an 
endogenous regulatory network. Long-term exogenous intervention may disrupt this balance, leading to unknown 
consequences. For example, following exogenous NLRP3 inhibition, would dopamine’s endogenous inhibitory effect 
be downregulated compensatorily? This question remains unanswered.

Moreover, most current animal studies span only weeks to months,59 lacking systematic evaluation of long-term side 
effects.25 Given the absence of long-term safety data, NLRP3 inhibitors should be introduced into clinical practice with 
caution. Crucially, clinical trial designs must incorporate infection events and tumor incidence as secondary endpoints for 
long-term follow-up.

From Controversy to Clinical Practice: Several Issues Worth Considering
Timing Considerations: What is the optimal intervention window for NLRP3-targeted therapy? Animal models 
suggest that early suppression of NLRP3 yields superior outcomes.7 While administration after symptom onset 
may still improve neurological function,8 its efficacy may fall short of early intervention. For patients in the 
middle-to-late stages with significant neuronal loss, whether inflammation suppression alone can deliver clinical 
benefits remains to be validated. Theoretically, once neuronal loss exceeds a threshold, functional deficits may be 
irreversible even with complete inflammation blockade. This suggests NLRP3 inhibitors may be better suited for 
early-stage patients, yet this conflicts with the reality of challenging early PD diagnosis.

Population Issues: Who is most likely to benefit from NLRP3-targeted therapy? Screening “inflammatory” PD 
patients based on peripheral blood NLRP3 expression levels or serum IL-1β concentrations may serve as a reasonable 
starting point. However, it should be noted that peripheral inflammation does not fully parallel central inflammation, and 
whether peripheral markers accurately reflect central NLRP3 activation status remains to be validated. A more funda
mental question is: even if NLRP3 activation is present, its differential distribution across cell types (glia vs. neurons) 
will influence therapeutic strategy selection.

Advantages and Disadvantages: What advantages do NLRP3 inhibitors offer compared to existing anti-inflammatory 
drugs (such as NSAIDs)? Clinical trial results for NSAIDs in PD have been inconsistent, with most showing negative 
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outcomes, suggesting that non-specific anti-inflammatory approaches may not be effective strategies. NLRP3 inhibitors 
exhibit higher specificity, but this also implies a narrower scope of application, necessitating precise selection of 
beneficiary populations. The question is: Does the benefit gained from this “precision” sufficiently justify the clinical 
advantage and commercial value of NLRP3 inhibitors relative to existing therapies?

Endpoint Issues: How Should Clinical Trials Evaluate Efficacy? NLRP3 inhibitors are classified as “disease- 
modifying therapies”, and their efficacy assessment cannot rely solely on motor symptom improvement, as such 
improvements may stem from the interference of symptomatic treatment with dopaminergic medications. Ideally, 
a comprehensive assessment should integrate imaging markers (eg, DAT-PET), biomarkers (eg, plasma NfL), and long- 
term disease progression (eg, time to Hoehn-Yahr staging progression). This undoubtedly increases the complexity and 
cost of clinical trials while imposing higher demands on trial design.

In summary, the NLRP3 inflammasome serves as a central coordinator of PD neuroinflammation, driving 
disease progression through a vicious cycle with α-synuclein pathology. Targeting this pathway holds significant 
disease-modifying therapeutic potential, but current translational bottlenecks must be overcome by: deciphering 
cell-specific mechanisms; understanding the complexity of regulatory networks; defining precise intervention 
timings; developing brain-targeted delivery systems; integrating multi-omics-guided personalized strategies; and 
conducting rigorous clinical trials. Therefore, before advancing new drugs into clinical translation, it is imperative 
to first clarify the target patient population, optimal intervention timing, and therapeutic strategies. Only then can 
NLRP3 inhibitors truly transition from the laboratory to the clinic, delivering tangible benefits to suitable PD 
patients rather than becoming yet another case of “effective in animal models, disappointing in humans”.

Despite these challenges, targeting the NLRP3 inflammasome pathway remains a highly promising direction for disease- 
modifying therapies in Parkinson’s disease. Future research should focus on: (1) precisely identifying “inflammatory-type” 
beneficiaries using peripheral and central biomarkers; (2) optimizing intervention timing within the disease progression; (3) 
Developing safe, efficient, and specific brain-targeted delivery strategies; (4) Exploring mechanism-complementary combina
tion therapies to maximize efficacy. Through this multidimensional, precision-driven R&D pathway, the theoretical potential 
of the NLRP3 pathway may be translated into clinical reality that tangibly improves Parkinson’s disease progression.
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