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Abstract

Background Parkinson’s disease (PD) is a leading neurodegenerative disorder characterized by the progressive loss of
dopaminergic neurons, contributing to considerable disability worldwide. Current treatments offer only symptomatic

relief, highlighting the need for novel therapeutic strategies targeting disease progression. Neuroinflammation plays a

pivotal role in PD pathogenesis, with the NLRP3 inflammasome emerging as a key contributor.

Methods The virtual screening of a natural product library comprising 5,088 compounds was applied to identify five
potential NLRP3 inhibitors through molecular docking scores. Then surface plasmon resonance assays were used to
detect their binding affinities to the NLRP3 protein. Functional studies in macrophages and glial cells were used to
demonstrate the effect of Psoralen on NLRP3 phosphorylation and inflammasome activation.

Results Psoralen treatment improved PD-like symptoms and reduced dopaminergic neuronal death by targeting
glial NLRP3 inflammasome activation in the MPTP/p mouse model. By performing 4D label-free quantitative
phosphorylation proteomics and site mutation assays, we identified that Psoralen prevents NLRP3 phosphorylation at
Serine 658 by binding to its NACHT and LRR domains.

Conclusions These findings position Psoralen as a promising NLRP3 inflammasome inhibitor, offering a potential
therapeutic avenue for PD and other NLRP3 inflammasome-related diseases. Additionally, this research highlights the
innovative approach of targeting specific phosphorylation sites on the NLRP3 protein to reduce neuroinflammation.

Keywords NLRP3 inflammasome, Phosphorylation, Serine 658, Inflammation, Parkinson’s disease

fRong-Xin Zhu and Rui-Xue Han contributed equally to this work. Ming Lu

lum@njmu.edu.cn
*Correspondence: "iangsu Key Laboratory of Neurodegeneration, Department of
Lei Cao Pharmacology, Nanjing Medical University, Nanjing 211116, China
leicao@njmu.edu.cn Department of Pharmacology, Nanjing University of Chinese Medicine,
Yang Liu Nanjing, Jiangsu 210023, China
liuyang@njucm.edu.cn 3China Pharmaceutical University, Nanjing 211116, China

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://orcid.org/0000-0001-8018-8389
http://crossmark.crossref.org/dialog/?doi=10.1186/s13024-025-00818-z&domain=pdf&date_stamp=2025-3-3

Zhu et al. Molecular Neurodegeneration (2025) 20:27

Background

Parkinson’s disease (PD) is the second most prevalent
neurodegenerative disorder, contributing significantly
to global disability and public health challenges [1]. The
primary pathological hallmark of PD is the progres-
sive loss of dopaminergic (DA) neurons in the substan-
tia nigra, associated with complex pathogenic processes
[2]. Current therapeutic strategies, aside from levodopa
which provides only symptomatic relief, are unable to
slow the disease progression [3]. Neuroinflammation
was first reported in PD pathogenesis in 1988, highlight-
ing reactive microglia in post-mortem PD patient tis-
sues [4]. This discovery has spurred numerous drug trials
focusing on anti-inflammatory agents [5]. Although no
Phase 3 clinical trials have yet confirmed the efficacy of
anti-inflammatory strategies for PD therapy, targeting
neuroinflammation remains promising and is a primary
research focus. Identifying anti-inflammatory targets is
crucial for successful clinical translation.

The term “inflammasome” describes a large multimeric
protein complex that activates inflammatory caspases
and processes pro-IL-f [6]. Inflammasome assembly is
triggered by pattern recognition receptors (PRRs) like
nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs) and absent in melanoma 2 (AIM2)-like
receptors [7]. Five receptors are confirmed to assemble
inflammasomes: NLRP1, NLRP3, NLRC4, AIM2, and
pyrin [7]. NLRP3 is the most extensively studied among
these [8]. Dysregulated NLRP3 inflammasome activation
is linked to various diseases, including cancer, metabolic
diseases, and neurodegenerative disorders [9, 10]. In PD
research, NLRP3 inflammasome activation in glial cells
and DA neurons accelerates disease progression [11-13].
Importantly, both our group and others have observed
that inhibiting NLRP3 inflammasome assembly and acti-
vation offers therapeutic benefits in PD models [12, 14,
15]. These findings suggest that targeting NLRP3 inflam-
masome could facilitate the development of anti-inflam-
matory strategies for PD treatment. Natural products,
known for their molecular diversity and unique bio-
activity, are vital resources for drug discovery, offering
enhanced efficacy and safety [16]. Screening for potential
NLRP3 inflammasome inhibitors from natural products
could expedite clinical translation success.

Canonical NLRP3 inflammasome activation involves a
two-step process: (1) A priming signal induced by Toll-
like receptor (TLR) ligands, leading to upregulation of
NLRP3, pro-IL-1f, and pro-IL-18; (2) An activation step
triggered by stimuli such as ATP and nigericin, result-
ing in inflammasome assembly and IL-1p release [17].
Clinical trials of the IL-1p-targeted monoclonal antibody
canakinumab have shown therapeutic effects on inflam-
matory diseases, including atherosclerosis and recurrent
fever syndromes, though higher rates of fatal infections
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were observed in recipients [18, 19]. This raises the ques-
tion of whether upstream targeting with NLRP3-specific
inhibitors might offer safety and efficacy advantages
over IL-1B blockade. Recent studies suggest that post-
translational modifications of the NLRP3 protein, such
as ubiquitination and phosphorylation, are crucial for
inflammasome assembly and activation [8]. For exam-
ple, phosphorylation of NLRP3 protein at Serine 194
initiates inflammasome activation, while phosphoryla-
tion at Serine 803 inhibits it [20, 21]. These insights pro-
vide valuable strategies for selectively targeting NLRP3
protein to ameliorate NLRP3 inflammasome-driven
neuroinflammation.

In this study, we conducted a virtual screening of a nat-
ural product library comprising 5,088 compounds. Five
candidate NLRP3 inhibitors were selected for further
investigation based on their molecular docking scores.
Surface plasmon resonance (SPR) assays were used to
determine the binding affinities of these candidates to
the NLRP3 protein. Functional studies were performed
in bone marrow-derived macrophages (BMDMs) stimu-
lated with LPS+ATP and LPS+Nigericin, two estab-
lished NLRP3 inflammasome activation models. Among
these candidates, S4737, known as Psoralen, emerged
as the most effective NLRP3 inflammasome inhibitor,
impeding NLRP3 phosphorylation and inflammasome
assembly. Notably, this inhibitory effect was validated in
microglia and astrocytes, key players in neuroinflamma-
tion. Psoralen treatment improved PD-like motor symp-
toms and prevented DA neuronal death by inhibiting
glial NLRP3 inflammasome activation. Mechanistically,
Psoralen blocked NLRP3 phosphorylation at Serine 658
by binding to its NACTH and LRR domains. Collectively,
our findings reveal a novel phosphorylation site on the
NLRP3 protein that positively regulates inflammasome
activation and introduce an effective NLRP3 inhibitor
with potential for PD therapy and other NLRP3 inflam-
masome-driven diseases.

Materials and methods

Mice

Male C57BL/6 mice (8 weeks old) and pregnant female
mice were sourced from the Laboratory Animal Center
of Nanjing Medical University and housed under specific
pathogen-free (SPF) conditions. Mice were maintained
on a 12-hour light/dark cycle in a temperature-controlled
environment with unrestricted access to food and water.
Additionally, pregnant female C57BL/6 mice (gestational
day 14—15) were used to culture primary neurons. Nirp3
knockout (KO) and wild-type (WT) littermate mice were
maintained under the same SPF conditions as previously
described [12]. The study protocols were approved by the
Institutional Animal Care and Research Committee of
Nanjing Medical University (IACUC No. 2008067).
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The MPTP/p mouse model

C57BL/6 mice were randomly assigned to receive
either MPTP/p (MPTP: 20 mg/kg, s.c., and probenecid:
250 mg/kg, i.p.) or saline twice a week for five weeks. One
week after the final injection, mice were euthanized, and
samples were collected for subsequent analyses.

Behavioral tests

A series of behavioral tests were performed to assess
motor function. Mice were acclimated to the testing envi-
ronment for one hour prior to each test.

Open field test

Mice were placed in the center of a transparent glass box
(50 x 50 x 50 cm), and their movements were recorded for
10 min using an automated video tracking system (Clever
Sys Inc.). Locomotor activity was scored based on the
distance traveled and speed during the initial 5 min.

Pole test

Mice were placed facing upward on a vertical wooden
pole (50 cm height, 2 cm diameter). After a day of accli-
mation, the time taken by each mouse to descend the
pole (T-total) was measured over three consecutive trials.

Rotarod test

Mice were tested on a rotating rod (3 cm diameter) with
five compartments (10 cm width each). The apparatus
initiated at 5 rpm and accelerated to 30 rpm over 5 min.
The latency to fall was recorded across six trials, with a
30-minute rest between trials.

Elevated plus maze (EPM)

The EPM consisted of two open and two closed arms
elevated 50 cm above the floor. Mice were allowed to
explore the maze for 6 min, and their movements in the
open arms and center zone were recorded using Clever
Sys Inc. software. The apparatus was cleaned with 75%
ethanol between trials.

Gait analysis

Gait parameters were evaluated using the WalkAnalysi-
sator 1.0.9 system (Beijing Zhongshi Dichuang Technol-
ogy Development Co., Ltd.). Mice were trained to walk
through a transparent glass walkway, and their footprints
were captured by a high-definition camera. Gait met-
rics such as stride length and movement trajectory were
analyzed.

Virtual screening analysis

The Alphafold 2 database model was applied to pre-
dict the potential binding region of the NLRP3 protein
(PDB: 6NPY). Virtual docking simulations were per-
formed between the NLRP3 protein and 5,088 natural

Page 3 of 21

compounds using PyMOL software. Compounds were
ranked based on Gibbs free energy scores.

Surface plasmon resonance (SPR) analysis

SPR analysis was performed as described previously [22].
Recombinant human NLRP3 protein (CUSBIO, #CSB-
EP822275HU3) was immobilized on a CM5 chip (GE,
USA), and interactions with different concentrations
of compounds were quantified. The equilibrium disso-
ciation constant (KD) was calculated using a 1:1 binding
model in the Reichert data evaluation software.

Primary cell and cell lines cultures
Bone marrow-derived macrophages (BMDMs) were iso-
lated and cultured as described [22]. Primary astrocytes
and microglia were isolated from 3-day-old neonatal
mice as previously reported [23]. Cells were cultured
in DMEM/F12 medium supplemented with 10% fetal
bovine serum (FBS) and 100 units/ml penicillin and
streptomycin. Primary astrocytes were cultured for
14 days with medium changes every three days, while
microglia were cultured for 10 days and harvested by
gentle agitation. Primary dopaminergic neurons from
the midbrain of pregnant female mice (gestational day
14-16) were cultured in a neurobasal medium supple-
mented with 10% B27 and antibiotics, as described [23].
SH-SY5Y (CRL-2266) and HEK-293T cells (SCSP-502)
were obtained from the American Type Culture Collec-
tion and the National Collection of Authenticated Cell
Cultures and cultured following the respective protocols.
The schematic model of the coculture system is illus-
trated in the supplemental Figure S4A. For MCM
(microglia conditional medium) and ACM (astrocytic
conditional medium) collection, microglia, and astro-
cytes were incubated in serum-free medium for 1 h to
allow the cells to adapt to the culture environment and
then exposed to the following stimulation: (i) LPS (100
ng/mL) plus ATP (5 mM, 30 min before) for 6 h. (ii) LPS/
ATP stimulation after pretreatment with either Psoralen
or NLRP3 inhibitor MCC950 at 10 uM for 1 h. The con-
ditioned medium from activated microglia (MCM) was
collected, filtered using 0.22 um pore filters, and stored at
- 80 °C until use. The neurons were plated on PLL-coated
wells and cultured in DMEM/F12 medium supplemented
with 10% FBS and 1% streptomycin/penicillin for 6 h.
The media were changed to neurobasal medium supple-
mented with 2% B27 and 0.5 mM glutamine and half-
changed every 3 days. After 6 days, neurons were treated
with the conditioned medium (MCM or ACM: neuro-
basal = 1:2) for 24 h.

The NLRP3 inflammasome activation models
BMDMs and glial cells (microglia and astrocytes)
were plated in 12-well plates and primed with
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lipopolysaccharide (LPS, 100ng/mL) for 5.5 h. Cells were
subsequently stimulated with ATP (5mM) or nigericin
(10pM) for 30 min, after which supernatants and cell
lysates were collected for immunoblotting.

For the washout experiment, LPS-primed BMDMs
were incubated with Pso for 1 h, and then three washes
over 15 min were performed to remove the unbound
drug before nigericin stimulation. Then the supernatants
were collected for ELISA detection.

Cell viability and LDH release assays

Cell viability was assessed using the CCK-8 cell prolifera-
tion and cytotoxicity assay kit (CA1210, Solarbio, China),
and lactate dehydrogenase (LDH) release was measured
using the LDH activity detection kit (BC0680, Solarbio,
China). All experimental procedures and data analysis
were conducted as per the manufacturer’s instructions.

ELISA assays

Supernatants from BMDMs and glial cells were col-
lected, and the levels of IL-1p (EMO001), IL-6 (EMO004),
and TNF-a (EMO008) were quantified using ELISA kits
(Excell Bio, Shanghai, China) following the manufactur-
er’s instructions.

Western blotting

Cell and tissue lysates were prepared using RIPA buffer
(Beyotime, P0013B) supplemented with protease inhibi-
tors. Lysates were centrifuged at 16,000 g for 15 min,
and protein concentrations were determined using a
BCA assay (Beyotime, P0010). Proteins were resolved on
8-15% SDS-PAGE gels, transferred to PVDF membranes,
and blocked with 5% BSA. Membranes were incubated
with primary antibodies overnight at 4 °C, followed by
secondary antibody incubation for 1 h. Protein bands
were visualized using a chemiluminescence imaging sys-
tem (Bio-Rad). Antibody details are provided in Supple-
mentary Table 2.

Immunohistochemistry and Immunofluorescence

Mice were perfused with 4% paraformaldehyde, and
brains were sectioned at 25 pm thickness. Sections were
treated with 3% hydrogen peroxide to quench endog-
enous peroxidase activity, blocked with 5% BSA, and
incubated with primary antibodies overnight. Immu-
nohistochemical staining was performed using a com-
mercial DAB kit (MX Biotechnologies, DAB0031).
Immunofluorescence was performed similarly, with sec-
tions incubated with Alexa Fluor-conjugated secondary
antibodies. Nuclei were counterstained with Hoechst
(Sigma, 33342), and sections were imaged using confo-
cal microscopy (FV3000, Olympus). The number of TH*
neurons, GFAP* astrocytes, IBA-1* microglia, and Nissl*
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neurons in the SNpc were calculated using Stereo Inves-
tigator (MBF Bioscience, Williston, VT).

Phos-Tag SDS-PAGE

For analysis of NLRP3 phosphorylation, samples of tissue
and cell extracts in SDS-gel sample buffer were subjected
to phosphate affinity SDS-PAGE using an acrylamide-
pendant phosphate-binding tag (Phos-tag™) with Mn?*
as previously described [24]. Standard Tris-Cl buffered
stacking (4.5% w/v acrylamide) and separating (6% w/v
acrylamide, 50puM Phos-tagged acrylamide, 100pM
MnCl,) gel recipes were applied. Electrophoresis was
performed under constant current conditions (30 mA/
gel) until the BPB reached the bottom of the resolving gel.
For the transfer of gel-separated proteins to PVDF mem-
branes, gels were pretreated by washing in methanol-
free transfer buffer with 5mM EDTA for 10 min twice to
remove bivalent cations. Immunoblotting was performed
with primary antibody against NLRP3.

4D-label free phosphoproteomics

Protein extraction and digestion

SDT (4%SDS, 100mM Tris-HCl, ImM DTT, pH 7.6) buf-
fer was used for sample lysis and protein extraction. The
amount of protein was quantified with the BCA Protein
Assay Kit (Bio-Rad, USA). Protein digestion by trypsin
was performed according to the filter-aided sample prep-
aration (FASP) procedure described by Matthias Mann.

Phosphopeptides enrichment

IMAC enrichment method. The enrichment of phos-
phopeptides was carried out using High-Select™ Fe-NTA
Phosphopeptides Enrichment Kit according to the manu-
facturer’s instructions (Thermo Scientific). After lyophi-
lized, the phosphopeptides peptides were resuspended in
20pL loading buffer (0.1% formic acid).

LC-MS/MS analysis

LC-MS/MS analysis was performed on a timsTOF Pro
mass spectrometer (Bruker) and was coupled to Nanoe-
lute (Bruker Daltonics) for 60 min. The peptides were
loaded on a Cl18-reversed phase analytical column
(homemade, 25 cm long, 75 ym inner diameter, 1.9 pum,
C18) in buffer A (0.1% Formic acid) and separated with
a linear gradient of buffer B (84% acetonitrile and 0.1%
Formic acid) at a flow rate of 300nl/min. The mass spec-
trometer was operated in positive ion mode. The mass
spectrometer collected ion mobility MS spectra over a
mass range of m/z 100-1700 and 1/k0 of 0.6 to 1.6 and
then performed 10 cycles of PASEF MS/MS with a target
intensity of 1.5k and a threshold of 2500. Active exclusion
was enabled with a release time of 0.4 min.
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Identification and quantitation of phosphorylated proteins
The MS raw data for each sample were combined and
searched using the MaxQuant software for identification
and quantitation analysis.

Bioinformatic analysis

Motif analysis

The motifs were analyzed by MeMe (http://meme-suite.
org/index.htm). We extracted the amino acid sequences
containing the modified site and six upstream/down-
stream amino acids from the modified site (13 amino
acid sites in total). These sequences were used to pre-
dict motifs in this study (parameters: width: 13, occur-
rences:20, background: species).

Subcellular localization

CELLO (http://cello.life.nctu.edu.tw/) which is a multi-c
lass SVM classification system, was used to predict pro-
tein subcellular localization.

Domain annotation

Protein sequences are searched using the InterProScan
software to identify protein domain signatures from the
InterPro member database Pfam.

GO annotation

The protein sequences of the selected differentially
expressed proteins were locally searched using the NCBI
BLAST +client software (ncbi-blast-2.2.28+-win32.exe)
and InterProScan to find homologue sequences, then
gene ontology (GO) terms were mapped and sequences
were annotated using the software program Blast2GO.
The GO annotation results were plotted by R scripts.

KEGG annotation

Following annotation steps, the studied proteins were
blasted against the online Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (http://geneontology.or
g/) to retrieve their KEGG orthology identifications and
were subsequently mapped to pathways in KEGG.

Enrichment analysis

Enrichment analysis was applied based on the Fisher’
exact test, considering the whole quantified proteins as
background dataset. Benjamini- Hochberg correction
for multiple testing was further applied to adjust derived
p-values. And only functional categories and pathways
with p-values under a threshold of 0.05 were considered
as significant.

Co-IP assay

Cell samples were harvested with NP40 lysis buffer (Bey-
otime, PO013F) containing protease inhibitors. Equal
amounts of protein were then incubated with NLRP3
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antibody at 4°C overnight. Protein A/G PLUS-Agarose
(Santa Cruz Biotechnology, SC-2003) was added to
incubate with samples for 4 h at room temperature. The
immunoprecipitated complexes were washed three times
with lysis buffer and denatured by adding loading buffer,
followed by boiling for 5 min. Western blotting analysis
was used to detect the immunoprecipitated samples.

Pulldown assay

HEK-293T cells were transfected with plasmids, includ-
ing Flag-NLRP1, Flag-NLRP3 plasmid, Flag-AIM2,
Flag-NLRC4, Flag-NLRP3 (PYD: 1-93aa), Flag-NLRP3
(NACHT: 220-536aa), or Flag-NLRP3 (LRR: 742-991aa).
The lysates were incubated with streptavidin beads. The
interaction between biotin-labeled compounds and
recombinant proteins was analyzed by Western blotting.
Details of antibodies and plasmids are provided in Sup-
plemental Tables 2 and Table 3.

Ultra-performance liquid chromatography-mass spectrum
(UPLC-MS)

The concentrations of psoralen in mouse plasma and
brain were quantified using liquid chromatography-mass
spectrometry with a Thermo TSQ Quantis LC-MS/MS
System equipped with an electrospray ionization inter-
face used to generate positive ions [M + H]* for psoralen
as previously described [12].

High-performance liquid chromatography (HPLC)

The mice were sacrificed and the striatum was collected
to measure the levels of monoamine transmitters (DA,
5-HIAA, HVA, and 5-HT). The samples (10 uL/mg) were
homogenated in the buffer containing 0.1 mol/L perchlo-
ric acid, 0.1mM EDTA-2Na, 4 x 10% mol/L DHBA (Sigma,
858781), and centrifuged with 20,000 g for 20 min at 4 °C,
then the supernatant was collected for measurement.
HPLC detection system and Parameters were set as pre-
viously described [23].

Real-time qPCR

Total RNA was extracted from BMDMs using TRIzol™
reagent (ThermoFisher Scientific, 15596018CN) and
dissolved in 20 uL DEPC-treated water. RNA concen-
tration and purity were assessed using a OneDrop™
OD-1000 + Ultra-Micro Spectrophotometer (OneDrop).
Complementary DNA (cDNA) was synthesized from
1 ug of total RNA using the HiScript III RT SuperMix
for qPCR (Vazyme, R323-01) following the manufac-
turer’s protocol. qPCR amplification was conducted with
ChamQ Universal SYBR qPCR Master Mix (Vazyme,
Q341-02) under the following conditions: initial denatur-
ation at 95 °C for 30 s, followed by 40 cycles of denatur-
ation at 95 °C for 10 s, and annealing/extension at 60 °C
for 30 s. Melting curve analysis was performed with the
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following steps: 95 °C for 10 s, 60 °C for 30 s, and 95 °C
for 15 s. Relative gene expression was calculated using
the 2”24 method, with normalization to Gapdh as the
reference gene. Details of primers and small interfering
RNA sequences are provided in Supplemental Table 4.

Longitudinal functioning experiment

This Longitudinal functioning experiment (last for 8
weeks) was divided into two stages. Chronic MPTP/p
treatment (5 weeks) is Stage 1, and administration for
another 3 consecutive weeks is Stage 2. After Stage 1
chronic MPTP/p treatment, behavioral test 1 (green) was
performed to assess the successful PD modeling and effi-
cacy of Pso and MCC950. Then mice were administrated
for another 3 consecutive weeks (without MPTP/p) as
Stage 2 to observe longitudinal function in the behavioral
test 2 (orange). The Schematic diagram of the longitudi-
nal experimental procedure is illustrated in Fig. S10A.

Stereotaxic surgery

AAV vectors expressing NLRP3 or its mutant (S658A)
were injected bilaterally (300nl/side) into the midbrain of
mice using a stereotaxic apparatus (RWD Life Science).
The coordinates are AP: -3.0 mm, ML: +1.3 mm, and DV:
-4.5 mm. After surgery, the mice were maintained for 3
weeks to allow for viral expression.

Statistical analysis

Data are expressed as mean*S.E.M. Statistical analy-
ses were conducted using GraphPad Prism 9. Student’s
t-test, one-way ANOVA, or two-way ANOVA with
Tukey’s multiple comparisons test were used. Statistical
significance was set at p<0.05. All in vitro experiments
included at least three biological and two technical repli-
cates. Further details are provided in figure legends.

Results

Virtual screening and validation of natural product
inhibitors targeting NLRP3 inflammasome in BMDMs
Numerous studies have established a strong link between
NLRP3 inflammasome activation and the progres-
sion of PD [25]. In this study, we observed a loss of DA
neurons in the SNc of MPTP/p-treated mice, which
was associated with heightened reactivity of microglia
and astrocytes (Fig. S1A-D). Notably, the presence of
NLRP3-positive microglia in MPTP/p-treated mice was
significantly higher (80.43%) compared to saline-treated
controls (37.76%) (Fig. S1E-F). Similarly, the proportion
of NLRP3-positive astrocytes increased from 28.61% in
saline-treated mice to 67.56% in MPTP/p-treated mice
(Fig. S1G-H). These findings suggest that glial NLRP3
expression contributes to the degeneration of DA neu-
rons. To further validate this, we analyzed PD pathology
in MPTP/p-treated WT and Nlrp3 KO mice. Behavioral
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assessments showed that Nlrp3 KO mice exhibited
improved motor performance compared to WT mice. In
the open field test, Nirp3 KO mice displayed increased
movement distance following MPTP/p treatment (Fig.
S2A-B). In the rotarod test, the latency to fall was sig-
nificantly extended in Nirp3 KO mice under MPTP/p
treatment compared to WT mice (Fig. S2C). Similarly,
Nirp3 KO mice demonstrated reduced time to complete
the pole test compared to WT mice after MPTP/p treat-
ment (Fig. S2D). In the elevated plus maze test, Nlrp3 KO
mice exhibited longer stride lengths than WT mice in the
MPTP/p treatment context (Fig. S2E-F). Although no
significant differences were observed between saline- and
MPTP/p-treated mice, Nirp3 KO mice exhibited greater
locomotion in both the center and open-arm regions
(Fig. S2G-H). Additionally, immunofluorescence stain-
ing of midbrain slices revealed that Nlrp3 KO attenuated
the loss of DA neurons and reduced glial reactivity in
MPTP/p-treated mice (Fig. S2I). These findings support
the notion that NLRP3 expression in glial cells contrib-
utes to DA neuronal loss and PD progression.

Given the therapeutic potential of inhibiting NLRP3
inflammasome activation in PD [25], we conducted a
virtual screening of a natural product library consisting
of 5,088 compounds (Fig. 1A). Based on docking scores,
five candidate compounds (52349, S3846, S5135, S3890,
and S4737) were selected for further evaluation (Fig. 1B,
Supplementary Table 1). To assess their inhibitory effects
on NLRP3 inflammasome activation, we measured IL-1
release from BMDMs treated with LPS+ATDP, using
MCC950 as a positive control [26]. All compounds,
except S5135, significantly reduced IL-1p release at a
concentration of 10 puM, with S4737 emerging as the
most effective (Fig. 1C). Surface plasmon resonance
(SPR) assays were conducted to determine the binding
affinities of the four active compounds to NLRP3. The
equilibrium dissociation constants (Kds) were calcu-
lated as follows: S3846 (573 uM), S2349 (146 uM), S3890
(4.08 mM), and S4737 (209 uM) (Fig. 1D). Subsequent
western blotting analysis of IL-1 and caspase-1 expres-
sion in LPS+ ATP-stimulated BMDMs identified S4737
as the most effective inhibitor of NLRP3 inflammasome
activation, and it was selected for further study (Fig. 1E).
To explore the concentration-dependent effects of S4737,
also known as Psoralen, concentrations ranging from
0.01 to 1 uM were tested on NLRP3 inflammasome acti-
vation in BMDMs (Fig. 1F). Psoralen (Pso) treatment did
not affect cell viability and LDH release but significantly
reduced IL-1p and caspase-1 levels in the supernatant
of LPS+ATP-stimulated BMDMs in a concentration-
dependent manner (Fig. S3A, D and Fig. 1G). Interest-
ingly, Psoralen selectively inhibited the phosphorylation
of NLRP3, while total NLRP3 levels remained unchanged
(Fig. 1H). To validate the inhibitory effect of Psoralen,
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we employed a second model of NLRP3 inflammasome
activation using LPS + Nigericin in BMDMs [27]. Consis-
tent with the previous findings, Psoralen reduced NLRP3
inflammasome activation and phospho-NLRP3 expres-
sion in a concentration-dependent manner (Fig. 1I-
). Immunofluorescence staining for NLRP3 and ASC
showed a decrease in ASC speck-positive BMDMs upon
Psoralen treatment under LPS + ATP condition (Fig. 1K-
L). In summary, our results confirm that Psoralen effec-
tively inhibits NLRP3 inflammasome activation and may
hold potential as a therapeutic agent for PD.

Psoralen inhibits NLRP3 phosphorylation and NLRP3
inflammasome activation in microglia and astrocytes

We further investigated the inhibitory effects of Pso-
ralen on NLRP3 inflammasome activation in microglia
and astrocytes, two key glial cell types that exacerbate
neuroinflammation and contribute to PD progression.
In microglia, Psoralen (Pso) treatment at concentra-
tions ranging from 0.01 to 100 pM had no significant
effect on cell viability and LDH release (Fig. S3B, E).
When microglia were stimulated with LPS+ATP,
NLRP3 inflammasome activation was indicated by
increased IL-1B and caspase-1 levels in the superna-
tant. However, Pso treatment (0.01-1uM) significantly
and concentration-dependently suppressed NLRP3
inflammasome activation (Fig. 2A;_,). Addition-
ally, Pso inhibited the phosphorylation of NLRP3 in
LPS + ATP-stimulated microglia, consistent with the
results observed in BMDMs (Fig. 2B). Notably, Pso treat-
ment selectively reduced IL-1p release without affecting
TNEF-a or IL-6 levels, suggesting a specific inhibitory
effect on NLRP3 inflammasome activation in microglia
(Fig. 2C-E). We further validated these findings using an
alternative model of NLRP3 inflammasome activation
in microglia, stimulated with LPS + Nigericin. Pso treat-
ment (0.01-1uM) again demonstrated a concentration-
dependent inhibition of NLRP3 inflammasome activation
and reduced phospho-NLRP3 expression (Fig. 2F;_,-2G).
In astrocytes, Pso treatment across a similar concen-
tration range (0.01-100 uM) did not affect cell viabil-
ity and LDH release, although a higher concentration
(300 pM) reduced cell viability (Fig. S3C, F). LPS + ATP
stimulation led to NLRP3 inflammasome activation and
increased phospho-NLRP3 expression in astrocytes, both
of which were effectively blocked by Pso treatment at
1puM (Fig. 2H,_,-2I). Similarly, Pso specifically inhibited
NLRP3 inflammasome activation in LPS+ ATP-stimu-
lated astrocytes, as evidenced by reduction in the release
of IL-1P but not TNF-a or IL-6 (Fig. 2J-L). Collectively,
these results demonstrate that Psoralen is a potent inhibi-
tor of NLRP3 inflammasome activation in both microglia
and astrocytes, which may help mitigate neuroinflamma-
tion and slow PD progression.
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Psoralen treatment ameliorates PD-like motor symptoms
and DA neuronal death through Inhibition of NLRP3
inflammasome activation

To evaluate the therapeutic potential of Psoralen in PD,
we employed an indirect co-culture system of microglia/
astrocytes and neurons (Fig. S4A). Conditioned medium
(MCM) from LPS+ ATP-treated microglia significantly
damaged primary neurons, but this damage was mark-
edly reduced by Pso-containing MCM, as shown by
MAP2 staining (Fig. 3A-B). Notably, this neuroprotective
effect was also observed in DA neurons, as demonstrated
by immunohistochemical and immunofluorescence
staining for TH (Fig. 3C-D and Fig. S4B-C). Similarly,
the conditioned medium from LPS + ATP-treated astro-
cytes (ACM) caused neuronal damage, which was also
mitigated by Pso-containing ACM (Fig. S4D-G). Inter-
estingly, Pso did not affect cell viability or LDH release
in SH-SY5Y cells under both basal and MPP" conditions
(Fig. S5A-D), suggesting that its neuroprotective effects
are mediated through the inhibition of glial NLRP3
inflammasome activation, rather than direct effects on
neurons. We next assessed the effects of Pso in MPTP/p-
treated WT and Nilrp3 KO mice (Fig. S6A). The ability of
Pso to cross the blood-brain barrier was confirmed using
UPLC-MS/MS. Upon administration, Pso (20 mg/kg,
i.g.) successfully penetrated the blood-brain barrier, with
increasing concentrations detected in plasma and brain
over time (Fig. S6B-C). Behavioral tests revealed that Pso
treatment improved motor performance in MPTP/p-
treated W'T mice but not in Nlrp3 KO mice. In the open
field test, Pso increased both movement distance and
speed in WT but not Nlrp3 KO mice (Fig. 3E-G). Mean-
while, Pso treatment extended the latency to fall in WT
but not Nirp3 KO mice in the rotarod test (Fig. 3H). Like-
wise, in the pole test, Pso improved performance in WT
but had no effect in Nlrp3 KO mice (Fig. 3I). Analysis of
neurotransmitter levels in the striatum by HPLC revealed
that Pso treatment significantly increased the levels of
dopamine and its metabolites (DOPAC and HVA) in
MPTP/p-treated WT mice, an effect not observed in
Nirp3 KO mice (Fig. 3]-K, Fig. S7A). However, Pso had
no effect on 5-HT or 5-HIAA levels (Fig. S7B-C). More-
over, Pso treatment reduced the loss of DA neurons in
the nigrostriatal pathway, as demonstrated by immuno-
histochemical staining for TH in the SNc and striatum
(Fig. 3L-M, Fig. S7D), a finding further supported by
Nissl staining of the SNc region (Fig. 3N-O). Collectively,
these results suggest that Psoralen confers neuroprotec-
tion in the presence of functional NLRP3.

In MPTP/p-treated WT mice, Pso reduced the num-
ber of IBA-1 positive microglia and GFAP positive astro-
cytes in the SNc, indicating suppression of glial reactivity
(Fig. 4A-D). However, this effect was not observed in
Nlirp3 KO mice, which were resistant to MPTP/p-induced
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Fig. 2 Psoralen prevents NLRP3 inflammasome activation in microglia and astrocytes. (A) LPS (100 ng/mL) primed microglia were treated with differ-
ent concentrations (0.01, 0.1, and 1 uM) of Pso and then stimulated with ATP (5 mmol/L). The levels of IL.-13 and caspase-1 in SN and levels of pro-IL-13/
pro-caspase-1 in Lysates were analyzed by immunoblotting. Quantification of relative expression of IL-10 (i), caspase-1(ii), pro-IL-1 (iii), and pro-caspase-
1(iv) in microglia. All experiments were performed with three biological replicates. (B) Phos-tag SDS-PAGE and quantification of NLRP3 phosphorylation
levels in microglia treated with LPS/ATP. Measurement of IL-13 (C), TNF-a (D), and IL-6 (E) levels in the supernatant of microglia, n=3. (F) LPS (100 ng/mL)
primed microglia were treated with different concentrations (0.01, 0.1, and 1 uM) of Pso and then stimulated with nigericin (5umol/L). Quantification of
relative expression of IL-18 (i), caspase-1(ii), pro-IL-1 (iii), and pro-caspase-1(iv) in microglia stimulated with LPS/nigericin. (G) Phos-tag SDS-PAGE and
quantification on NLRP3 phosphorylation treated with LPS/nigericin in microglia. (H) LPS (100 ng/mL) primed astrocytes were treated with different con-
centrations (0.01, 0.1, and 1 uM) of Pso and then stimulated with ATP (5 mmol/L). Quantification of relative expression of IL-1( (i), caspase-1(ii), pro-IL-13
(i), and pro-caspase-1(iv) in astrocytes stimulated with LPS/ATP. (I) Phos-tag SDS-PAGE and quantification on NLRP3 phosphorylation treated with LPS/
ATP in astrocytes. Measurement of IL-13 (J), IL-6 (K), and TNF-a (L) levels in astrocytes, n=3. Data were analyzed by one-way ANOVA, followed by Tukey

post-tests. P<0.05, "P<0.01,and ""P<0.001. ns: no significance

glial reactivity, further underscoring the essential role
of NLRP3 in mediating the effects of Pso (Fig. 4A-D).
Additionally, immunofluorescence staining revealed that
Pso inhibited the MPTP/p-induced assembly of NLRP3
inflammasome, as indicated by reduced ASC speck for-
mation, an effect absent in Nirp3 KO mice (Fig. 4E).
Consistent with these findings, Pso treatment signifi-
cantly prevented LPS+ ATP-induced NLRP3 inflamma-
some activation in BMDMs from WT but not Nirp3 KO
mice (Fig. 4F). In conclusion, these findings highlight the

therapeutic potential of Psoralen in PD by inhibiting glial
NLRP3 inflammasome activation.

To investigate the longitudinal functioning of pso-
ralen, we designed the additional experiment (last for 8
weeks) illustrated in Fig. S10A. At the endpoint of Stage
1 (green arrow), behavioral tests showed that Pso (20 mg/
kg) treatment improved motor performance in MPTP/p-
treated mice. Pso treatment increased movement dis-
tance in the OFT (Fig. S10B-C), extended the latency to
fall in the rotarod test (Fig. S10D), and improved T-TLA
in the pole test (Fig. S10E). Likewise, the MCC950
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Fig. 3 Psoralen ameliorates PD-like motor symptoms and DA neuronal death in the presence of functional NLRP3. Primary neurons were incubated with
conditioned medium (MCM) from microglia treated with LPS/ATP and Pso (1 uM). Representative immunostaining (A) and quantification (B) of MAP2
intensity (green). The scale bar represents 20 um. (C-D) Effects of MCM on the morphology of DA neurons observed by immunohistochemical staining of
TH.The scale bar represents 20 um. (E-G) Travel path, movement distance and speed were recorded in the open field test, n=6-10. (H) Latency to fall was
recorded in the rotarod test, n=6-8. (I) The time taken to descend a pole (T-TLA) was recorded in the pole test, n=6-8. (J-K) The levels of dopamine and
DOPAC in the striatum homogenate were detected by HPLC, n=8-10. (L-M) Immunohistochemical staining and counting of TH* neurons in the SNc. The
scale bar represents 200 um. Enlarge vision: 40 pum. (N-O) Staining and counting of NissI* neurons in the SNc. The scale bar represents 200 um. Enlarge
vision: 40 um. Data were analyzed by one-way ANOVA, followed by Tukey post-tests. P<0.05, “P<0.01, and “"P<0.001. ns: no significance
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(10 mg/kg) treatment also significantly improved the
motor dysfunction of MPTP/p mice. After another 3
consecutive weeks of administration, at the endpoint of
Stage 2 (orange arrow), behavioral tests showed that Pso
(20 mg/kg) treatment can still improve motor perfor-
mance (Fig. S10F-I). As shown in Fig. S10K, Pso alleviates

Fig. 4 Psoralen prevents glial NLRP3 inflammasome activation in the MPTP/p mouse model. Immunohistochemical staining and counting of IBA-1*
cells (A and €) and GFAP™ cells (B and D). The scale bar represents 200 um. Enlarge vision: 40 um. (E) Immunofluorescence staining for ASC (green) and
microglia marker IBA1 (red) in the SNc of MPTP/p-treated WT and Nirp3~~ mice. DAPI stains the nucleus (blue). The scale bar represents 100 pm. (F) Ef-
fects of Psoralen (1uM) on NLRP3 inflammasome activation in the LPS/ATP primed-BMDMs from WT and Nirp3 KO mice. Data were analyzed by one-way

*rx

ANOVA, followed by Tukey post-tests. 'P<0.05, "P<0.01,and *"P<0.001. ns: no significance

IBA-1 ASC DAPI

the loss of the dopaminergic neurons, the number of
IBA-1-positive microglia, and GFAP-positive astrocytes
in the midbrain of MPTP/p-treated mice. These results
demonstrated that Pso (20 mg/kg) exerts a neuroprotec-
tive effect even at long-term administration. In contrast
to Pso, although immunohistochemical staining results
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showed that MCC950 (10 mg/kg) ameliorated the loss of
dopaminergic neurons, the improvement of movement
activity after long-term administration was significantly
lower than that in the Pso (20 mg/kg) treatment group
(Fig. S10F-I). We speculated the therapeutic effects of
MCC950 may be abolished due to the long-term hepa-
totoxicity of MCC950, which is consistent with the pre-
vious report!. Furthermore, from the body weight curve
of mice, mild reductions in weight with prolonged treat-
ment in the MCC950 group were observed compared
with that in the Pso group (Fig. S10J). H&E staining dem-
onstrated that MCC950 (10 mg/kg, 8-week) treatment
performed an aggravated liver injury in the MPTP/p
group (Fig. S10K). Moreover, pyroptosis-related pro-
teins in the striatum were detected by immunoblotting.
Both Pso and MCC950 treatment inhibited the activa-
tion of the NLRP3 inflammasome, subsequently reducing
the expression of the N-terminal pore-forming GSDMD
fragment (GSDMD-NT) (Fig. S10L). Taken together, Pso-
ralen treatment (20 mg/kg) performed more sustainable
neuroprotective effects even with long-term administra-
tion. It has better effects on ameliorating PD-like motor
symptoms and DA neuronal death than MCC950. More
importantly, Pso exhibits the advantage of higher safety
and less hepatotoxicity.

Psoralen binds to the NACHT and LRR domains of NLRP3

We further elucidate the mechanism underlying Pso-
ralen-mediated inhibition of NLRP3 inflammasome.
Molecular docking analysis revealed a direct interaction
between Pso and the NLRP3 protein (Fig. 5A). To experi-
mentally validate this interaction, we synthesized bioti-
nylated Psoralen (Bio-Pso) and confirmed its structure
through LC-MS and proton nuclear magnetic resonance
(HNMR) spectroscopy (Fig. 5B and Fig. S8A-B). BMDMs
were treated with either Pso or Bio-Pso for 2 h, followed
by LPS + ATP stimulation. Streptavidin beads were then
employed to pull down Bio-Pso-bound proteins from cell
lysates. The pull-down fractions (PD) contained NLRP3,
but no other components of the inflammasome complex,
confirming that Pso directly binds to NLRP3 (Fig. 5C). To
investigate the specificity of Pso’s binding, we expressed
several inflammasome sensors, including NLRP1, AIM2,
NLRP3, and NLRC4, in HEK-293T cells and treated
them with Bio-Pso. Importantly, only NLRP3 was pres-
ent in the pull-down fractions, with no binding detected
for NLRP1, AIM2, or NLRC4, indicating that Pso specifi-
cally binds to NLRP3 (Fig. 5D). Next, we sought to iden-
tify the specific domains of NLRP3 to which Pso binds.
We cloned and expressed individual domains of NLRP3,
including PYD, NACHT, and LRR in HEK-293T cells
(Fig. S8C). Biotinylated oridonin (Bio-Ori), known to
bind the NACHT domain of NLRP3, was used as a posi-
tive control [28]. Streptavidin pull-down assays showed
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that Bio-Pso specifically bound to the NACHT and LRR
domains, but not the PYD domain (Fig. 5E). Besides, to
detect whether the binding is reversible (washout experi-
ment), LPS-primed BMDMs were incubated with Pso
for 1 h and then performed three washes over 15 min to
remove unbound drug before nigericin stimulation. The
results showed that Pso still inhibited nigericin-induced
IL-1p production after the washout, suggesting Pso is an
irreversible inhibitor of NLRP3 inflammasome (Fig. S11).
Thus, we have identified that Psoralen binds to both the
NACHT and LRR domains of NLRP3, providing mecha-
nistic insight into its specific inhibition of NLRP3 inflam-
masome activation.

Psoralen impedes NLRP3 inflammasome activation by
blocking NLRP3 phosphorylation at Serine 658

NLRP3 phosphorylation is essential for inflamma-
some activation, as previously demonstrated [20, 21].
To investigate Psoralen’s mechanism of action, we con-
ducted 4D label-free quantitative phosphorylation pro-
teomics to screen for phosphorylation sites on NLRP3
(Fig. S9A). This analysis identified 10,202 phospho-
sites, 8,865 phospho-peptides, and 3,672 phospho-pro-
teins across mock-treated, LPS+ ATP-stimulated, and
LPS + ATP + Pso-treated conditions (Fig. 6A and Fig.
S9B). Bioinformatic analyses were performed to explore
the cellular location, molecular function, and signaling
pathways of differentially expressed proteins (Fig. S9C-
F). Notably, NLRP3 was found to be phosphorylated at
Serine 658 (Human S658, corresponding to mouse S656)
in LPS + ATP-stimulated astrocytes, and this phosphory-
lation was blocked by Pso treatment (Fig. 6B-C and Fig.
S9G). To explore the functional role of S658 phosphory-
lation in NLRP3 inflammasome activation, we created
NLRP3 mutants: a non-phosphorylatable S658A mutant
(S658A) and a phospho-mimetic S658D mutant (S658D).
These mutant constructs, along with WT-NLRP3, were
transfected into Nlrp3 KO BMDMs, Microglia, and
Astrocytes. ELISA assays revealed that both WT-NLRP3
and S658D mutant transfection induced significant IL-1
release in response to LPS+ATP stimulation, whereas
transfection with S658A mutant dramatically suppressed
IL-1P release in BMDM (Fig. 6D), Microglia (Fig. 6E),
and Astrocytes (Fig. 6F). Interestingly, neither the S658A
nor S658D mutations affected the release of IL-6 or TNF-
a. Western blotting analysis confirmed that the S658A
mutant reduced LPS + ATP-induced expression of IL-1f,
caspase-1, and phospho-NLRP3 (Fig. 6G-I). Further-
more, immunofluorescence staining showed that the
S658A mutant diminished the number of BMDMs con-
taining ASC specks, a marker of inflammasome assembly
(Fig. 6]-K). These results indicate that phosphorylation at
S658 is crucial for NLRP3 inflammasome assembly and
activation.
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Next, we assessed the impact of Pso treatment on
NLRP3 inflammasome activation in BMDMs transfected
with either WT-NLRP3 or the S658A mutant. Pso treat-
ment suppressed LPS+ATP-induced IL-1p release in

[ wt NLRP3
mut NLRP3 S658A
mut NLRP3 $658D

Cell with ASC speck (%)

Untreated

LPSIATP

ASC DAPI Verge

WT BMDMs, but not in BMDMs expressing the S658A
mutant (Fig. 7A). Similar to earlier findings, Pso treat-
ment had no effect on IL-6 or TNF-« release in either
WT or S658A mutant BMDMs (Fig. 7B-C). Western
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Fig. 6 5658 phosphorylation is required for NLRP3 inflammasome activation. (A) Heatmap demonstrated the differential phosphorylation peptides
(fold change > 1) from 4D label-free quantitative phosphorylation proteomics. (B) Representative phosphorylation peptide Q3UZ39, annotated to NLRP3
protein. (C) The phosphorylation sites blocked by Psoralen across different species. BMDMs isolated from Nirp3 KO mice were transfected with wtNLRP3,
mutNLRP3-S658A plasmids, or mutNLRP3-5658D plasmids, then ELISA detected the production of IL-13, IL-6, and TNF-a in the supernatant of BMDMs
(D), Microglia (E), and Astrocytes (F). n=6. (G) IL-13 and caspase-1 from SN and pro-IL-13/pro-caspase-1 from Lysates were analyzed by immunoblotting.
(H-1) Phos-tag SDS-PAGE and quantification of NLRP3 phosphorylation levels in Nirp3 KO BMDMs transfected with wtNLRP3, mutNLRP3-S658A plas-
mids, or mutNLRP3-5658D plasmids. (J-K) Immunofluorescence staining and quantification of ASC (red) in Nirp3 KO BMDMs transfected with wtNLRP3,
mutNLRP3-S658A plasmids, or mutNLRP3-S658D plasmids. DAPI stains the nucleus (blue). The scale bar represents 5 um. Data were analyzed by two-way

ANOVA, followed by Tukey post-tests. P<0.05, "P<0.01,and ~ P<0.001. ns: no significance

blotting further showed that Pso treatment reduced the
expression of IL-1p and caspase-1 in LPS+ ATP-stimu-
lated WT BMDMs, but this effect was abolished in the
S658A mutant BMDMs (Fig. 7D). Importantly, the S658A
mutation also prevented Pso from binding to NLRP3,
abolishing its inhibitory effect on NLRP3 phosphoryla-
tion (Fig. 7E-G). Consequently, Pso treatment failed to
inhibit the assembly of the NLRP3 inflammasome in the
S658A mutant, as demonstrated by immunofluorescence
staining of ASC specks (Fig. 7H-I).

Furthermore, to understand the relative potency of
Pso, MCC950 was included in the following experi-
ments supplemented in Fig.S12. As shown in Fig. S12A,
we observed that treatment of Pso (1 pM) inhibited the
expression of caspase-1 and IL-1p in BMDMs incubated
with LPS and ATP. Subsequently, we assessed the com-
parative efficacy of Pso and MCC950 at an identical con-
centration. Specifically, Pso demonstrated comparable
efficacy at a concentration of 10 uM to that observed at
1 uM. In contrast, MCC950 at 10 uM exhibited a greater
inhibitory potency on IL-1P release than Pso in WT
BMDMs. We further delineated the effects of Pso and
MCC950 on NLRP3 inflammasome activation by over-
expression with the S658 mutant in Nirp3~~ BMDMs.
We observed that mutation of NLRP3 S658A abrogated
the downregulation of caspase-1 and IL-1p levels by Pso
treatment, whereas mutation of NLRP3 S658A failed to
influence the effect of MCC950 on NLRP3 inflamma-
some (Fig.S12C-D). These results indicate that phos-
phorylation at Serine 658 is a potential target for the
inhibitory effect of Pso, not for MCC950 on NLRP3
inflammasome activation.

As we discovered that phosphorylation site S658 at
NLRP3 is crucial for the activation of NLRP3, we further
want to uncover the kinases or phosphatases that target
S658 at NLRP3 phosphorylation. From our proteomics
data, GO enrichment analysis indicated there were signif-
icantly elevated protein kinases or phosphatases (Nrp2,
Xdh, Mapk8, Anxa2, and Cox7al) in the PFF group
compared with the Control group (Fig.S13A). These five
protein kinases or phosphatases (Nrp2, Xdh, Mapks,
Anxa2, and Cox7al) were knockdown in the BMDMs
and the efficiency of small interfering RNA (Nrp2, Xdh,
Mapk8, Anxa2, and Cox7al) is validated by RT-PCR
(Fig.S13B). Phos-tag SDS-PAGE and quantification of

the phosphorylation levels of NLRP3 showed the knock-
down of Mapk8 and Nrp2 can significantly reduce the
phosphorylation levels of NLRP3 (P<0.01, Fig.S13C-
D). Therefore, Mapk8 and Nrp2 are selected for further
study. To explore whether Mapk8 or Nrp2 targeted S658
phosphorylation in NLRP3 inflammasome activation,
non-phosphorylatable S658A mutant (S658A) along with
WT-NLRP3, were transfected into Nirp3 KO BMDMs.
Phos-tag SDS-PAGE results revealed that the knock-
down of Mapk8 still induced significantly downregulated
phosphorylation levels of NLRP3 in the S658A mutant
group as well as the WT-NLRP3 group. However, the
knockdown of Nrp2 dramatically abolished the deduced
phosphorylation of NLRP3 in the S658A mutant group.
Overall, we speculated that Nrp2, not JNK/Mapk8 may
be involved in the S658 phosphorylation site of NLRP3
(Fig.S13E-F).

Taken together, our findings demonstrate that Psoralen
inhibits NLRP3 inflammasome activation by binding
to NLRP3 and suppressing its phosphorylation at Ser-
ine 658, highlighting a novel regulatory mechanism that
could be therapeutically targeted in diseases associated
with NLRP3 inflammasome activation.

Inhibition of NLRP3 phosphorylation at Serine 658
improves PD-like motor symptoms and pathology in the
MPTP/p model

To further investigate the therapeutic potential of target-
ing NLRP3 phosphorylation at Serine 658 in PD, Nirp3
KO mice were injected with adeno-associated viruses
(AAV) carrying either WT NLRP3 (AAV-WT-NLRP3)
or the S658A mutant NLRP3 (AAV-Mut-NLRP3_S658A).
The mice were then subjected to the MPTP/p model of
PD (Fig. 8A). Viral infections targeted the midbrain, and
the infected efficiency was confirmed by co-label immu-
nofluorescence of enhanced green fluorescent protein
(EGFP) with dopaminergic neuron marker (TH), astro-
cytes marker (GFAP), and microglia marker (IBA-1)
(Fig. 8B). In behavioral tests, such as the open field test,
S658A mutation significantly improved the movement
distance of MPTP/p-treated mice. However, Pso treat-
ment increased movement only in MPTP/p-treated
WT mice but not in mice carrying the S658 A mutation
(Fig. 8C-D). The results were consistent in the rotarod
and pole tests, demonstrating that the inhibition of
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NLRP3 phosphorylation at S658 can ameliorate PD-like
motor deficits (Fig. 8E-F). Histological analysis through
TH and Nissl staining indicated that Pso treatment res-
cued DA neuronal loss in the SNc region of WT but not
in S658 A mutant mice. The effects observed in the S658A
mutant group were similar to those of Pso treatment in
WT mice, confirming that blocking S658 phosphoryla-
tion has a protective effect on DA neurons (Fig. 8G-J). In
addition to protecting DA neurons, S658A mutation also
reduced microglial and astrocytic reactivity in the SNc
region of MPTP/p-treated mice. Likewise, Pso treatment
reduced glial reactivity in WT mice, but had no effect
in the S658A mutant mice (Fig. 8K-N). Immunofluores-
cence staining of ASC specks in combination with IBA1
demonstrated that the assembly of NLRP3 inflamma-
some in microglia was blocked by both the S658A muta-
tion and Pso treatment (Fig. 80). In the striatum region
of MPTP/p-treated mice, both Pso treatment and S658A
mutation restored TH expression, which was otherwise
reduced due to MPTP/p-induced neurodegeneration.
Furthermore, the levels of IL-1p and caspase-1 were
significantly reduced by both Pso treatment and S658A
mutation (Fig. 8P-8Q;_;;;). These results collectively dem-
onstrate that phosphorylation of NLRP3 at Serine 658
drives NLRP3 inflammasome assembly and activation
in glial cells, promoting neuroinflammation and accel-
erating PD progression. Psoralen binds to NLRP3 and
prevents its phosphorylation at Serine 658, effectively
blocking NLRP3 inflammasome activation and neuroin-
flammation, thereby mitigating PD-like motor symptoms
and neurodegeneration. This highlights the therapeutic
potential of Psoralen in PD treatment by targeting the
NLRP3 phosphorylation (Fig. S14).

Discussion

Research into the role of inflammasome activation-
mediated neuroinflammation in PD has intensified inter-
est in targeting NLRP3 inflammasome for therapeutic
intervention [25, 29]. In addition to the discovery of
new drugs, recent studies have explored the therapeutic
benefits of natural products in PD by inhibiting NLRP3
inflammasome activation [30]. In our study, we con-
ducted a virtual screening of a natural product library
comprising 5,088 compounds, and identified Psoralen
as a potent NLRP3 inflammasome inhibitor. Psoralen
selectively inhibited NLRP3 inflammasome activation by
binding to the NACHT and LRR domains of the NLRP3
protein, without affecting NLRP1, AIM2, or NLRC4. It
specifically blocked NLRP3 phosphorylation at Serine
658. Importantly, Psoralen treatment alleviated PD-like
motor symptoms and dopaminergic neuronal degenera-
tion by inhibiting NLRP3 phosphorylation and inflam-
masome activation in glial cells. Our study unveils a novel
phosphorylation site (5658) on NLRP3 and introduces
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Psoralen as an inhibitor, offering a promising therapeu-
tic target and strategy for diseases driven by NLRP3
inflammasome.

Growing evidence supports that NLRP3 inflamma-
some plays a crucial role in central neuroinflammation
and neurodegeneration in PD [10, 31]. This has led to
the development of various inhibitors targeting NLRP3
inflammasome for PD treatment. For instance, MCC950
and Glibenclamide have been identified as effective
inhibitors, slowing disease progression in PD mouse
models [32, 33]. In addition, it has been reported that
Cleaved caspase-1 and the inflammasome adaptor pro-
tein apoptosis-associated speck-like protein contain-
ing a C-terminal caspase recruitment domain (ASC)
were elevated in the substantia nigra of PD patients [34].
Besides, exome sequencing data for genetic variation of
NLRP3 identified multiple single-nucleotide polymor-
phisms (SNPs) including rs7525979, indicating it was
associated with a significantly reduced risk of developing
PD [35]. Findings suggest plasma-borne inflammasome-
related proteins as a potentially useful class of biomarkers
for PD [36]. More importantly, several NLRP3 inhibi-
tors have been reported in clinical research. VTX3232, a
CNS-penetrant NLRP3 Inhibitor, is conducting a Phase
2a clinical study to evaluate the safety, tolerability, phar-
macokinetics, and pharmacodynamics in participants
with Early-Stage Parkinson’s Disease [37]. Selnoflast
(RO7486967), formerly named somalix/RG6418/1ZD334,
an orally potent, selective, and reversible small mol-
ecule NLRP3 inflammasome inhibitor, has completed
the Phase 1b study in participants with Early Idiopathic
Parkinson’s Disease [38]. Despite the discovery and test-
ing of several NLRP3 inflammasome inhibitors in cellular
and animal models, no drugs targeting NLRP3 inflamma-
some are yet available on the market [17, 25, 39]. Natural
products, with their high molecular diversity and unique
bioactivity, are vital sources for drug discovery, offer-
ing enhanced efficacy and safety [16]. Consequently, we
screened a natural product library of 5,088 compounds
for NLRP3 inflammasome inhibitors. Psoralen emerged
as the most effective candidate based on affinity and
efficacy tests. A naturally occurring phytoalexin in Pso-
ralea corylifolia seeds [40], Psoralen is used clinically in
various treatments, often with UVA exposure [41, 42],
such as for psoriasis, a chronic inflammatory skin con-
dition [43]. In renal fibrosis research, Psoralen showed
therapeutic effects by inhibiting NLRP3 inflammasome
activation [44]. Here, we report for the first time the ther-
apeutic effect of Psoralen in PD through the inhibition of
glial NLRP3 inflammasome activation. Unlike traditional
photoactivated Psoralen applications, we administered
Psoralen intragastrically in mice. Our findings demon-
strate that Psoralen can cross the blood-brain barrier and
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inhibit NLRP3 inflammasome activation in microglia and
astrocytes, broadening its potential applications.

In the central nervous system, the persistent hyperacti-
vation of inflammasomes such as NLRP1, AIM2, NLRP3,
and NLRC4 contributes to neurodegeneration [10]. By
overexpressing these inflammasomes in HEK-293T cells,
we observed that Psoralen binds exclusively to NLRP3,
targeting its NACHT and LRR domains. Numerous stud-
ies have shown that NLRP3 inflammasome-mediated
neuroinflammation predominantly occurs in microglia
and astrocytes [45, 46]. Accordingly, we evaluated the
inhibitory effects of Psoralen on NLRP3 inflammasome
in primary cultured microglia and astrocytes using two
well-established activation models. Results consis-
tently demonstrated the efficacy of Psoralen in inhibit-
ing NLRP3 inflammasome activation in these glial cells.
In an indirect co-culture system, conditioned medium
from Psoralen-pretreated microglia and astrocytes pro-
tected against dopaminergic neuronal damage induced
by conditioned medium from NLRP3 inflammasome
activated glial cells. Recent studies have highlighted the
role of neuronal NLRP3 inflammasome in neuroinflam-
mation regulation [13, 47]. To assess the direct impact of
Psoralen on neuronal survival, SH-SY5Y cells were pre-
treated with Psoralen followed by MPP" stimulation. Pso-
ralen treatment did not affect cell viability or LDH release
under basal and MPP* conditions, suggesting its neu-
roprotective effects are mediated through inhibition of
glial NLRP3 inflammasome activation, rather than direct
neuronal effects. Thus, our study demonstrates that by
binding to the NACHT and LRR domains of NLRP3,
Psoralen inhibits glial NLRP3 inflammasome activation
to provide neuroprotection. The selectivity of Psoralen
in inhibiting NLRP3 inflammasome activation presents
a novel targeted approach to mitigate related inflamma-
tion, potentially avoiding the risks associated with gen-
eral immunosuppressive strategies.

Post-translational modifications of the NLRP3 protein,
including ubiquitination, phosphorylation, sumoylation,
and acetylation, are crucial for inflammasome assem-
bly and activation [8]. For instance, phosphorylation
at Serine 194 initiates inflammasome activation [20],
while phosphorylation at Serine 803 prevents it [21]. In
this study, Psoralen treatment did not alter total NLRP3
expression but significantly reduced its phosphorylation
level. This prompted further investigation into NLRP3
phosphorylation under Psoralen treatment. Using 4D
label-free quantitative phosphorylation proteomics, we
identified Serine 658 (S658) as a phosphorylation site
blocked by Psoralen. Additionally, the non-phosphory-
latable S658A mutant hindered NLRP3 inflammasome
assembly and activation, nullifying Psoralen’s inhibitory
effects. Our in vivo experiments revealed that inhibit-
ing phosphorylation at S658, either by S658A mutation
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or Psoralen treatment, provided therapeutic benefits in
PD. These results suggest that Psoralen prevents NLRP3
phosphorylation at S658, thus inhibiting inflammasome
activation. However, although our data indicated Nrp2,
not JNK/Mapk8 may be involved in the S658 phosphory-
lation site of NLRP3, it is too early to conclude that Nrp2
is targeted in the phosphorylation of NLRP3 at Serine
658 (Fig. S13). More research is still needed to take a
deep dive into the detailed mechanism. Therefore, our
research identifies a novel phosphorylation site on the
NLRP3 protein that positively regulates inflammasome
assembly and activation, presenting an effective drug tar-
get for inhibiting inflammasome activation.

Conclusion

In summary, our study provides new insights into the
mechanism of NLRP3 inflammasome activation and
introduces a novel inhibitor. However, further research
is needed to explore the intricate phosphorylation pro-
cesses of NLRP3. Future studies should identify poten-
tial kinases and phosphatases targeting NLRP3 at S658.
Additionally, the long-term safety, efficacy, and potential
off-target effects of Psoralen should be evaluated in PD
animal models to fully understand its therapeutic poten-
tial and safety profile. Nonetheless, our work marks a
significant advancement in discovering highly selective
NLRP3 inflammasome inhibitors, offering new strategies
for treating NLRP3 inflammasome-related diseases.
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