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GRAPHICAL ABSTRACT
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= Sphingosine-1-phosphate is significantly elevated in the cerebrospinal fluid of Parkinson's disease patients.

Pathologic a-synuclein selectively upregulates microglial SPHK1 over SPHK2.

Blockade of SPHK1 attenuates a-synuclein aggregation and neuroinflammation.

S1P-mediated NF-kB signaling triggers pathologic a-synuclein-induced microglial activation.
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Parkinson's disease (PD) manifests a significant lipidopathy, marked by an
enrichment of risk genes involved in sphingolipid metabolism. Sphin-
golipids are master regulators of cell fate, with sphingosine-1-phosphate
(S1P) acting as a key signaling mediator inimmunology and vascular biology.
However, the fluctuation of STP metabolism in PD and its role in synucle-
inopathy-induced neurodegeneration remain poorly understood. In this
study, we discovered a 16-fold increase in cerebrospinal fluid (CSF) S1P
levels synthesized by sphingosine kinase 1 (SPHK1) in PD patients
compared to controls, accompanied by a reduction in sphingosine levels.
Similarly, elevated S1P levels are observed in the striatum and midbrain of
the a-synuclein preformed fibrils (a-syn PFFs)-induced mouse model of
sporadic PD, with Sphk1 exhibiting the most pronounced upregulation
among genes categorized under the “sphingosine metabolic process”,
while Sphk2 expression remains unchanged. The increase of S1P levels is
associated with the selective modulation of SPHK1 in microglia responding
to pathological a-synuclein. Of note, a-syn PFFs treatment increases SphkT
expression and activates SPHK1 in microglia. SPHK1 serves as a key
contributor to pathologic a-syn-induced microglial activation via S1P-
mediated NF-kB signaling. Knockdown of microglial SphkT1 alleviated
neurodegenerative pathology in a-syn PFFs mice alleviates their
neuropathological changes. Similarly, inhibition of SPHK1 with PF543
ameliorates PD-like neuropathological abnormalities in hA53T a-synuclein
transgenic mice. These findings support a key role of S1P in the pathogenesis
of PD linked to pathological a-synuclein.

INTRODUCTION

Parkinson's disease (PD) is the most common form of synucleinopathy
and ranks as the fastest growing neurodegenerative disorder worldwide.'” Its
hallmark pathology includes the progressive degeneration of dopaminergic
neurons in the substantia nigra pars compacta (SNpc) with a concurrent
decrease in striatal dopamine secretion, alongside the neuronal buildup of
Lewy bodies and Lewy neurites.® Despite symptomatic treatments being
available, no current interventions efficiently slow down or halt disease
progression.” To address this issue, advancing our understanding of PD
pathogenesis and identifying innovative therapeutic targets is imperative.

Microglia play a broad role of in the pathogenesis of neurodegenerative
diseases.”® Genes enriched in microglia overlap significantly with those
showing altered expression in neurodegenerative conditions.” Genetic variants
linked to neurodegenerative disorders exhibit microglia-specific patterns of
enhancer enrichment.® Upon exposure to injurious stimuli, microglia lose their
essential housekeeping function® and drive neuroinflammation by releasing
proinflammatory factors.” Specifically, activated microglia secrete IL-1a, TNF-
a, and Clg, which induce astrocytes to become neurotoxic, a common
feature in neurodegenerative and neuroinflammatory disorders.'” Moreover,
microglia in PD brain lesions harbor pathological a-synuclein inclusions,
highlighting their role in disease progression.'"'* This may be explained by the

fact that neurons release monomeric and oligomeric a-synuclein via uncon-
ventional exocytosis,”® while microglia actively internalize extracellular a-
synuclein aggregates through a repertoire of highly expressed receptors (e.g.,
TREM2, CD36, LAGS3, RAGE)."""'® However, despite their rapid uptake of a-
synuclein fibrils, microglia degrade them inefficiently, leading to their accu-
mulation and triggering inflammatory responses that may contribute to
neurodegeneration in PD.”

Sphingolipid metabolism imbalance links neurodegeneration.”’ Gaucher
disease, the most common sphingolipid lysosomal storage disorder, is asso-
ciated with an increased risk of early-onset parkinsonian symptoms.”” The
enrichment of PD-associated risk genes related to sphingolipid metabolism
further highlights its dynamic regulation in disease states.”” Among sphin-
golipid metabolites, ceramide and sphingosine-1-phosphate (S1P) play
pivotal roles as signaling molecules in immunity and chronic
inflammation.”*** Lactosylceramide (LacCer), a ceramide derivative, has been
implicated in promoting chronic central nervous system (CNS) inflammation
by modulating astrocytic pathogenic activity.”*" STP is essential for angio-
genesis®™ and neurogenesis®, underscoring its broader significance in CNS
health. However, excessive ST1P disrupts the architecture and function of
synapses™ and axons®', while reduced serum S1P levels in PD patients
correlate with increased motor severity and faster disease progression.”” In
addition, STP has been shown to activate the PI3K/Akt signaling pathway and
confer anti-apoptotic protection in endothelial cells and to enhance Akt and
nitric oxide production through Gi protein—mediated activation in endothelial
models.*¥ However, excessive PI3K/Akt—-mTOR activation may suppress
autophagy and thereby impair the clearance of a-synuclein aggregates.™
GLP1R agonists, which have shown neuroprotective effects in both experi-
mental models and clinical studies, also activate PI3K/AKT pathway.™

At present, it remains unclear whether S1P metabolism is dysregulated in
the CSF of PD patients and whether such dysregulation contributes to synu-
cleinopathy-driven neurodegeneration. Our study reveals significantly
elevated levels of STP in the CSF from PD patients, driven by pathologic a-
synuclein accumulation. This elevation correlates with the differential regula-
tion of sphingosine kinases in the microglial response to pathologic a-synu-
clein, where S1P plays a critical role in a-syn PFFs-induced microglial activa-
tion and the formation of pathologic a-synuclein aggregates. Our findings
underscore STP as a critical contributor to the pathogenesis of PD linked to
pathologic a-synuclein, providing the possibility of investigating SPHK1 as a
potential target for PD and other synucleinopathy-driven neurodegenerative
disorders.

MATERIALS AND METHODS
Animals

Three-month-old male C57BL/6 mice used for stereotaxic injection of a-
syn PFFs were obtained from the Laboratory Animal Service Centre at The
Chinese University of Hong Kong. Male hA53T a-syn transgenic mice were
sourced from Jackson Laboratories (C57BL/6; Prnp-SNCAxAS3T). All experi-
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mental procedures complied with guidelines from Hong Kong Baptist Univer-
sity (HKBU) for the use of experimental animals and were approved by the
HKBU Committee on the Use of Human & Animal Subjects in Teaching and
Research.

a-syn PFFs preparation

Mouse a-synuclein monomers (RP-009, PROTEOS) with endotoxin levels
below 0.0583 EU/mg were used to generate preformed fibrils. Monomers in
TBS (10 mM Tris, 50 mM NaCl, pH 7.6) were diluted in an equal volume of 2x
PBS (pH 7.4-7.6) to a final concentration of 5 mg/mL, providing appropriate
ionic strength for fibril formation. This solution was incubated in a Ther-
moMixer at 37°C with shaking at 900 rpm for 5 days. The resulting aggre-
gates were diluted to 0.1 mg/mL with PBS and sonicated on ice at 20%
amplitude for 180 s (0.5s on/0.5s off).

Stereotaxic injection of a-syn PFFs

Three-month-old C57BL/6 mice were anesthetized with isoflurane in
oxygen and positioned in a stereotaxic alignment system with the following
coordinates: 2.0 mm (mediolateral) relative to Bregma, 0.2 mm (anteroposte-
rior), 2.6 mm (dorsoventral). The infusion was performed at a rate of 0.2 pl
per min, and a total of 2.5 pl of a-syn PFFs (2.0 pg/ul in PBS) or vehicle was
unilaterally injected into the striatum of the right hemisphere using a 10-pl
Hamilton syringe (701 N, Hamilton) fitted with a cemented 26.5-gauge
needle. After infusion, the needle was held in place for 5 min before being
slowly withdrawn.

Molecular cloning

To create a catalytically inactive SPHK1 (D81A), the Q5 Site-Directed Muta-
genesis Kit (E0554S, NEB) was used to replace the 81st Asp residue with Ala
in the HsSPHK1 plasmid (1180971, addgene). The resulting plasmid served as
a template to amplify the mutated SPHK1 coding sequence, which was then
cloned into the BamHI-Xhol sites of the pcDNA3.1 vector.

To construct the SphkT-targeting and non-targeting shRNA vectors, a 328
bp DNA fragment was synthesized. This fragment contained the mir30-
shRNA backbone with either the Sphk7 shRNA sequence (5'-CCTACTCT-
GTCTAGGCTGAGAT-3") or a control shRNA sequence (5'-CAGGAAT-
TATAATGCTTATCTA-3'). The mir30-shRNA cassette was then cloned into
the pLenti-CD11b plasmid between the Pstl and Notl restriction sites.

Electroporation transfection

BV2 microglial cells were trypsinized to obtain 1.5 x 107 cells, washed with
Ca*/Mg*-free PBS, and resuspended in Resuspension Buffer R (N10025,
Thermo Scientific) at a density of 3.0 x 107 cells/mL. Electroporation trans-
fection was performed using Neon NxT Electroporation System (NEONTS,
Thermo Scientific) with 100-pL. Neon NXT tips (N10025, Thermo Scientific).
For each electroporation, 10 pg of plasmid DNA was mixed with 100 pL of the
cell suspension, loaded into a Neon NxT tip, and placed in a Neon Tube posi-
tioned within Neon Pipette Station. The electroporation parameters were set
as follows: 900 V pulse voltage, 20 ms pulse width, and 2 pulses. After elec-
troporation, the cells were cultured in prewarmed serum-containing medium
without antibiotics.

Lentivirus packaging

Lentivirus particles were produced by transfecting 293T cells at about 90%
confluence in T175 flasks with 30 pg of either pLenti-CD11b-mir30-shRNA
vector or pGreenFire NF-kB Reporter Lentivector (TR412PA-P, System
Biosciences), together with 18 ug of pGP and 12 g of pVSVG_pMD2.G. The
culture medium was changed at 6 and 24 h post-transfection. Cells were
maintained for an additional 48 h, after which the viral supernatant was
collected, filtered through 0.45 um PVDF filters, and mixed with Lenti-X
concentrator (631231, Clontech) at a 3:1 ratio. The mixture was centrifuged at
1,500 g for 45 min at 4°C to pellet lentivirus particles. Viral titers were
measured using Lenti-X gRT-PCR Titration Kit (631235, TaKaRa) following
the manufacturer's instructions.

Statistical analysis
Statistical analyses were performed using Prism 9 software (GraphPad),
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typically employing an unpaired t-test or a two-way ANOVA, both with para-
metric settings. Post-hoc pairwise comparisons were conducted following
ANOVA using the Tukey correction to adjust for multiple comparisons. For
the human data, analysis of covariance (ANCOVA) was performed to adjust
for age and sex when comparing metabolite levels among groups. The
experimental mice were categorized based on their weight, and then
randomly selected for grouping. All data were presented as mean + standard
deviation from a minimum of three biological replicates. Outliers were identi-
fied using ROUT method with a Q coefficient of 1% and were excluded from
statistical analysis. Specific details on statistical tests and sample sizes are
provided in the figures and their respective legends. Levels of probabilities
less than 0.05 were considered statistically significant.

RESULTS
Metabolomic profiling and S1P dysregulation in synucleinopathy-
induced PD

To investigate metabolomic alterations in PD, we performed a global
metabolic profiling of the CSF samples from a well-characterized cohorts
comprising 68 subjects. The demographic characteristics of participants
showed no significant differences in age or sex distribution between PD
patients and control subjects (Table 1). Using liquid chromatography-tandem
mass spectrometry (LC-MS/MS), we identified significant metabolic disrup-
tions in PD patients. The analysis with high-resolution mass spectrometry
detected 3,219 features in the positive ionization mode and 2,932 features in
the negative ionization mode in the CSF samples from PD patients, of which
1462 and 1,343 features, respectively, showed significant differences
between PD patients and controls. Partial least squares discriminant analysis
(PLS-DA) based on two principal components effectively distinguished the
control and PD groups (Figures STA-B), as evidenced by high R2Y values
(0.983 and 0.986 for positive and negative ionization mode, respectively) and
Q2 values (0.891 and 0.907 for positive and negative ionization mode,
respectively) that indicated good predictive accuracy. A permutation test (n =
999) confirmed the absence of overfitting (Figures STC-D). Notably, STP was
the most significantly elevated metabolite (Figures 1A-B & Table S1), with its
relative abundance in the CSF from PD patients being 16 times higher than in
controls. Meanwhile, the levels of its precursor, sphingosine, were signifi-
cantly reduced (Figure 1C), indicating that enhanced SPHK1 activity driving
accelerated conversion of sphingosine to ST1P. Supporting this, STP and
sphingosine levels were positively correlated in the control group, but this
correlation was abolished in the context of PD (Figure 1D). As previously
demonstrated,”’ plasma STP levels were significantly lower in PD patients
than in controls, accompanied by a substantial reduction in plasma sphingo-
sine. These results collectively suggested the metabolic compartmentaliza-
tion of STP and sphingosine in PD. We then characterized changes in STP
levels in the CSF during aging. In healthy controls, CSF S1P levels gradually
declined with age (Figure 1D). However, this age-related reduction was
absent in PD patients (Figure 1D), indicating a disruption of S1P metabolic
regulation associated with PD. To explore the clinical relevance of this
dysregulation, we examined the relationship between CSF S1P levels and
behavioral deficits. A significant correlation was observed between elevated
S1P levels and the severity of behavioral deficits in PD patients (Figure 1D),
whereas no such correlation was found for sphingosine levels, underscoring
the potential role of S1P dysregulation in PD pathology. Additionally, the
discriminative ability of STP was assessed through receiver operating char-
acteristic (ROC) curve analysis, yielding the areas under the curve (AUC) of
0.95 for CSF (Figure 1E).

Given the central role of a-synuclein misfolding and aggregation in PD
development, we investigated whether a-synuclein fibrils could induce S1P
production in vivo. To address this, we used a sporadic PD model with the
intrastriatal injection of a-syn PFFs (Figures S2A-C) in mice and examined
the S1P abundance in the dissected brains of the model animals. S1P was
predominantly localized to the striatum and midbrain (Figure STE), the areas
strongly implicated in PD pathogenesis."” This is further supported by the
spatial distribution of SphkT predominantly in the ventral midbrain of mice
(Figure STF). In contrast, Sphk2 exhibited non-region-specific expression
across the brain. Similar to the cohort study, elevated levels of STP were also
detected in the striata and midbrains of model mice (Figure 1F). In addition,
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Table 1. The demographic characteristics of the recruited participants.

Characteristics Gender (Males/females) Age (Years) H-Y stage * N
PD 18/13 59.48 + 7.54 2.74 £0.69 31
Control 23/14 55.31 +12.20 = 37
P-value ® 0.12 0.14 = =

2 Severity of disease and H-Y stage values are expressed as mean + s.d. ® The chi-square test was used to compare gender distribution, and the t-test

was applied to assess age differences.
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Figure 1. Metabolomic profiling and S1P dysregulation in synucleinopathy-induced PD (A) Intensity of elevated metabolites in the CSF of PD patients (n = 31) compared to that
in control subjects (n = 37). (B) The MS” spectrum of S1P in sample and S1P standard. (C) Quantification of sphingosine in the CSF from PD patients (n = 31) and control individ-
uals (n = 37), unpaired t test. (D) Correlation analyses of CSF S1P intensity with sphingosine intensity, age, and MDS-UPDRS part Ill score in control individuals and PD patients.
(E) ROC analysis for S1P in the CSF of PD patients (n = 31), Wilson/Brown method. (F) STP abundance in the midbrains and striata of mice stereotaxically injected with either a-

syn PFFs or vehicle (n = 6, mean + s.d, unpaired t test).

ST1P levels were found to be significantly higher in the striatum and midbrain
ipsilateral to the injection site of a-syn PFFs compared to the contralateral
side (Figure 1F). These findings suggest the pathological elevation of S1P
levels in the context of synucleinopathy-induced PD.

Selective upregulation of microglial SPHK1 in response to pathological a-
synuclein
S1Pis a key signaling lipid produced by SPHK1 and SPHK2 in the biosyn-

thetic pathway of sphingolipids (Figure 2A). To explore the changes in the
expression of genes categorized under the “sphingosine metabolic process”
in Gene Ontology, we used a transgenic PD model with progressive neurode-
generation, which constitutively expresses the human a-synuclein gene with
AB3T (hAB3T) mutation.™ We found that the gene expression of SPHK1 was
selectively upregulated relative to SPHK2 in the brains of hA53T mice
compared with age-matched wild-type (WT) littermates (Figure 2B). Congru-
ently, in post-mortem brain lesions from PD patients, SPHKT expression was
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Figure 2. Selective upregulation of microglial SPHK1 in response to pathological a-synuclein (A) Biosynthetic pathway of sphingolipids. (B) Relative mRNA expression of
sphingolipid metabolism-related genes in the brainstem of hA53T a-syn transgenic mice compared to WT mice (n = 4, mean * s.d, unpaired t test). (C) Relative expression of
Sphk1 and Sphk2 in mouse primary microglia treated with a-syn PFFs compared to control (n = 3-6, unpaired t test). (D) Relative expression of Sphk7 and Sphk2 in mouse
primary astrocytes treated with a-syn PFFs compared to control (n = 3, unpaired t test). (E) Relative expression of Sphk7 and Sphk2in mouse primary neurons treated with a-syn
PFFs compared to control (n = 4, unpaired t test). (F) SPHK1 phosphorylation (Ser225, p-SPHK1) in microglia treated with a-syn PFFs (n = 3), the asterisk indicates non-specific
band. (G) Quantification of the levels of p-SPHK1 in microglia normalized to SPHK1 (n = 3, mean + s.d, two-way ANOVA). (H) Quantification of the levels of SPHK1 in microglia

normalized to B-actin (n = 3, mean + s.d, two-way ANOVA).

significantly increased in the substantia nigra, whereas SPHK2 exhibited no
discernible change (Figure S3). In contrast, the expression of Cers2and Cers3
were significantly downregulated in the brains of hA53T mice compared with
controls (Figure 2B). Given that sphingosine can be re-converted into
ceramide by ceramide synthase (CerS) (Figure 2A), the decreased expression
of Cers2 and Cers3 suggested that the sphingosine salvage pathway was
probably not excessively activated.

Strong evidence suggests that glia convert very-long-chain fatty acids into
S1P through a glial-specific pathway,” and mammalian SPHKT homologs
exhibit highly enriched expression in specific glial subpopulations.”**' Based
on this, we further explored whether microglia were the predominant cell type
that upregulates SphkT expression in response to a-syn PFFs. a-syn PFFs
treatment led to a significant increase of SphkT expression in microglia, while
having no effect on its expression in astrocytes and decreasing its expres-
sion in neurons (Figures 2C-E). In contrast, Sphk2 expression remained
unchanged in both glial cells and neurons following a-syn PFFs exposure
(Figures 2C-E). To investigate the impact of a-syn PFFs on microglial SPHK1
activity, we evaluated the level of SPHK1 phosphorylation (Ser225, p-SPHKT)
in microglia treated with a-syn PFFs. Prolonged exposure to a-syn PFFs was
observed to significantly increase p-SPHK1 levels in microglia (Figures 2F-H).

Taken together, the findings suggest that microglial SPHK1, rather than
SPHK2, undergoes upregulation in response to pathological a-synuclein.

S1P mediates a-syn PFFs-induced microglia activation

Given that STP acts as a cofactor for TNF receptor-associated factor 2
essential for its E3 ligase activity,” we examined the gene expression correla-
tions between SPHKT and NF-kB target genes using the data from the Geno-
type Tissue Expression (GTEX) database. SPHKT expression showed a strong
positive correlation with TNF, IL1A, and /L6 expression in the putamen,
caudate, and substantia nigra regions of human brain, whereas SPHK2
expression was weakly correlated (Figures 3A-B & Figure S4). This suggests
a potential association between SPHK1 and neuroinflammation. Likewise, in
other normal human organs, SPHKT shows a stronger correlation with
inflammation than SPHK2 (Figure S5). In hA53T mice, there was an upregu-
lation of hallmark genes related to the inflammatory response, which was
attenuated in the mice treated with PF543 (Figure 3C). To ascertain the
involvement of SPHK1 versus SPHK2 in a-syn PFFs-induced inflammation,
we measured the transactivation activity of NF-«kB in microglia treated with a-
syn PFFs and PF543, a selective SPHK1 inhibitor, or ABC294640, a selective
SPHK2inhibitor (Table S2). PF543 pretreatment abolished the increase in NF-kB
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transactivation activity induced by a-syn PFFs, as evidenced by a reduced NF-
kB responsive luciferase reporter gene signal (Figure 3D). Consistently, PF543
suppressed the a-syn PFFs-induced elevation in TNFa levels (Figure 3E). In
contrast, ABC294640 failed to reduce the increased NF-kB transactivation
activity and the elevated TNFa levels in microglia following a-syn PFFs treat-
ment (Figures 3D-E). These findings indicate that microglial SPHK1 plays a
vital role in fibrillar a-synuclein-induced microglia activation.

To investigate the dependence of a-syn PFFs-induced microglial activa-
tion on STP, we examined inflammation in BV2 microglia transfected with a
loss-of-function mutation of SPHK1 (Asp81Ala, D81A), which lacks activity
for phosphoryl transfer and adenosine diphosphate formation.” Overexpres-
sion of SPHK1 (D81A) suppressed signals from the a-syn PFFs-induced NF-
kB responsive luciferase reporter gene, which was reversed by supplementa-
tion with 10 uM S1P (Figure 3F). Additionally, SPHK1 (D81A) overexpression
inhibited the elevated levels of TNFa induced by a-syn PFFs, and this inhibi-
tion was also reversed by S1P supplementation (Figure S6). Moreover, expo-
sure of BV2 microglia to a-syn PFFs resulted in significant nuclear transloca-
tion of p65, a hallmark of NF-kB activation (Figure 3G). Besides, knockdown
of Sphk1 using mir30 shRNA resulted in substantial cytoplasmic retention of
p65, which was reversed by supplementation with 10 uM S1P (Figure 3G).
However, we did not observe translocation of p65 to the nuclei in Sphki-
silenced BV2 microglia treated with 100 nM exogenous S1P, a concentration
that exceeds the dissociation constant values for all STP receptors but does
not increase intracellular STP levels (Figure 3G). This indicates that S1P does
not activate NF-kB through a paracrine manner acting on cell surface receptors.
Together, our findings illustrate that a-syn PFFs-induced microglial activation
critically depended on intracellular STP.

Inhibition of microglial SPHK1 alleviates pathological a-synuclein forma-
tion

To investigate the involvement of SPHK1 in PD pathogenesis through
microglial action, we collected microglial-conditioned medium (MCM) from a-
syn PFFs-treated microglia, which were pretreated with PF543 or vehicle, and
applied it to mouse primary dopaminergic neurons in the presence or
absence of a-syn PFFs (Figure 3H). PF543 attenuated the a-syn PFFs-
induced increase in NF-KkB target protein levels in microglia (Figures S7A-B),
indicating a reduction in inflammatory response. Notably, it was observed
that pretreatment of microglia with PF543 significantly reduced the levels of p-

a-syn*"? in neurons, which were induced by a-syn PFFs-treated MCM

(Figures 31 & S7C). Congruently, the amount of pathologic Triton X-100-insol-
uble a-synuclein in primary dopaminergic neurons was reduced (Figure 3J).
In contrast, direct pretreatment of neurons with PF543 failed to reduce the
levels of p-a-syn®? induced by a-syn PFFs-treated MCM (Figure S8). These
results indicate that inhibiting the kinase activity of microglial SPHK1 could
mitigate the formation of pathological a-synuclein in neurons induced by a-
syn PFFs.

Microglia-specific knockdown of Sphk7 diminishes a-syn PFFs-induced
neuropathology

To investigate the therapeutic potential of targeting microglial SphkT in PD
in vivo, we knocked down SphkT expression in striatal microglia using
lentivirus-delivered short-hairpin RNA (shRNA) expression driven by the
ltgam (CD11b-encoding) promoter (Figures 4A & S9A-B).** Western blot
analysis revealed a reduction in pathologic Triton X-100-insoluble a-synu-
clein levels in the striata following Sphk1 knockdown (Figure S9C). Besides,
Sphk1 knockdown attenuated the elevation of ionized calcium-binding
adapter (IBA1) levels induced by a-syn PFFs in the striata and midbrains ipsi-
lateral to the injection side (Figures 4B-C & S9D-F), suggesting suppressed
microglial activation by Sphkl knockdown. Sphki knockdown also
suppressed the mRNA levels and protein levels of TNFa and IL6 in a-syn
PFFs model mice (Figure 4D). The above results underscore that microglial
SPHK1 plays a vital role in promoting a-syn PFFs-induced PD-like pathology
in mouse models.

SPHK1 inhibition alleviates a-syn PFFs-induced PD-like neuropathology
in mice

PF543, which has a 100-fold selectivity for SPHK1 over SPHK2 and sphin-
gosine-competitive properties,”” was chosen and evaluated for its ability to
penetrate the blood-brain barrier. Our results showed that a single intraperi-
toneal injection of PF543 (10 mg/kg) in naive mice resulted in an elimination
half-life of 0.27 + 0.02 h and reached therapeutically relevant concentrations
in the plasma (Figure S10A & Table S3). Accordingly, plasma STP levels
progressively decreased following PF543 administration (Figure ST0B). In the
midbrain, PF543 demonstrated a relatively long elimination half-life of 0.80 +
0.18 h, with its concentration peaking around 30 min (Figure S8C & Table S3).
S1P levels were also significantly reduced in the midbrains of mice with
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Quantification of p-a-syn®#

PF543 treatment (Figure S10D).

To ascertain whether SPHK1 inhibition can repress a-syn PFFs-induced
microglial and astrocytic activation in vivo, mice were administered 10 mg/kg
PF543 twice weekly for five months following the intrastriatal injection of a-
syn PFFs (Figure 5A). As previously reported,” a-syn PFFs significantly
increased IBA1 and glial fibrillary acidic protein (GFAP) immunoreactivity in
the SNpc (Figure 5B). This increase was markedly reduced by PF543 treatment
(Figure 5B). Western blot analysis further confirmed the increased levels of
IBAT and GFAP in the striata and ventral midbrains induced by a-syn PFFs
and the reduction with SPHK1 inhibition (Figures ST1A-D). Additionally,
PF543 treatment markedly reduced the levels of neuroinflammatory factors
TNFa and IL6 in the motor cortices of a-syn PFFs mice (Figure 5C). These
results indicate that SPHK1 blockade effectively mitigate a-syn PFFs-induced
neuroinflammation in vivo.

To investigate the neuroprotective potential of SPHK1 inhibition in the a-
syn PFFs model, we administered PF543 one month after the intrastriatal
injection of a-syn PFFs, a time point evidenced by hyperphosphorylated a-
synuclein deposits.”’ Consistent with prior findings, substantial p-a-syns"%-
positive Lewy bodies were accumulated in the injection side of the striata
(Figure 5D). PF543 significantly reduced p-a-syn®"# immunoreactivity in this
area (Figure 5D). In addition, a-syn PFFs seeding induced a significant reduc-
tion in tyrosine hydroxylase (TH) and dopamine transporter (DAT) levels in the
ventral midbrains, which was significantly rescued by PF543 (Figures S11E-

¢123 i the striata. Scale bar, 20 pm.

F). Similarly, PF543 treatment restored TH and DAT levels in the striata ipsi-
lateral to the injection of a-syn PFFs (Figures ST1G-H).

SPHK1 inhibition reverses the neuropathology in hA53T a-synuclein
transgenic mice

The effects of SPHK1 inhibition were further assessed in a transgenic
mouse model of human SNCA harboring a PD-associated hA53T mutation.
These mice manifest hyperactivity of pathological a-synuclein accumulation
and reactive gliosis at four to six months old.** Accordingly, PF543 treatment
in the hA53T transgenic mice was started at six months of age (Figure 6A).
Consistent with previous results,” substantial p-a-syn®"?*-positive inclu-
sions were accumulated in the midbrain, cerebellum, and brainstem
(Figures 6B-E). PF543 significantly reduced p-a-syn®"? immunoreactivity
across these regions. Additionally, there was a significant decrease in the
high-molecular-weight Triton X-100-insoluble a-synuclein levels (Figures 6F
& S12A). PF543 treatment also attenuated reactive gliosis, another
neuropathological hallmark. Specifically, Western blot analysis indicated
abundant IBAT and GFAP levels in the midbrains of hA53T mice but not in
that of the mice treated with PF543 (Figures S12B-C). Immunostaining also
revealed heightened GFAP immunoreactivity in hA53T mice, which was
significantly mitigated by PF543 (Figure S12D). In healthy brains, microglia
are typically ramified with small somas, but they undergo hypertrophic
changes in response to stimuli®. Morphological analysis of microglia in
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Figure 6. SPHK1 inhibition reverses the neuropathology in hA53T a-synuclein transgenic mice (A) Scheme of vehicle or PF543 treatment in hA53T a-synuclein transgenic
mice. (B) Immunohistochemistry of p-a-syn®*"% in the midbrain, pons, and cerebellum (n = 8). Scale bar, 250 um. (C) Quantification of p-a-syn*"?® immunohistochemistry inten-
sity in the midbrain and pons (n = 8, mean * s.d, two-way ANOVA). (D) Immunofluorescence of p-a-syn®"? in the midbrain, pons, and cerebellum (n = 8). Scale bar, 250 um.
(E) Quantification of p-a-syn®"?® immunofluorescence intensity in the midbrain and pons (n = 8, mean * s.d, two-way ANOVA). (F) Quantification of a-synuclein levels in Triton X-
100 insoluble fractions normalized to B-actin (n = 6, mean * s.d, two-way ANOVA). (G) The morphology of IBA1-staining microglia in the brainstems of WT and hA53T mice
treated with either vehicle or PF543 (n = 6). Scale bar, 200 pm (original) and 20 pm (enlarged). (H) Number of dendrite segments of microglia in the brainstems of WT and hA53T
mice treated with either vehicle or PF543 (mean  s.d, two-way ANOVA). (1) Number of dendrite terminal points of microglia in the brainstems of WT and hA53T mice treated with
either vehicle or PF543 (mean + s.d, two-way ANOVA). (J) GSEA of RNA-sequencing data from hA53T and WT mice, as well as hA53T mice treated with either vehicle or PF543

(n = 4, Kolmogorov—Smirnov test).

hA53T mice indicated a reactive phenotype, with enlarged somas (Figure 6G)
and a fewer number of branches and terminal points (Figures 6H-I). These
abnormal alterations were significantly disappeared in hA53T mice treated
with PF543 (Figures 6G-I). To further investigate the effects of SPHK1 inhibition
on CNS transcriptional program, we conducted a transcriptome analysis of
hA53T mice treated with either vehicle or PF543 using RNA sequencing. In
hA53T mice, there was increased expression of hallmark genes associated
with the inflammatory response and TNFa signaling via NF-kB, which was
suppressed in the mice receiving PF543 (Figures 6J & S12E). These results
demonstrate that SPHK1 inhibition confers protection against the degenerative
effects of constitutive hAS3T a-synuclein expression in transgenic mice.

DISCUSSION AND CONCLUSION

Sphingolipid metabolism is dysregulated in PD.”” In our study, the analysis
with high-resolution LC-MS/MS revealed that the relative levels of STP in the
CSF of PD patients were 16 times higher than in control individuals, whereas
sphingosine levels were significantly reduced. Previous studies reported the
decreased plasma S1P levels in PD patients.”””" This observation contrasts
with findings in Alzheimer's disease, where brain sphingosine levels were

elevated, and S1P levels were diminished.” In contrast, ceramide levels were
elevated in the plasma of PD patients™ but reduced in the anterior cingulate
cortex.”’ In addition, ceramide levels were increased in both plasma and CSF
in multiple sclerosis.”** These findings highlight the compartmentalized
nature of sphingolipid metabolism across different neurodegenerative
diseases and tissue layers, underscoring its potential role in disease-specific
pathophysiological mechanisms.

Multiple lines of evidence indicate that endothelial Spns2-Mfsd2-mediated
S1P export is essential for blood—brain barrier (BBB) maintenance™ and is
downregulated under inflammatory conditions,” while clinical biofluid studies
support barrier dysfunction in PD.***" Physiologically, there is a pronounced
S1P gradient across the blood—brain/CSF barriers.” Impaired BBB integrity
may contribute to increased STP in CSF. In addition, our findings indicated
that pathological a-syn enhanced both the activity and expression of
microglial SPHK1, further supporting the elevation of S1P levels in the context
of PD. In blood, S1P is derived primarily from erythrocytes and platelets and
from vascular endothelium, and circulates bound to HDL—ApoM or albumin.*
Multiple cohorts indicated that, the peripheral supply and carrier
systems—such as HDL and its major apolipoprotein apoA-l—are impaired in
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PD patients.””' This likely contributes to the reduced plasma S1P levels.

The two sphingosine kinases exert opposing functions in the regulation of
inflammation. SPHK1 is predominantly cytosolic, and the S1P it generates
serves as an essential cofactor for the E3 ubiquitin ligase TRAF2, facilitating
the cascade of events required for NF-kB nuclear translocation and thereby
amplifying pro-inflammatory signaling.”” Consequently, the overall action of
SPHK1 is pro-inflammatory, as demonstrated in contexts such as colitis-
associated tumorigenesis, endoplasmic reticulum stress, and arthritis. " By
contrast, SPHK2 is primarily localized to several organelles,” including the
nucleus, where the SPHK2-nuclear STP axis directly inhibits HDACT,
promoting KLF4 acetylation at the epigenetic level and driving microglial
polarization from a pro-inflammatory to an anti-inflammatory phenotype.®
Pharmacological inhibition of SPHK2 disrupts this axis, impairs anti-inflam-
matory polarization, and exacerbates inflammatory responses.”® These
effects are consistent with a nuclear localization—dependent epigenetic
mechanism for SPHK2.°" Similarly, SPHK2 silencing with a specific SiRNA or
genetic deletion (Sphk2-/-) in mouse peritoneal macrophages leads to
elevated production of inflammatory cytokines.”® Our findings revealed a
distinction in the transcriptional regulation of the genes encoding SPHK1 and
SPHK2 during a-synuclein-driven neurodegeneration. In both hA53T trans-
genic mice and post-mortem PD patient brains, Sphk1/SPHK1 expression
was selectively upregulated in the substantia nigra, while Sphk2/SPHK2
expression remained unaltered. Notably, SPHKT expression was strongly
correlated with inflammatory gene transcription, whereas SPHK2 was weakly
correlated; inhibition of SPHK1 but not SPHK2 significantly reduced a-syn
PFFs—induced NF-kB activation and TNFa elevation. In summary, SPHK1
rather than SPHK2 is selectively upregulated and closely associated with
neuroinflammation during a-syn—driven neurodegeneration.

Across flies, mice, and humans, the two enzymes that catalyze S1P
production are highly enriched in specific glial subpopulations. ™' This indi-
cates that STP is produced in glia but not in neurons. A lipidomic study with
brain-region— and cell-type—resolution further reported that sphingolipid
metabolism is markedly enriched in microglia,® thereby underscoring the
central role of the microglial SPHK1/S1P axis in regulating neuroinflammation
compared with neurons and astrocytes. In this study, a-syn PFFs induced
SphkT expression exclusively in microglia, while suppressing it in neurons
and leaving astrocytes unaffected. Knockdown of microglial SphkT in stria-
tum significantly reduced neuroinflammation and the amount of pathological
a-synuclein. These cell type-specific responses underscore microglia's
central role in propagating S1P-dependent neuroinflammation and a-syn
pathology. Consistently, either the catalytically inactive SPHK1 mutant (D81A)
or Sphk1 knockdown in microglia suppressed a-syn PFFs-induced NF-kB
activation and TNFa expression, and these inhibitory effects were reversed by
supplementation with high concentrations of S1P. However, low concentra-
tions of exogenous S1P failed to activate NF-kB in Sphk-silenced cells, indi-
cating that S1P functions through an intracellular mechanism rather than a
paracrine receptor-mediated pathway. Microglia engulf exogenous a-synu-
clein fibrils through a repertoire of receptors,™" their limited ability to
degrade these fibrils leads to intracellular accumulation of a-synuclein and
the initiation of inflammatory responses.”’ In this study, inhibition of
microglial SPHK1 reduced microglia-driven neuroinflammation and conse-
quently attenuated a-syn PFFs-induced pathological a-syn accumulation in
dopaminergic neurons. Thus, hyperactivated SPHKT could initiate a feedfor-
ward loop: a-synuclein fibrils induce microglia to generate a S1P-mediated
pro-inflalnmatory microenvironment, promoting neuronal a-synuclein aggre-
gation and extracellular release, which is thereafter engulfed by microglia.

Recent clinical trials of GLP-1 receptor agonists in PD have yielded diver-
gent results. In early-stage patients, a phase Il study of lixisenatide demon-
strated attenuation of motor worsening over 12 months,” whereas a phase |l
trial of exenatide was overall negative.”' Considering the consistently very low
CSF exposure of these agents,””” particularly the even poorer CNS penetrance
of lixisenatide, these findings suggest that the potential efficacy is more likely
mediated through peripheral—central signaling and systemic anti-inflammatory
or metabolic effects rather than extensive brain penetration. Previous work
has shown that chronic administration of the selective SPHK1 inhibitor PF543
can modulate peripheral immunity: in sickle cell disease mice expressing
human hemoglobin, four weeks of continuous PF543 treatment reduced

erythrocyte SPHK1 activity and plasma S1P levels, accompanied by
decreases in peripheral leukocyte counts, including both lymphocytes and
neutrophils.” Clinically, a multicenter longitudinal study in drug-naive early
PD patients reported that higher neutrophil counts were associated with
motor symptom worsening and reduced striatal DAT binding.” These obser-
vations raise the possibility that peripheral immunomodulation by PF543 may
be clinically relevant. Our own exploratory data further demonstrate that
PF543 is capable of crossing the BBB and reducing brain STP concentrations,
indicating a potential for direct central actions. However, the relative contri-
butions of peripheral immune modulation versus central SPHK1 inhibition to
the improvement of PD phenotypes remain unclear. Defining the balance
between these mechanisms during chronic PF543 treatment will be critical to
fully understand its therapeutic potential in PD.

In summary, this study demonstrates a robust elevation of STP in CSF
from PD patients, accompanied by reduced sphingosine levels. Consistently,
elevated S1P is also detected in the striatum and midbrain of a-syn PFF-
induced PD mice, with Sphk1 showing the strongest upregulation among
sphingolipid metabolic genes. Mechanistically, pathological a-syn selectively
upregulates and activates SPHK1 in microglia, driving STP-mediated NF-kB
signaling and microglial activation. Genetic knockdown of Sphk7 or pharma-
cological inhibition with PF543 attenuates neurodegeneration and PD-like
neuropathology in mouse models, establishing STP/SPHK1 as a potential
therapeutic target to counteract PD and related synucleinopathies.
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