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Abstract Alanineeserineecysteine transporter 2 (ASCT2) is reported to participate in the progression

of tumors and metabolic diseases. It is also considered to play a crucial role in the glutamate-glutamine

shuttle of neuroglial network. However, it remains unclear the involvement of ASCT2 in neurological

diseases such as Parkinson’s disease (PD). In this study, we demonstrated that high expression of ASCT2

in the plasma samples of PD patients and the midbrain of MPTP mouse models is positively correlated

with dyskinesia. We further illustrated that ASCT2 expressed in astrocytes rather than neurons signifi-

cantly upregulated in response to either MPPþ or LPS/ATP challenge. Genetic ablation of astrocytic

ASCT2 alleviated the neuroinflammation and rescued dopaminergic (DA) neuron damage in PD models

in vitro and in vivo. Notably, the binding of ASCT2 to NLRP3 aggravates astrocytic inflammasome-

triggered neuroinflammation. Then a panel of 2513 FDA-approved drugs were performed via virtual mo-

lecular screening based on the target ASCT2 and we succeed in getting the drug talniflumate. It is vali-

dated talniflumate impedes astrocytic inflammation and prevents degeneration of DA neurons in PD
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Talniflumate impedes the binding of astrocytic ASCT2 to NLRP3 663
models. Collectively, these findings reveal the role of astrocytic ASCT2 in the pathogenesis of PD,

broaden the therapeutic strategy and provide a promising candidate drug for PD treatment.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Parkinson’s disease (PD) is considered to be the most common
neurodegenerative movement disorder, which is characterized by
classical motor features of parkinsonism associated with loss of
dopaminergic (DA) neurons in the substantia nigra pars compacta
(SNpc) and accumulation of Lewy bodies1. Although L-DOPA
replacement therapy improves the symptoms of most patients, it
failed to effectively reverse the progressive loss of DA neurons in
the SNpc. Emerging evidence has demonstrated that neuro-
inflammation contributes to the progression of PD2,3. The altered
inflammatory response in immunosenescent glia cells may pre-
dispose the brain to neurodegenerative conditions such as PD, in
which IL-1b and inflammasome signaling are characteristically
observed4. Since glia cells-triggered neuroinflammation directly
provokes the degeneration of DA neurons, exploring new thera-
peutic targets in neuro-glial networks to alleviate neuro-
inflammation may be promising for PD treatment.

NLRP3, themost commonly studied inflammasome in the brain,
is widely located in microglia5, oligodendrocytes6 and astrocytes7.
As an intracellular sensor, NLRP3 recognizes pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs), resulting in assembly and activation of NLRP3
inflammasome. Upon activation, NLRP3 inflammasome triggers
production of various pro-inflammatory cytokines, and creates an
inflammatory microenvironment in the brain, leading to the
degeneration of DA neurons8. Pharmacological inhibition of
NLRP3 inflammasome activation has been proved to provide potent
therapeutic effects in a wide variety of rodent models of inflam-
matory diseases9. These findings suggest that NLRP3 inflamma-
some is the foremost executor of neuroinflammation and it could be
the potential therapeutic target of PD.

As the most abundant cell type in the brain, astrocytes perform
many functions supporting neurons10. For example, astrocytes
produce a variety of neurotrophins and glial transmitters which are
involved in synaptic remodeling and nerve regeneration11,12.
Emerging evidence also shows an association between astrocyte
dysfunction and PD13. Glutamateeglutamine shuttle is crucial to
maintaining the balance of neurotransmitters in the neuroeglial
network. ASCT2 (alanineeserineecysteine transporter 2,
Slc1a5), a Naþ-dependent neutral amino acid transporter encoded
by the gene Slc1a5, is discovered to mediate the exchange of
amino acid substrates and uptake of glutamine14. ASCT2 has been
well studied in cancer research, and the high expression of ASCT2
is recognized as a promising prognostic marker in various can-
cers15e18. Nevertheless, on the basis of the expression of ASCT2
in the brain19,20, data supported the hypothesis that ASCT2 could
be responsible for glutamate reuptake in astrocytes in exchange
for glutamine21. In the brain, the function of ASCT2 was mainly
investigated in neurons22, while the role of ASCT2 in astrocytes
remains unknown. Moreover, astrocytic ASCT2 in the pathogen-
esis and progression of PD is poorly documented.
In this study, we performed RNA sequencing in the plasma
samples of PD patients and demonstrated abnormally upregulated
expression of ASCT2. Notably, the expression of ASCT2 was
strongly associated with Hohen-Yahr staging (H-Y staging) and
unifiedParkinson’s disease rating scale-motor score (UPDRS-III) of
PD patients. We illustrated that genetic ablation of astrocytic
ASCT2 alleviated the neuroinflammation and promoted DA neuron
recovery. In contrast, overexpression of ASCT2 aggravated neuro-
inflammation and contributed to DA neuron loss. Moreover, the
binding of ASCT2 to NLRP3 aggravated astrocytic NLRP3
inflammasome activation. Furthermore, a panel of 2513 FDA-
approved drugs were screened via virtual molecular docking with
ASCT2. Through computational drug discovery strategy and target
validation, we explored ASCT2 inhibitors and found anti-
inflammatory and neuroprotective effects of talniflumate in PD
models. Mechanistically, talniflumate inhibited the interaction be-
tween ASCT2 and NLRP3, counteracting the neuroinflammation
induced by the activation of NLRP3 inflammasome. Taken together,
these findings provide a new perspective on the importance of
ASCT2 in mediating PD pathogenesis and treatment.
2. Material and methods

2.1. Animals

Adult or neonatal C57BL/6 mice were purchased from the Model
Animal Research Center of Nanjing Medical University. Nlrp3�/�

mice (male, 3-month-old) were obtained from Prof. Honghong
Yao’s laboratory. All animal care and procedures were performed
following national and international guidelines and were approved
by the Animal Resource Centre, Nanjing Medical University,
Nanjing, China. Mice were housed in groups at 22e24 �C with a
12 h lightedark cycle and ad libitum access to regular chow diet
and water. NLRP3-knockout mice on a C57BL/6 (inbred) genetic
background were generated by 10 backcrosses. Three-month-old
WT and Nlrp3�/� mice were used to generate a subacute
MPTP-induced PD model. They were injected hypodermically
(i.h.) with 20 mg/kg MPTP (SigmaeAldrich, M0896) dissolved in
saline once a day for 5 consecutive days and then left alone for 3
days. Mice in the treatment groups received 75 mg/kg GPNA
(Macklin, N862159) or 50 mg/kg talniflumate (Sellect, S6439) i.g.
daily starting 3 days before MPTP administration and continuing
over the 5 MPTP injection days and the 3 subsequent days. Three
days after the last MPTP injection, the mouse striatum was
dissected and processed for immunoblotting and HPLC assay. In
some cases, animals were perfused with 4% paraformaldehyde in
0.1 mol/L phosphate buffer (pH 7.4), and coronal cryo-sections at
a thickness of 20 mm were prepared for immunohistochemistry.

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Nanjing Medical University
(1601246-2) and complied with institutional guidelines. Patient
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experiments were approved by the Committee of Nanjing Uni-
versity of Chinese Medicine (2020NL-KS001).

2.2. Stereotaxic surgery

The stereotaxic surgery is under sodium pentobarbital anesthesia
(40 mg/kg, sigma). AAVexperiment: The AAV knockdown ASCT2
(AAV-shASCT2) and the empty vector (AAV-shCon) were injected
into themice’s midbrain. Eachmousewasmicroinjected with either
AAV-shASCT2 or AAV-shCon (1 mL of 2 � 1013 viral genome/mL,
Hanbio). The three-dimensional coordinates of the mice’s midbrain
are as follows: A/P�3.0 mm, R/L�1.3 mm, and D/V�4.5 mm. To
evaluate the effects of astrocytic ASCT2 on the mouse MPTP
model, mice were divided into the following four groups 2 weeks
after AAV microinjection: AAV-shCon þ Saline, AAV-
shASCT2þ Saline, AAV-shConþMPTP, AAV-shASCT2þMPTP.
LV experiment: The lentivirus (LV) overexpressing ASCT2
(ASCT2 OE) and the empty vector (ASCT2 vec) were injected
into the mice’s midbrain. Each mouse was microinjected with
either ASCT2 vec LV or ASCT2 OE LV (1.5 mL of 2 � 109 viral
genome/mL, Hanbio). To investigate whether NLRP3 rescued the
effects of ASCT2 on the mouse MPTP model, mice were divided
into the following four groups 2weeks after LVmicroinjection:WT-
ASCT2 vec þMPTP, WT-ASCT2 OE þMPTP, Nlrp3�/�-ASCT2
vec þ MPTP, Nlrp3�/�-ASCT2 OE þMPTP.

2.3. Reagents

LPS (L-3129), Nigericin (N-7143) and ATP (A1852) were pur-
chased from SigmaeAldrich. Poly(dA:dt) (tlrl-patn), Flagellin
(tlrl-stfla) and Pam3CSK4 (tlrl-pms) were purchased from Inviv-
ogen. MPTP (S4732), dihydroergotamine mesylate (S5751),
fluocinolone acetonide (S2470), azilsartan medoxomil (S3057),
vorapaxar (S8067), astemizole (S0398), eplerenone (S1707),
drospirenone (S1377), ciclesonide (S4646) and talniflumate
(S6439) were purchased from Selleck.

2.4. Primary cultures and transfection

Briefly, the midbrain of neonatal mice was separated from
meninges and basal ganglia. Tissues were dissociated with 0.25%
trypsin at 37 �C and terminated by DMEM supplemented with
10% FBS and 1% penicillin/streptomycin. Cells were plated on
flasks, and the culture medium was replaced with fresh medium
24 h later. Then media were replaced every 3 days. DMEM me-
dium was replaced before transfection. The ASCT2 siRNA pur-
chased from GenePharma (Shanghai, China) were transfected into
astrocytes using Lipofectamine 3000 reagent (Invitrogen,
L3000015) according to the manufacturer’s protocol. A control
siRNAwas used as a negative control. The plasmid overexpression
of ASCT2 was purchased from Public Protein/Plasmid Library
(Nanjing, China). The sequences of ASCT2 siRNA and plasmids
were performed in Supporting Information Table S1.

2.5. Immunofluorescence assay

The process of preparing the brain section was the same as immu-
nohistochemistry. Incubating with primary antibody (TH, 1:1000,
Millipore, MAB318; Na-K-ATP, 1:100, #ab7671, Abcam; Tom20,
1:200, Abcam, ab56783; ASC, 1:100, AdipoGen, AG-25B-0006;
ASCT2, 1:100, NBP1-89327, Novus) overnight. The secondary an-
tibodies: Alexa Fluor 555 goat anti-mouse IgG (1:1000, Thermo),
Alexa Fluor 488 goat anti-rabbit IgG (1:1000, Thermo) and Alexa
Fluor 647 goat anti-rabbit IgG (1:1000, Thermo) for 1 h at room
temperature. Finally, the sections were rinsed with PBS and sealed
with ProLong™ Gold Antifade Mountant with DAPI (Lifetech).
Fluorescently labeled sections were visualized with the confocal
scanning laser microscope (Carl Zeiss, Germany).

2.6. QT-PCR

Total RNA was extracted from cells using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA). Reverse transcription of total RNA
was carried out using TaKaRa Master Mix (TaKaRa, Japan). The
primers were purchased and validated from Genescript (Nanjing,
China). Real-time qPCR was carried out using SYBR Green
Master Mix (Applied Biosystems) in a StepOnePlus instrument
(Applied Biosystems). qPCR primers were designed using a
primer design tool, and the sequences were in Table S1.

2.7. Western blot

The method was described in our previous publication23. Different
antibody: mouse anti-TH (1:1000, Millipore, MAB318), rabbit
anti-ASCT2 (1:1000, NBP1-89327, Novus), goat anti-IL-1b
(1:1000, I-3767, Sigma), mouse anti-caspase-1 (1:1000, AG-20B-
0042, Millipore), rabbit anti-NLRP3 (1:1000, AG-20B-0014-
C100, AdipoGen), rabbit anti-p65 (1:1000, #3033, CST), rabbit
anti-p-p65 (1:1000, #8242, CST), mouse anti-b-actin (1:1000,
A5441, Sigma), mouse anti-GAPDH (1:1000, #97166S, CST),
rabbit anti-GFAP (1:1000, MAB360, Millipore).

2.8. Immunohistochemistry

Brain slices were rinsed carefully in phosphate buffered saline
(PBS) followed by 3% H2O2 for 30 min to quench the endogenous
peroxidase activity then incubated with 0.3% Triton X-100 in PBS
supplemented with 5% bovine serum albumin (BSA), for 1 h.
After that, the sections were incubated with specific primary an-
tibodies (mouse anti-TH Ab, 1:3000, #T1299, Sigma; mouse anti-
GFAP Ab, 1:800, #MAB360, Millipore) in PBS containing 5%
BSA at 4 �C overnight. After extensive washing, brain slices were
incubated with secondary antibodies for 1 h at room temperature.
Finally, the slides were incubated with diaminobenzidine (DAB)
for 5 min. For Nissl staining, the slides were soaked in CV so-
lution (0.1 g cresyl violet, 99 mL H2O and 1% acetic acid 1 mL)
for 30 min at room temperature then dehydrated with alcohol and
xylene. The brain slices were observed under stereomicroscope
(Olympus). Stereo Investigator was used for the assessment of
THþ neurons, GFAPþ astrocytes and nisslþ cells in the SNpc.

2.9. Behavioral assays

Behavioral assays were performed 3 days after the final injection of
MPTP or saline. For the locomotor activity test, mice were placed in
an activitymonitor chamber (20 cm� 20 cm� 15 cm) to acclimatize
for 15 min before the start of the test. The track of the mice was
recorded in 5 min and the speed was calculated using Open field
software (Clever Sys Inc., VA, USA). For rotarod test, mice were
placed in a separate compartment on the rod and tested at 6 � g for
5 min before being acclimatized to the rod with a fixed speed of
3.5 � g for 5 min for 2 consecutive days. The latency to fall was
recorded using Rotarod Analysis System (Jiliang, Shanghai, China).
For the pole test, mice were placed on the top of the wooden pole
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(diameter 1 cm, height 50 cm, rough surface). The time taken by the
mice to reach the floor with their four paws was recorded as loco-
motion activity time T-total and the time taken by the mice to turn
completely heads downward was recorded as T-turn time. Each
mouse was accustomed to the apparatus on the day before testing.
The test was performed three times to ensure accuracy.

2.10. Co-IP assay

Cell samples were harvested with lysis buffer (1% Triton X-100,
150 mmol/L NaCl, 50 mmol/L Tris, pH 8.0) containing protease
inhibitors. Equal amounts of protein were then incubated
with anti-NLRP3 flag or ASCT2 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 IP complexes were washed three times with lysis buffer and
denatured by adding 2.5 � loading buffer, followed by boiling for
5 min. Western blotting analysis was used to detect the IP com-
plexes further.

2.11. Label-free mass spectrometry

The method was described in a previous publication24. Anti-NLRP3
immunoprecipitated protein (500 mg for each sample) was digested
according to the FASP procedure. Briefly, the detergent, DTT and
other low-molecular-weight components were removed using
200 mL UA buffer by repeated ultrafiltration facilitated by centrifu-
gation. The protein suspension was digested with 3 mg trypsin in
40 mL 25 mmol/L NH4HCO3 overnight at 37

�C. After digestion, the
peptides in each sample were desalted on C18 cartridges, concen-
trated by vacuum centrifugation and reconstituted in 40 mL of 0.1%
(v/v) trifluoroacetic acid. MS experiments were performed on a Q
Exactive mass spectrometer coupled to an Easy nLC. Five micro-
grams of the peptidewere loaded onto a C18-reversed-phase column
in bufferA (2%acetonitrile and 0.1% formic acid) and separatedwith
a linear gradient of buffer B (80% acetonitrile and 0.1% formic acid)
at a flow rate of 250 nL/min controlled by IntelliFlow technology
over 120 min. MS data were acquired using a data-dependent top10
method, which dynamically chooses the most abundant precursor
ions from the survey scan (m/z 300e1800) for HCD fragmentation.
Determination of the target value is based on predictive automatic
gain control. Survey scans were acquired at a resolution of
70,000 at m/z 200, and the resolution for HCD spectra was set to
17,500 at m/z 200. The instrument was run with peptide recognition
mode enabled.MS experiments were performed in triplicate for each
sample. MS data were analyzed using MaxQuant software version
1.3.0.5 and were searched against the UniProtKB database.

2.12. Proximity ligation assay (PLA)

Protein interactions in astrocytes were detected using the Duolink
PLA assay kit (SigmaeAldrich, DUO92101) following the man-
ufacturer’s protocol. After treatments, cells on slides were fixed
with 4% paraformaldehyde and permeabilized with 0.3% Triton
X-100 in PBS. Blocking solution was added to the slides, which
were incubated at 37 �C for 1 h. Then, the slides were incubated
with rabbit primary ASCT2 antibody (Novus, NBP1-89327) and
mouse primary NLRP3 antibody (AdipoGen, G-20B-0014-C10) at
4 �C overnight and then with PLA probe solution for 1 h at 37 �C.
After being washed, the slides were incubated for 30 min at 37 �C
and then incubated with the amplification solution at 37 �C for
100 min protected from light. Finally, cell nuclei were stained
with DAPI (Invitrogen, D1306), and the slides were imaged using
the confocal laser scanning microscopy platform Leica TCS SP8.

2.13. 3H-L-glutamine uptake assay

Cells (1 � 105 cell/well) were incubated with [3H]-L-glutamine
(400 nmol/L, Perkin Elmer) in MEM media (Life) for 15 min at
37 �C in the presence or absence of inhibitors. The cells were
collected, transferred to 24-well plate harvester (PerkinElmer) and
analyzed using a liquid scintillation counter (PerkinElmer).

2.14. Surface plasmon resonance (SPR)

SPR was performed using a BIAcore T200 instrument (GE
Healthcare). ASCT2 protein (SL5-H5149) was purchased from
ACRO Biosystems. NLRP3 protein was purchased from CUSBIO
(#CSB-EP822275HU3). Different concentrations of ASCT2
(0.078e5 mmol/L) were run over SPR with the CM5 chip (GE,
USA) using the running buffer containing 1.8 mmol/L KH2PO4,
10 mmol/L Na2HPO4, 137 mmol/L NaCl, 2.7 mmol/L KCl, and
0.005% Tween-20 (pH 7.8). The binding and dissociation rates
were measured at a flow rate of 25 mL/min. The injection of the
ligands was done for 1.5 min followed by a flow with ligand-free
buffer to analyze the dissociation for 2.5 min. Curves were cor-
rected for nonspecific ligand binding by subtracting the signal
obtained for the negative control flow cell. The equilibrium
dissociation constant (Kd) was derived from a simple 1:1 inter-
action model using the Reichert data evaluation software.

2.15. Microscale thermophoresis (MST)

Monolith Protein Labeling Kit RED-NHS labeling kit (L001) was
purchased from NanoTemper Technologies (USA). In the NT.115
NanoTemper measurement, an infrared laser (IR laser) beam
couples into the path of light (i.e., fluorescence excitation and
emission) with a dichroic mirror and is focused into the sample
fluid through the same optical element used for fluorescence im-
aging. The IR laser is absorbed by the aqueous solution in the
capillary and locally heats the sample with a 1/e2 diameter of
25 mm. Up to 24 mW of laser power was used to heat the sample,
without damaging the biomolecules. Thermophoresis of the pro-
tein in the presence of varying concentrations of drugs (50 nmol/L
to 25 mmol/L) was analyzed for 30 s. Measurements were per-
formed at room temperature and SD was calculated from three
independent experiments. Data were normalized to either DForm
[&] (10�(Form (bound) � Form (unbound))) or Fraction bound
(DForm [&]/amplitude).

2.16. Ultra-performance liquid chromatographyemass
spectrum (UPLCeMS)

The concentrations of analytes in human plasma were quantified
using liquid chromatographyemass spectrometry with a Thermo
TSQ Quantis LCeMS/MS System equipped with an electrospray
ionization interface used to generate positive ions [MþH]þ for tal-
niflumate and IS (Ramipril). The compounds were separated on a
reversed-phase column (BEH C18, 100 mm � 2.1 mm internal
diameter, 1.7 mm particle size; Waters, USA) with a mobile phase
consisting of acetonitrile (B)/0.1% formic acid (A). An elution
gradient was used as follows (0.0e1.0 min, B 10%; 1.0e3.0 min, B
10%e50%; 3.0e5.0 min, B 50%e100%; 5.0e6.0 min, B 100%).
Themobile phasewas eluted using anHP 1100 series pump (Agilent,
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Wilmington,DE,USA) at 0.2mL/min, and the pressurewasw60psi.
The turbo ion spray interfacewas operated in the positive ionmode at
3500 Vand 350 �C. The operating conditions were optimized by the
flow injection of a mixture of all analytes and were determined as
follows: sheath gas (Arb), 50L/min; auxiliary gas, 10.0 L/min; sweep
gas (Arb), 1.0 L/min. Quantitation was performed by multiple reac-
tion monitoring (MRM) of the precursor ions and the related product
ions for talniflumate using the internal standard method with the
peakearea ratios. The mass transition used for talniflumate and IS
was m/z 415.05/ 132.9 (RF lens, 174 eV; collision energy, 55 eV)
and 417.2 / 234.1 (RF lens, 147 eV; collision energy, 21.15 eV),
respectively. The analytical data were processed by Analyst software
(Ver. 1.4.1, Applied Biosystems).

2.17. Statistical analysis

Statistical analyses were performed using SPSS version 22.0 or
GraphPad Prism 8.0 software, and all data were presented as
mean � standard error of mean (SEM) of at least three indepen-
dent experiments; statistically significant by Student t-test. For
comparisons, two-way ANOVA was assessed with Dunnett’s
multiple comparisons test, and detailed information was presented
in figure legends.

3. Results

3.1. ASCT2 is upregulated in the plasma samples of PD patients

To study the function of ASCT2 in PD, we performed RNA
sequencing in 4 pairs of PD patients and normal controls
(Fig. 1A). The demographics and clinical characteristics of pa-
tients with PD and matched controls were performed in
Supporting Information Tables S2 and S3. Volcano map and
pathway enrichment analysis showed that genes were significantly
correlated with neuroactive ligand-receptor interaction, cAMP
signaling pathway, calcium signaling pathway, protein digestion
and absorption, and glutamatergic synapse (P < 0.01, Fig. 1B). In
the pathway analysis of the glutamatergic synapses, 8 of 30 genes
closely related to PD were selected for further research (Fig. 1C).
RT-PCR results validated that only Slc1a2 and Slc1a5 were
significantly changed (P < 0.001) in the plasma samples of PD
patients (Fig. 1D). Next, the ROC curve showed that the expres-
sion level of Slc1a5 was significantly correlated with dyskinesia in
PD patients (AUC Z 0.8633, P < 0.0001) which was better than
Slc1a5 (AUC Z 0.8056, P < 0.0001) (Fig. 1E and F and
Supporting Information Fig. S1). More importantly, high expres-
sion of Slc1a5 was associated with the stage of PD as reflected by
H-Y rating scale stage (R2 Z 0.2607, P Z 0.0039) and UPDRS
score (R2 Z 0.6747, P < 0.0001) (Fig. 1G and H). Collectively,
the expression of ASCT2 is upregulated in PD patients and may be
a potential biomarker for the diagnosis of PD.

3.2. Knockdown of astrocytic ASCT2 alleviates
neuroinflammation in MPTP-induced PD mouse model

ASCT2 is expressed in both neurons and astrocytes as reported
previously25. Here, we examined the expression of ASCT2 in
brain slices by multi-immunohistochemical fluorescent staining.
In the midbrain, ASCT2 was expressed at a low level in both
neurons and astrocytes of saline group, while it was increased
notably in astrocytes rather than neurons in MPTP-treated group,
indicating astrocytic ASCT2 may play an important role in the PD
model (Fig. 2A and B). In addition, increased expression of
ASCT2 was found in the homogenate of midbrain samples in
MPTP and LPS models (Fig. 2C and D and Supporting
Information Fig. S2A and S2B). Interestingly, the expression of
ASCT2 in the cortex and hippocampus was inconsistent with that
in the midbrain, showing no alteration in the cortex and down-
regulated in the hippocampus (Supporting Information Fig.
S2CeS2F). Then, we validated the expression and response
pattern of ASCT2 in primary neurons and astrocytes treated with
MPPþ or LPS/ATP. Consistent with the findings of brain slices,
the expression of ASCT2 in astrocytes rather than neurons was
elevated significantly in response to MPPþ or LPS/ATP stimula-
tion (Fig. 2E and F and Supporting Information Fig. S2GeS2N).
Meanwhile, co-localization of ASCT2/Tom20 and ASCT2/Na-K-
ATP in astrocytes showed ASCT2 was evenly distributed in the
cytoplasm, not in the mitochondrial (Fig. 2G and H). Moreover, it
was generally considered that astrocytes undergo changes
suffering diseases and injuries in the central nervous system, and
transform good “resting astrocytes” into abnormal “reactivity as-
trocytes”26. In our study, it was observed after treatment with
MPPþ or LPS/ATP, the morphology of astrocytes changed, and it
showed upregulation and nuclear translocation of ASCT2
(Fig. 2I). Moreover, co-localization of ASCT2/MAP2 showed that
ASCT2 was distributed mainly in neuronal cell bodies and it has
no significant difference after MPPþ challenge (Fig. 2J).

To further determine whether the upregulation of ASCT2 in as-
trocytes is responsible for PD progression, ASCT2 shRNA adeno-
associated virus (AAV) which contains glial fibrillary acidic protein
(GFAP) promoter was injected into the midbrain. The procedure of
the experiment is shown in Fig. 3A. The shASCT2-GFAP-AAV in-
jection reduced the expression of ASCT2 in the midbrain detected by
qRT-PCR and immunoblotting (Fig. 3B). In behavioral tests, both
movement distance and latency to fall were significantly decreased in
MPTP-treated mice, which was obviously improved by knockdown
of ASCT2 (Fig. 3C and D). In the rotarod test, MPTP-treated mice
showed reduced latencies to fall, while this deficit was significantly
ameliorated byASCT2 knockdown (Fig. 3E). However, the increased
retention period in the pole test was not affected by ASCT2 knock-
down in the MPTP group (Supporting Information Fig. S3A). Be-
sides, we also found that astrocytic ASCT2 knockdown prevented
MPTP-induced loss of striatal dopaminergic fibers (Fig. 3F). Mean-
while, knockdown of ASCT2 rescued nissl positive (Fig. 3G and H)
and TH positive neuron loss in the SNpc (Fig. 3J and K). HPLC
analysis showed that the level of dopamine in the striatum was
significantly decreased after MPTP injections, but ASCT2 knock-
down mice exhibited higher level of dopamine than that in MPTP-
treated mice (Fig. 3I and Supporting Information Fig. S3BeS3E).
Furthermore, knockdown of ASCT2 alleviated GFAPþ astrocytes
activation in vivo (Fig. 3L, M and Supporting Information Fig. S3J)
and reduced neuroinflammation as reflected by decreased protein
levels of caspase-1, IL-1b, and p-p65 in the striatum of ASCT2
shRNA-injected mice (Fig. 3N and Supporting Information Fig.
S3FeS3I). Thus, these data indicate that specific downregulation of
ASCT2 in astrocytes protects against DA neuron damage in PD
mouse model, which may be attributed to the anti-inflammatory
mechanism.

3.3. ASCT2 knockdown inhibits NLRP3 inflammasome
activation

Our previous study illustrated that suppression of NLRP3
inflammasome-derived IL-1b production is beneficial for PD



Figure 1 ASCT2 is upregulated in the plasma samples of PD patients compared with normal controls. (A) Heatmap and (B) Volcano map of

relative expression (compared with the healthy people group) for each gene was generated. n Z 4 samples/group. (C) Pathway enrichment

analysis (KEGG) for genes expressed preferentially is shown. (D) Slc1a5 (gene-encoded ASCT2) was upregulated in the plasma samples of PD

patients (n Z 30 individuals/group) compared with those in normal controls (n Z 30 individuals/group). Data represent the means � SEM

statistically significant by Student’s t-test. ROC curve for diagnosis of Slc1a5 (E) and Slc1a2 (F). (G, H) Correlation analysis (Hoehn-Yahr and

UPDRS) for individual ASCT2 to separate PD patients from normal controls.
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patients and targeting the astrocyte-mediated inflammatory
response is a promising strategy for PD treatment27. Considering
that astrocytic ASCT2 knockdown alleviated GFAPþ astrocytes
activation and neuroinflammation, the role of ASCT2 in neuro-
inflammation was further studied. It was shown that the mRNA
levels of IL-1b, IL-6 and TNF-a were significantly increased after
LPS/ATP stimulation, while overexpression of ASCT2 further
increased IL-1b mRNA level (Fig. 4A, B and Supporting
Information Fig. S4C). Then, we investigated the components of
NLRP3 inflammasome and found that overexpression of ASCT2
aggravated the activation of NLRP3 inflammasome indicated by
upregulation of caspase-1 and IL-1b after LPS/ATP incubation
(Fig. 4C and Fig. S4EeS4G). Consistent with the results of
immunoblotting, ASCT2 overexpression further increased the
release of IL-1b but not IL-6 or TNF-a in LPS/ATP-stimulated
astrocytes by ELISA (Fig. 4D). The phenomenon was also repli-
cable in the LPS/nigericin stimulated model (Fig. 4E, F and Fig.
S4HeS4J). Besides, overexpression of ASCT2 had no effect on
AIM2 inflammasome activation (Fig. 4G, Fig. S4K and S4L). Given
the low abundance of NLRP1 and NLRC4 in primary astrocytes
(Fig. S4A and S4B), we only investigated the effect of ASCT2 on
AIM2 and NLRP3 inflammasomes. It was reported that different
types of inflammasomes were expressed in bone marrow-derived
macrophages (BMDMs)28. Then we also confirmed that ASCT2



Figure 2 MPTP and LPS mediate the up-regulation of ASCT2 in primary astrocytes and mouse midbrain. (A) Representative images of

immunofluorescence three-labeling GFAP/ASCT2 in saline and MPTP mice model. Red: GFAP; Green: ASCT2; Blue: DAPI. Scale bar: 100 mm.

(B) Representative images of immunofluorescence three-labeling TH/ASCT2 in saline and MPTP mice model. Red: TH. Green: ASCT2. Blue:

DAPI. Scale bar: 100 mm. Expression of ASCT2 in the midbrain of MPTP (C)/LPS-treated (D) PD mouse model was detected. Immunoblot

analysis of ASCT2 in astrocytes after being treated with MPPþ/LPS-treated was detected (E). Immunoblot analysis of ASCT2 in neurons after

being treated with MPPþ/LPS plus ATP was detected (F). (G, H) Representative images of immunofluorescence double-labeling ASCT2/Tom20

and ASCT2/Na-K-ATP. (I) Co-localization of ASCT2/Na-K-ATP in the astrocytes after treatment with LPS/ATP or MPPþ-treated. Red, ASCT2;
Green, Na-K-ATP; Blue, DAPI. (J) Co-localization of ASCT2/MAP2 in the astrocytes after treatment with LPS/ATP or MPPþ-treated. Red,
ASCT2; Green, MAP2; Blue, DAPI. Scale bar, 20 mm.
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overexpression exclusively aggravated the activation of NLRP3
inflammasome in BMDMs, which had no effect on other inflam-
masomes (Supporting Information Fig. S5). Intracellular ASC
specks are indicators of NLRP3 inflammasome activation28. As
shown in Fig. 4H, ASCT2 overexpression facilitated the accumu-
lation of ASC specks in astrocytes. On the contrary, downregulation
of ASCT2 by small interfering RNA (siRNA) suppressed the acti-
vation of NLRP3 inflammasome and reduced the release of IL-1b



Figure 3 Knockdown of astrocytic ASCT2 provides anti-inflammatory and neuroprotective effects in MPTP-induced PD mouse model. (A) A

schematic diagram of the model injected AAV-GFAP-shASCT2 into the midbrain of mice. Immunoblot and co-localization of ASCT2 and GFAP

after the AAV-GFAP-shASCT2 microinjection into the midbrain. Green, GFAP-shASCT2; Red, GFAP; Blue, DAPI. Scale bar, 50 mm. (B)

Schematic diagram of MPTP-induced subacute PD mouse model. (C) Representative motor performance in the open field test. Mice were in an

open field within 5 min and recorded simultaneously movement distance by the Top View Animal Behavior Analyzing System produced in the

USA. (D) Movement distance in the open field test. (E) Time taken for mice residence in the bar (latency to fall). (F) Immunohistochemical

staining of THþ neuron in the striatum after sub-acute MPTP treatment (20 mg/kg i.h., q.d., 5 days). Scale bar, 200 mm. (G) Nissl staining of

neuron in the SNpc after sub-acute MPTP treatment (20 mg/kg i.h., q.d., 5 days). (H) Counting nissl positive neuron cells in the SNpc. (I) The

level of dopamine in mouse striatum homogenate was detected by HPLC analysis (n Z 8). (J) Immunohistochemical staining of THþ neuron in

the SNpc after sub-acute MPTP treatment (20 mg/kg i.h., q.d., 5 days). (K) Counting THþ neuron cells in the SNpc. (L) Immunohistochemical

staining of GFAP positive astrocytes in the SNpc. (M) Counting GFAP positive astrocytes in the SNpc. Scale bar represents 200 mm (upper).

Enlarge vision. Scale bar represents 80 mm (lower). (N) Immunoblot analysis of IL-1b, caspase-1, p65, p-p65 and TH. n Z 6 mice per group.

Scale bar, 200 mm. Data are presented as the mean � SEM. *P < 0.05; ***P < 0.001 vs. sh control, &P < 0.05; &&P < 0.01; &&&P < 0.001 vs. sh

control þ MPTP. Two-way ANOVA with Dunnett’s multiple comparisons test.
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Figure 4 Overexpression of ASCT2 aggravates NLRP3 inflammasome activation. (A) A series of cytokines were detected by QT-PCR while

astrocytes were stimulated with LPS/ATP. (B) LPS (100 ng/mL) primed-primary astrocytes were transfected with ASCT2 overexpression

plasmids and then stimulated with ATP (5 mM). Il-1b, Tnf-a, Il-6, Il-18, Il-10 and Nlrp3 were detected by QT-PCR. Data are presented as the

mean � SEM; statistically significant by Student t-test; ***P < 0.001 vs. ASCT2 vec; ns, P > 0.05; ###P < 0.001 vs. ASCT2 vec þ LPS/ATP; (C)

IL-1b and caspase-1 from medium supernatants (SN) and pro-IL-1b and pro-caspase-1 from cell extracts (Lysates) were analyzed by immu-

noblotting while astrocytes were stimulated with LPS/ATP. (D) Secretions of IL-1b, IL-6, and TNF-a in supplement of astrocytes stimulated with

LPS/ATP were detected by ELISA. (E) LPS (100 ng/mL) primed-primary astrocytes were transfected with ASCT2 overexpression plasmids and

then stimulated with nigericin (5 mmol/L). IL-1b and caspase-1 from medium supernatants (SN) and pro-IL-1b and pro-caspase-1 from cell

extracts (Lysates) were analyzed by immunoblotting while astrocytes were stimulated with LPS/nigericin. (F) Secretions of IL-1b, IL-6 and TNF-

a in supplement of astrocytes stimulated with LPS/nigericin were detected by Elisa. (G) LPS (100 ng/mL) primed-primary astrocytes were

transfected with ASCT2 overexpression plasmids and then stimulated with poly (dA:dT) (1.5 mg/mL). IL-1b and caspase-1 from medium su-

pernatants (SN) and pro-IL-1b and pro-caspase-1 from cell extracts (Lysates) were analyzed by immunoblotting while astrocytes were stimulated

with poly (dA:dT). (H) Cells were analyzed by immunostaining after being stimulated with LPS/ATP. The white arrow represents ASC specks.

Data shown represent results from three independent experiments in which more than 300 cells were counted in each experiment. Scale bar:

20 mm (upper). Enlarge vision. Scale bar: 5 mm (lower). Data are presented as the mean � SEM. ###P < 0.001 vs. ASCT2 vec; ns, P > 0.05;

*P < 0.05; **P < 0.01 vs. ASCT2 vec þ LPS/ATP. Two-way ANOVA with Dunnett’s multiple comparisons test.

670 Yang Liu et al.



Figure 5 Pharmacological and genetic inhibition of ASCT2 prevents NLRP3 inflammasome activation. (A) LPS (100 ng/mL) primed-primary

astrocytes were transfected with ASCT2 siRNA (siASCT2#707 and siASCT2#1120) and then stimulated with ATP (5 mmol/L). IL-1b and caspase-

1 from medium supernatants (SN) and pro-IL-1b and pro-caspase-1 from cell extracts (Lysates) were analyzed by immunoblotting while as-

trocytes were stimulated with LPS/ATP or LPS/nigericin (C). Secretions of IL-1b, IL-6 and TNF-a in supplement of astrocytes stimulated with

LPS/ATP were detected by ELISA (B). (D) Primary astrocytes were transfected with ASCT2 siRNA (siASCT2#1120) and then stimulated with

LPS/ATP. Cells were analyzed by Immunostaining. The white arrow represents ASC specks. Scale bar: 20 mm (upper). Enlarge vision. Scale bar:

5 mm (lower). Data are presented as the mean � SEM; statistically significant by Student’s t-test; ###P < 0.001 vs. siASCT2 nc; ns, P > 0.05;

***P < 0.001 vs. siASCT2 nc þ LPS/ATP. (E) LPS (100 ng/mL)-primed primary astrocytes were treated with GPNA (0.5 and 1 mmol/L) and

then stimulated with ATP (5 mmol/L). IL-1b and caspase-1 from medium supernatants (SN) and pro-IL-1b and pro-caspase-1 from cell

extracts (Lysates) were analyzed by immunoblotting. (F) WT mice were made MPTP (20 mg/kg i.h., q.d., 5 days)-induced PD model with GPNA

(75 mg/kg i.g., q.d., 11 days) administration or not. Immunofluorescence staining of THþ neuron in the SNpc after sub-acute MPTP treatment.

Scale bar represents 200 mm. (G) Counting THþ neuron cells in the SNpc (nZ 4). (H) Immunohistochemical staining of GFAPþ astrocytes in the

SNpc. Scale bar represents 200 mm (upper). Enlarge vision: Scale bar represents 80 mm (lower). (I) Counting GFAPþ astrocytes in the SNpc

(n Z 4). (J) NLRP3, p65, p-p65, caspase-1 and TH from mouse mesencephalon homogenate were analyzed by immunoblotting. Data are pre-

sented as the mean � SEM. *P < 0.05; ***P < 0.001 vs. saline group, &P < 0.05; &&P < 0.01 vs. MPTP group. Two-way ANOVA with

Dunnett’s multiple comparisons test.
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Figure 6 Glutamine transporter activates astrocytic NLRP3 inflammasome activation via enhancing the interaction of ASCT2 and NLRP3. (A)

Volcano plot of 4D label-free mass spectrometry-quantified proteins that bound ASCT2 with a significant fold change after LPS/ATP activation.

(B) Representative fragmentation spectrum of GDILLSSLIR in NLRP3. (C) Immunofluorescent histochemical staining for ASCT2 and NLRP3 in

HEK-293T cells. Red, NLRP3; Green, ASCT2; Blue, DAPI. Scale bar, 20 mm. (D) Flag-tagged NLRP3 construct and ASCT2 pcDNA3.1

construct was co-transfected in HEK-293T cells. Cell lysates were immunoprecipitated with anti-Flag antibody and then the samples were

analyzed by immunoblotting. (E) Cell lysates of primary astrocytes treated with LPS/ATP and GPNA or not were immunoprecipitated with anti-

ASCT2 antibody, and then the samples were analyzed by immunoblotting. (F) ASCT2 and NLRP3 proximity ligation signals. Primary astrocytes

were stimulated with LPS/ATP for 6 h. Red, ASCT2-NLRP3; Green, phalloidin; Blue, DAPI. Scale bar, 20 mm. (G) ASCT2 (PDB: 5llm) was

docked with NLRP3 (PDB: 5NPY), the lowest binding position (�7.6 kcal/mol) was selected, and all amino acids within 1 Å of ASCT2 were

displayed by PyMOL software. (H) SPR was used to detect the equilibrium dissociation constant (Kd) between ASCT2 and NLRP3. (I) LPS

(100 ng/mL) primed-primary astrocytes isolated from WTand Nlrp3�/� mice that were transfected with ASCT2 overexpression plasmids and then

stimulated with ATP (5 mmol/L). Scale bar, 100 mm. IL-1b and caspase-1 from SN and pro-IL-1b and pro-caspase-1 from cell extracts (Lysates)

were analyzed by immunoblotting. (J) Secretion of IL-1b in supplement of astrocytes stimulated with LPS/ATP was detected by ELISA. Data are

presented as the mean � SEM; statistically significant by Student’s t-test; *P < 0.05 vs. WT ASCT2 vec þ LPS/ATP group; ns, P > 0.05 vs.

Nlrp3�/� ASCT2 vec þ LPS/ATP group.
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Figure 7 Knockout of NLRP3 abolishes ASCT2-induced activation of neuroinflammation. (A) A schematic diagram of the model injected

ASCT2 overexpression LV to the midbrain of mice. Immunoblot and co-localization of ASCT2 and GFAP after LV-GFP-ASCT2 microinjection

into the midbrain. (B) Representative motor performance in the open field test. Mice were in an open field within 5 min, and recorded simul-

taneously movement distance by the Top View Animal Behavior Analyzing System produced in the USA. (C) Movement distance in the open

field test. (D) Time is taken for mice residence in the bar (T-TLA). (E) Immunohistochemical staining of THþ neuron in the SNpc after sub-acute

MPTP treatment (20 mg/kg i.h., q.d., 5 days). (F) Counting THþ neuron cells in the SNpc. (G) Immunohistochemical staining of GFAPþ as-

trocytes in the SNpc. (H) Counting GFAPþ astrocytes in the SNpc. (I) The level of dopamine in mouse striatum homogenate was detected by

HPLC analysis. (J) Immunohistochemical staining of THþ neuron in the striatum after sub-acute MPTP treatment (20 mg/kg i.h., q.d., 5 days). (K)

Immunoblot analysis of NLRP3, IL-1b, caspase-1, p-p65, p65 and TH. n Z 10e12 mice per group. Scale bar, 200 mm. Data are presented as the

mean � SEM. *P < 0.05; **P < 0.05 vs. WT ASCT2 vec þ MPTP group; ns, P > 0.05 vs. Nlrp3�/� ASCT2 vec þ MPTP group. Two-way

ANOVA with Dunnett’s multiple comparisons test.
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significantly (Fig. 5AeC, Fig. S4D, S6AeS6F). Besides, ASC
specks induced by LPS/ATP in the cytosol were diminished after
being transfected with ASCT2 siRNA (Fig. 5D).

Subsequently, ASCT2 inhibitor GPNAwas used to confirm the
regulatory role of ASCT2 in NLRP3 inflammasome activation. As
shown in Fig. 5E, Fig. S6G and S6H, GPNA treatment can also
inhibit NLRP3 inflammasome activation in primary astrocytes. In
the PD mice model, mice that were dosed with GPNA rescued the
loss of THþ neurons markedly (Fig. 5F, G and Fig. S6I) and
decreased the number of GFAP positive astrocytes (Fig. 5H and I)
compared to MPTP-treated PD mice. Furthermore, caspase-1
expression was also altered by GPNA treatment (Fig. 5J and
Fig. S6JeS6M). These results confirm a positive regulatory effect
of ASCT2 on NLRP3 inflammasome activation in astrocytes.



Figure 8 Talniflumate reduces dopaminergic neuron loss and inhibits neuroinflammationviaASCT2 in thePDmousemodel. (A)ASCT2was docked

with 2513 drugs in FDA approved drug database. Nine drugs were selected for further study. (B) Relative glutamine uptake was detected after being

pretreatedwith these drugs for 12 h at a concentration of 10mmol/L. (C) LPS (100 ng/mL) primed-primary astrocyteswere treatedwith these 9 drugs and

then stimulated with ATP (5 mmol/L). IL-1b and caspase-1 from SN and pro-IL-1b and pro-caspase-1 from cell extracts (Lysates) were analyzed by

immunoblottingwhile astrocyteswere stimulatedwith LPS/ATP. (D) Secretion of IL-1b in supplement of astrocytes stimulatedwith LPS/ATP and these

9 drugs were detected by ELISA. (E) S4646, S8067 and S6439 were selected to validate the anti-inflammatory effect in astrocytes. (F) Purified re-

combinantASCT2wasmixedwith S6439 and detected byMST. (G)Cell lysates of primary astrocytes treatedwithLPS/ATPandS4646/S8067/S6439 or

not were immunoprecipitated with anti-ASCT2 antibody, and then the samples were analyzed by immunoblotting. (H) Primary astrocytes were pre-

treated with LPS (100 ng/mL) and 10 mmol/L S6439 (talniflumate) for 2 h and then stimulated with ATP (5 mmol/L). ASCT2 and NLRP3 proximity

ligation signals. Scale bar, 20 mm. LPS (100 ng/mL) primed-primary astrocytes were transfected with ASCT2 siRNA#1120 or negative control for 48 h,

pretreatment with talniflumate (10 mmol/L), and then stimulated with ATP (5 mmol/L). IL-1b and caspase-1 from SN and pro-IL-1b and pro-caspase-1

from cell extracts (Lysates) were analyzed by immunoblotting (I). Secretion of IL-1b in supplement of astrocytes stimulatedwith LPS/ATPwas detected

byELISA (J). Data are presented as themean� SEM; statistically significant by Student’s t-test; **P< 0.01 vs. PBS group; ns,P> 0.05; ##P< 0.01 vs.

LPS/ATP group. (K) WT mice were made MPTP (20 mg/kg i.h., q.d., 5 days)-induced PD model with Talniflumate (50 mg/kg i.g., q.d., 11 days)

administration or not. Immunohistochemical staining of THþ neuron in the SNpc after sub-acuteMPTP treatment. (L)Micewere in an open fieldwithin

5 min and recorded movement distance (nZ 6). (M, N) Movement distance in open field test, latency to fall, time is taken for mice residence in the bar

(T-TLA) were detected. (O, P) Immunohistochemical staining of THþ neuron in the SNpc after sub-acuteMPTP treatment and counting THþ neuron in
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3.4. ASCT2 knockdown inhibits NLRP3 inflammasome
activation

As it was found that ASCT2 facilitated the activation of NLRP3, we
sought to explore the interaction between ASCT2 and NLRP3 acti-
vation. Then we used 4D label-free mass spectrometry to detect
proteins that bound to ASCT2. The volcano map showed that LPS
activation enhances the binding of NLRP3 toASCT2 (Fig. 6A, B and
Supporting Information Fig. S7). Co-transfection of NLRP3 and
ASCT2 in HEK-293T cells displayed an interaction between these
two proteins (Fig. 6C and D). Then, we also validated this interaction
in astrocytes. Activating NLRP3 inflam-masome by LPS/ATP stim-
ulation engaged the interaction between ASCT2 and NLRP3, while
ASCT2 inhibitor GPNA blocked this interaction (Fig. 6E). Subse-
quently, results of PLA indicated that LPS/ATP stimulation-induced
cytoplasmic localized ASCT2eNLRP3 interactions (Fig. 6F).
Moreover, virtual docking (Fig. 6G) and SPR (Fig. 6H) showed a
strong binding between NLRP3 and ASCT2 (Kd w3.448 mmol/L).
Then we used the primary astrocytes isolated from wild-type (WT)
and NLRP3 knockout (Nlrp3�/�) mice to confirm the interaction.
Results indicate that overexpression of ASCT2 could aggravate the
production of IL-1b while this phenomenon could be abolished by
knockout of Nlrp3 (Fig. 6I and J).

3.5. Knockout of NLRP3 abolishes ASCT2-aggravated DA
neuron damage and astrocyte activation in vivo

As it was demonstrated that ASCT2 had an interaction with NLRP3,
WT and Nlrp3�/� mice were used to confirm the regulatory role of
ASCT2 in NLRP3 inflammasome activation. The LV-GFP-ASCT2
injection elevated the expression of ASCT2 in the midbrain re-
flected by immunofluorescence and immunoblotting experiments
(Fig. 7A and Supporting Information Fig. S8AeS8C). The over-
expression of ASCT2 (ASCT2 OE) aggravated movement disorders
in the MPTP-treated WT but not in Nlrp3�/� mice by decreasing
movement distance in the openfield test and increasing the duration of
immobility in the pole test (Fig. 7BeD). As shown in Fig. 7E and F,
THþ neurons in the SNpc were further lost with ASCT2 OE in the
MPTP-treatedWT but not inNlrp3�/� mice. HPLC analysis showed
that the level of dopamine in the striatumwas decreased inASCT2OE
comparedwithASCT2vector group afterMPTP injections.However,
Nlrp3�/� knockout abolished the decrease of dopamine induced by
ASCT2 OE in MPTP model mice (Fig. 7I and Fig. S8DeS8H).
Similarly, immunohistochemistry staining of DAT and TH in the
striatum and Nissl staining confirmed the loss of dopamine and DA
neurons exacerbated by ASCT2 OE in the WT but not in Nlrp3�/�

mice administrated withMPTP (Fig. 7J and Fig. S8IeS8K). Besides,
NLRP3 deficiency also attenuated ASCT2 OE-intensified astrocytes
activation after MPTP injections evidenced by the decreased number
of GFAPþ cells (Fig. 7G and H). Subsequently, microinjection of
ASCT2 lentivirus increasedMPTP-induced neuroinflammation in the
midbrainofWTmice, as reflected by the higher levels ofNLRP3, pro-
IL-1b, caspase-1, IL-1b. And this aggravated inflammatory effectwas
abolished in Nlrp3�/� mice (Fig. 7K and Fig. S8LeS8P). These re-
sults suggest that NLRP3 is a critical molecule in mediating ASCT2
upregulation-induced astrocytic inflammatory reaction.
the SNpc. (Q, R) Immunohistochemical staining of GFAP positive astrocytes i

200 mm. (S) Immunoblot analysis of NLRP3, IL-1b, caspase-1, p-p65, p65, a

saline group, &P < 0.05; &&P < 0.01; &&&P < 0.001 vs.MPTP group. Two-
3.6. Pharmacological inhibition of ASCT2 impedes NLRP3
inflammasome activation and protects DA neurons in PD models

As we understand the pro-inflammatory effect of ASCT2, seeking
effective ASCT2 inhibitors is promising to alleviate neuroinflam-
mation inPD.However, availableASCT2 inhibitors are non-selective
and inefficient, such as GPNA29. Then we performed a panel of 2513
FDA-approved drugs via virtual molecular screening. Nine drugs
were selected that probably bind with ASCT2 (Fig. 8A and
Supporting Information Fig. S9A). As ASCT2 is a glutamine trans-
porter, the effects of the 9 drugs on relative glutamine uptake were
detected. 4 in 9 drugs (S8067, S6439, S0398, and S4646) showed
similar inhibitory effects as ASCT2 inhibitor GPNA on glutamine
uptakewhich excluded the possibility of off-target (Fig. 8B). Then the
anti-inflammatory effect of these 9 drugs was validated by western
blotting and ELISA in BMDMs. Results reveal that 3 of 9 drugs
(S8067, S6439 and S4646) remarkably reduced the levels of caspase-
1 and IL-1b in the supernatant (Fig. 8C, D and Fig. S9CeS9E).
Consistently, S8067, S6439 and S4646 also significantly inhibited
ATP-induced cleavage of caspase-1 and IL-1b production in astro-
cytes (Fig. 8E). Astrocytes treated with the 4 compounds (S4646,
S6439, S8067 and S0398) at 10 mmol/L concentration exhibited
normal cell morphology and cell viability, indicating that these
compounds at 10 mmol/L are non-toxic for astrocytes (Fig. S9B).
Then, microscale thermophoresis (MST) was designed to explore 4
molecules directly bind with ASCT2 (Fig. 8F and Fig. S9FeS9H).
According toKd values, all of these 4 drugs have a good combination
with ASCT2. Considering the poor anti-inflammatory activity
(Fig. 8D, P > 0.05), S0398 was excluded for further study. Subse-
quently, immunoprecipitation and proximity ligation assay illustrated
talniflumate (S6439) as the best ASCT2 inhibitor which can strongly
inhibit the combination betweenASCT2andNLRP3 (Fig. 8GandH).
Moreover, while astrocytes were transfected with siRNA of ASCT2,
the anti-inflammation effect of talniflumatewas abolished (Fig. 8I and
J). We further treated PD model mice with talniflumate so as to
evaluate the neuroprotective effect of this potent compound.
UPLCeMS showed that talniflumate could pass through the BBB
(Supporting Information Figs. S10AeS10C). Both movement dis-
tances and latency to fall were significantly decreased inMPTPmice,
which was obviously ameliorated by talniflumate treatment
(Fig. 8KeN). Subsequently, mice that were dosed with talniflumate
exhibited significantly more THþ neurons and lower GFAPþ astro-
cytes in the MPTP group (Fig. 8OeR and Fig. S10D). As shown in
Fig. 8S and Fig. S10E, pretreatment of talniflumate decreased
caspase-1 and IL-1b levels in the striatum of MPTP-treated mice.
These results reveal that interrupting ASCT2eNLRP3 combination
suppresses neuroinfla-mmation and provides neuroprotection in the
MPTPmouse model, indicating ASCT2 as a promising target for the
anti-inflammatory treatment of PD.

4. Discussion

ASCT2 was firstly reported to exhibit Naþ-dependent uptake of
neutral amino acids such as L-alanine, L-serine, and L-glutamine
about two decades ago20. Since then, most studies showed that
ASCT2was a potential therapeutic target for various cancers30,31 and
n the SNpc and counting GFAP positive astrocytes in the SNpc. Scale bar,

nd TH. nZ 6 mice per group. *P< 0.05; **P< 0.01; ***P< 0.001 vs.

way ANOVAwith Dunnett’s multiple comparisons test.
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immune diseases32. However, little was known about the role of
ASCT2 in PD pathogenesis. In this study, we identified that ASCT2
was upregulated in the plasma samples of PD patients and its
expression level was correlated with H-Y staging/UPDRS score of
PD patients. It was demonstrated that ASCT2 increased predomi-
nantly in mesencephalic astrocytes of MPTP-treated PD mouse
model and overexpression of ASCT2 promoted NLRP3 inflamma-
some activation, caspase-1 cleavage and IL-1b release in primary
astrocytes. Interestingly, we noticed that the expression of ASCT2
was decreased in the hippocampus. We speculated there were two
possible reasons. ASCT2was significantly upregulated in astrocytes
while treated with MPPþ. Moreover, significant activation of astro-
cytes mainly occurred in the SNpc. In theMPTPmousemodel, it did
not exist the proliferation and activation of astrocytes in the hippo-
campus markedly. Moreover, Due to discrepancies in the preferred
substrate, we speculated that the expression and functions of ASCT2
may be dynamically changing as themetabolic substrate alteration in
different brain regions related to the disease models33e35. Reversely,
knockdown of astrocytic ASCT2 inhibited NLRP3 inflammasome
activation in the SNpc of MPTP-treated PD mice. Interestingly, the
binding of ASCT2 to NLRP3 aggravated astrocytic NLRP3
inflammasome activation. Therefore, a panel of FDA-approved
drugs was docked with ASCT2 using virtual screening and it was
validated that talniflumate protected DA neurons by interrupting
ASCT2eNLRP3 combination in PD models. Our study demon-
strates the role of astrocytic ASCT2 in PD pathogenesis for the first
time and provides experimental evidence supporting ASCT2 as a
potential molecular target for PD therapeutics.

As we know, ASCT2 mediated the exchange of amino acid sub-
strates, which was crucial for the uptake of glutamine by rapidly
growing tumor cells. Therefore, knockdown of ASCT2 induced
glutamine starvation so it can interferewith tumormetabolism, inhibit
tumor proliferation and survival36. In this study,we foundknockdown
of astrocytic ASCT2 abolishes the GFAPþ astrocytes activation
whichwasmainly distributed to theNLRP3 inflammasomeactivation
(Fig. 7GeK). Also, it had been demonstrated in Nlrp3�/� primary
astrocytes andNlrp3�/�micemodel (Figs. 6 and 7). Previously it had
been reported that ASCT2 was mainly located on the plasma mem-
brane of cancer cells and associated with membrane transport sys-
tems37. In our study, it was identified that ASCT2 was also expressed
both on the plasma membrane and in the cytoplasm of primary as-
trocytes. Intriguingly, MPPþ or LPS/ATP treatment increased the
expression of ASCT2 and triggered the nucleus translocation of
ASCT2 in astrocytes. These results suggest that theremay exist a new
mechanism regulating NLRP3 inflammation independent of the
function of membrane transporter. Since our data suggested that
overexpression of ASCT2 protected DA neurons and aggravated the
activation of GFAPþ astrocytes in the MPTP model, the effect of
ASCT2 on neuroinflammation might be overlooked formerly.
Therefore, gain and loss of function studies were used to validate the
role of ASCT2 inNLRP3 inflammasome activation. Besides, a series
of methods (SPR, co-localization and PLA) were used to verify that
ASCT2 was directly combined with NLRP3. Then the spatial
conformation of NLRP3 changed, facilitated assemble and activate
with ASC. Virtual docking and database (Uniport) predicted that
domain (106e482) of ASCT2 was the potential binding site with
NLRP3. Next, we further illustrated themechanism that ASCT2 is an
endogenous “danger” molecular sensing intracellular metabolic
stress and activating NLRP3 mediated neuroinflammation.

Based on the above studies,ASCT2was expected to be a promising
target for PD therapeutics. However, inhibitors currently in use had the
disadvantage of low selectivity, high toxicity, difficulty penetrating the
bloodebrain barrier (BBB) and drug resistance etc. Besides the tool
drug GPNA, several compounds such as compound 12 and V-9302
which were identified as ASCT2 inhibitors were reported that they
inhibitednotonlyASCT2but alsoSLC38A2andSLC7A529,37,38. So, it
was crucially important to obtain efficient ASCT2 inhibitors from drug
screening. In order to improve safety, a panel of 2513 FDA-approved
drugs were screened via virtual docking. Then it was demonstrated
nine compounds had potential binding with ASCT2. Thus, uptake of
3H-glutamine assay was used to validate the target ASCT2. Our data
show that these 8 compounds in 9 (except S3057) inhibited the uptake
of 3H-glutamine significantly. Furthermore, 3 drugs of 9 (S8067,
S6439, and S4646) remarkably reduced the levels of caspase-1 and IL-
1b in the supernatant. Finally, S6439 (talniflumate) was selected as the
best ASCT2 inhibitor for further research by MSTand PLA.

Talniflumate, a prodrug of niflumic acid, is a potent analgesic and
anti-inflammatory drug that has beenwidely used for the treatment of
rheumatoid diseases. Notably, it was developed as a mucin regulator
for the treatment of cystic fibrosis, chronic obstructive pulmonary
disease and asthma38,39. It was suggested that it worked in the pe-
ripheral nervous system, but whether it can pass throughBBBhad not
been reported. In our study, UPLCeMSwas used to demonstrate that
the drug talniflumate could pass throughBBB (Figs. S10B and S10C)
and behavior tests indicate that talniflumate has no toxic effects on
mouse cognitive function (Supporting Information Fig. S11).Andwe
found talniflumate inhibited neuroinflammation by directly targeting
ASCT2 to disrupt ASCT2eNLRP3 complex formation for NLRP3
inflammasome activation. Talniflumate also exhibited more TH
positive neurons and lower GFAP positive astrocytes significantly in
the MPTP group. All these results reveal that “conventional drugs in
new use” may be promising to develop the new therapeutic strategies
and talniflumate would be raising the hope for PD treatment.
5. Conclusions

Our study demonstrates that astrocytic ASCT2 is involved in the
glial inflammatory response and the progression of PD. It illus-
trates a novel mechanism of NLRP3 inflammasome activation,
which extends our insight into the function of ASCT2. Screening
based on this target, talniflumate is obtained as the potent ASCT2
inhibitor. It impedes NLRP3 inflammasome activation and pro-
tects DA neurons in PD models which provide a new strategy and
candidate drug for PD therapy.
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