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Background: Neuroinflammation and mitochondrial impairment play important roles in
the neuropathogenesis of Parkinson’s disease (PD). The activation of NLRP3
inflammasome and the accumulation of a-synuclein (a-Syn) are strictly correlated to
neuroinflammation. Therefore, the regulation of NLRP3 inflammasome activation and
a-Syn aggregation might have therapeutic potential. It has been indicated that Dl-3-n-
butylphthalide (NBP) produces neuroprotection against some neurological diseases such
as ischemic stroke. We here intended to explore whether NBP suppressed NLRP3
inflammasome activation and reduced a-Syn aggregation, thus protecting dopaminergic
neurons against neuroinflammation.

Methods: In our study, we established a MPTP-induced mouse model and 6-OHDA-
induced SH-SY5Y cell model to examine the neuroprotective actions of NBP. We then
performed behavioral tests to examine motor dysfunction in MPTP-exposed mice after
NBP treatment. Western blotting, immunofluorescence staining, flow cytometry and RT-
qPCR were conducted to investigate the expression of NLRP3 inflammasomes,
neuroinflammatory cytokines, PARP1, p-a-Syn, and markers of microgliosis
and astrogliosis.

Results: The results showed that NBP exerts a neuroprotective effect on experimental PD
models. In vivo, NBP ameliorated behavioral impairments and reduced dopaminergic
neuron loss in MPTP-induced mice. In vitro, treatment of SH-SY5Y cells with 6-OHDA
(100uM,24 h) significantly decreased cell viability, increased intracellular ROS production,
and induced apoptosis, while pretreatment with 5uM NBP could alleviated 6-OHDA-
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induced cytotoxicity, ROS production and cell apoptosis to some extent. Importantly,
both in vivo and in vitro, NBP suppressed the activation of the NLRP3 inflammasome and
the aggregation of a-Syn, thus inhibited neuroinflammation ameliorated mitochondrial
impairments.

Conclusions: In summary, NBP rescued dopaminergic neurons by reducing NLRP3
inflammasome activation and ameliorating mitochondrial impairments and increases in p-
a-Syn levels. This current study may provide novel neuroprotective mechanisms of NBP
as a potential therapeutic agent.
Keywords: Parkinson’s disease, dl-3-n-Butylphthalide, NLRP3 inflammasome, neuroinflammation, a-Synuclein,
PARP1, mitochondrial dysfunction, neurovascular unit
HIGHLIGHTS

1. NBP attenuates dopaminergic neurotoxicity and ameliorates
motor impairments in MPTP-induced mouse models.

2. NBP protects SH-SY5Y cells from 6-OHDA-induced injury.
3. NBP inhibits the activation of NLRP3 inflammasome and

prevents the activation of microglia and astrocytes, thus
suppresses the inflammatory response in PD models.

4. NBP reduces the abnormal aggregation of p-a-Syn and
ameliorated the mitochondrial impairment in PD models.
INTRODUCTION

Parkinson’s disease (PD) is the second neurodegenerative
disorders. From a pathological perspective, the characteristics
of PD are a gradual loss of dopaminergic neurons in the
substantia nigra (SN) and an aggregation of a-synuclein
(a-Syn) (1, 2). To date, the treatment for PD remains
symptomatic, and no effective therapies to slow down or
prevent the disease processes (3). The development of effective
treatments that not only modify the disease but also delay disease
progression are urgently needed.

Studies by our group and other researchers have suggested
that neuroinflammation is of considerable importance in the
pathologic process of PD (4–12). In PD, neuroinflammatory cells
are composed of hyperplastic reactive glial cells, especially
microglia and astrocytes, the essential components of the
neurovascular unit (NVU) (13). The over-activation of
microglia and the release of proinflammatory cytokines play
important roles in neurodegeneration in individuals with PD
(14). Several lines of evidence have indicated microglia activation
in the SN regions of PD animal models and patients with PD,
a-Syn, alpha-Synuclein; GFAP, Glial
ammatory factor 1; IL-1b, interleukin-
-6; IL-18, interleukin-18; LBs, Lewy
6-tetrahydropyridine; NBP, Dl-3-n-
cies; PD, Parkinson’s disease; PAR,
ribose) polymerase-1; SN, substantia
, tumor necrosis factor-a; 6-OHDA,
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along with a widespread increase in the NLRP3 inflammasome
(15). The NLRP3 inflammasome is a cytoplasmic protein
complex that contains NLRP3, ASC and caspase-1. Its
activation enhances the release of interleukin-1b (IL-1b) and
interleukin-18 (IL-18), and display a critical role in the
pathogenesis and development of inflammation and immune
response (16, 17). In central nervous system, some researchers
have confirmed that NLRP3 inflammasome is mainly localized in
microglia, while some studies have shown that NLRP3 also exists
in neurons (18, 19). Notably, the activation of NLRP3
inflammasome has been proved to be involved in the
pathogenesis of many neurodegenerative diseases, including
AD and PD (20–22). The results of Lee et al. suggest that
NLRP3 inflammasome played an important role in the
neurotoxicity and the loss of dopaminergic neurons in MPTP-
treated mice and cell culture models (23). Impaired autophagy of
microglia aggravates MPTP-induced neurodegeneration by
regulating NLRP3 inflammasome (24). Some studies have
demonstrated the intimate positive association between NLRP3
inflammasome-mediated dopaminergic neuronal injury induced
by the microglial activation and the accumulation of a-Syn in PD
(25). In PD models, Icaritin was confirmed to stabilize
mitochondrial function, thus inhibiting the activation of
NLRP3 inflammasome and reducing neuroinflammation (26);
and Salvianolic acid B has also been shown to reduce neuronal
injury and inhibit inflammation by negatively regulating the
expression of NLRP3 (27). Therefore, inhibiting the activation of
NLRP3 inflammasomes may be a significant strategy to delay PD
progression, and further study is needed to verify this hypothesis.

Mitochondrial dysfunction is another important factor in the
damage of dopaminergic neurons in Parkinson’s disease. More
and more evidence show that a-Syn is associated with
mitochondrial dysfunction in PD (28). a-Syn is a useful
biomarker for diagnosing Parkinson’s disease and for detecting
the disease progression (29, 30), and some researchers have
attempted to find out new medications that may reduce the
concentration of a-Syn in the brain to prevent its aggregation
and sequestration in LBs (31). According to recent studies, a-Syn
presents important roles in regulating nonspecific immunity and
is closely related to the neuroinflammatory response (32, 33).
Poly (ADP-ribose) polymerase-1 (PARP1) is a ribozyme that
regulates intracellular homeostasis and genomic stability.
December 2021 | Volume 12 | Article 794770
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The activity of PARP1 increases when it detects minor DNA
damage, and then the poly(ADP-ribose) (PAR) polymer is
synthesized to activate the DNA base excision repair system.
However, when DNA damage shifts from mild to severe, PARP1
becomes overactivated to produce large amounts of PAR, leading
to cell death (34). Neurotoxic a-Syn aggregates have been shown
to induce PARP1 overactivation. Kam et al. reported that a-Syn
fibrils activate PARP1 and then trigger PAR generation, while
PARP1 and PAR subsequently directly bind to and accelerate the
fibrillization of recombinant a-Syn into highly pathogenic fibrils.
In other words, in the pathological state, a vicious cycle will be
formed between a-Syn, PARP1, and PAR, which is called a
“feed-forward loop” (35). Therefore, the association between
PARP1 and a-Syn might lead to the progress of PD
therapeutic strategies.

Dl-3-n-butylphthalide (NBP), has been approved for the therapy
of acute ischemic stroke in patients since 2002 in China (36–38).
Recently, studies have shown that NBP holds extensive
pharmacological activities (39–45) and may exert potentially
therapeutically beneficial effects on ischemia and vascular
dementia; however, its precise mechanisms remain unclear.
Evidences have suggested that NBP treatment could exert
neuroprotective actions by enhancing anti-oxidation and
attenuating mitochondrial dysfunction in models of ischemic
stroke and could inhibit NLRP3 inflammasome activation via
upregulating Nrf2 in AD models (45, 46). As NBP may provide
neuroprotection by attenuating mitochondrial impairment and
neuroinflammation, we aimed to explore whether NBP induces
neuroprotection in PD models by modulating the NLRP3
inflammasome and how NBP interacts with a-Syn by influencing
mitochondrial impairment. This study will provide a promising
potential therapeutic approach for PD neuropathogenesis.
MATERIALS AND METHODS

Main Regents and Kits
NBP was generously provided by Shijiazhuang Pharma Group
NBP Pharmaceutical Co., Ltd, (Shijiazhuang, China). 1-Methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-OHDA were
purchased from Sigma–Aldrich (St. Louis, MO, USA). Cell
Counting Kit-8 (CCK-8) and Reactive Oxygen Species (ROS)
Assay kits were obtained from Beyotime Biotechnology Co., Ltd.
(Nan Tong, China). Annexin V-FITC Apoptosis Detection Kit
and Hoechst 33258 dye were acquired from KeyGen Biotech Co.,
Ltd. (Nanjing, China). The BCA protein assay reagent and the
RIPA lysis buffer were obtained from Thermo Fisher Scientific
(MA, USA). Anti-tyrosine hydroxylase (TH, ab137869 and
ab113), anti-alpha-synuclein (a-Syn, ab138501), anti-alpha-
synuclein (phospho S129) (p-a-Syn, ab51253), anti-poly
[ADP-ribose] polymerase 1 (PARP1, ab191217), anti-allograft
inflammatory factor 1 (IBA1, ab178847) antibodies, donkey anti-
rabbit IgG (Alexa Fluor 488) (ab150073), donkey anti-rabbit IgG
(Alexa Fluor 647) (ab150075) and donkey anti-sheep IgG (Alexa
Fluor 647) (ab150179) antibodies were purchased from Abcam
(Cambridge, USA). Anti-apoptosis-associated speck-like protein
Frontiers in Immunology | www.frontiersin.org 3
containing a CARD (ASC, 67824), anti-poly/mono-ADP ribose
(PAR, 83732) and anti-phospho-histone H2AX (Ser139) (p-
gH2AX, 9718) antibodies were bought from Cell Signaling
Technology, Inc. (Beverly, USA). Anti-NACHT, LRR and PYD
domain-containing protein 3 (NLRP3, 19771-1-AP), anti-
Caspase 1/p20/p10 (Caspase 1, 22915-1-AP), anti-Interleukin-1
beta (IL-1b, 16806-1-AP), anti-glial fibrillary acidic protein
(GFAP, 16825-1-AP), anti-beta actin (b-actin, 60008-1-Ig),
goat anti rabbit IgG (SA00001-2), and goat anti-mouse IgG
(SA00001-1) antibodies were purchased from Proteintech
Group (Chicago, IL, USA).

Animals
All animal experiments were preapproved by the Experimental
Animal Ethics Committee of Zhujiang Hospital of Southern
Medical University (Approval No. LAEC-2020-228). Male
C57BL/6 mice (8-week-old, 25-30g) were obtained from
Guangdong Experimental Animal Center. Before the
experiment, the animals were domesticated for 7 days in
standard facilities. Drug concentrations were chosen based on
previous reports. Some previous studies give us a clue on
employing the experimental concentration of NBP (43, 47).
Combined with our pilot study, 50 mg/kg (low) and 100 mg/kg
(high), the two comprehensive considerations were applied in the
present study. Forty male mice were completely divided into 4
groups at random as followed (1): control, (2) MPTP, (3) MPTP
+NBP (50 mg/kg), and (4) MPTP+NBP (100 mg/kg). Mice in the
MPTP group were intraperitoneally injected with MPTP (30 mg/
kg) for 5 days, and the same amount of vegetable oil as used in the
treatment group was administered five days before the MPTP
injection for 14 days consecutively. Mice in the treatment group
were injected with NBP (50 mg/kg or 100 mg/kg, dissolved in
vegetable oil) five days before the intraperitoneal injection of
MPTP (30 mg/kg, dissolved in saline) for 14 consecutive days.
At the same time, saline was intraperitoneally injected in control
mice. All mice were sacrificed after performing behavioral tests to
obtain brain tissues (Figure 1A).

Rotarod Test
Motor coordination in mice was evaluated through the rotarod
test. Before the establishment of the model, all mice received
adaptive training on the rotarod until no falls were observed
within 5 minutes. All the mice walked on rod as it accelerated
from 5rpm to 40rpm within 90 seconds and maintained 40rpm
for 180s. Then, we recorded the longest time each mouse stayed
on the rod.

Pole Test
We assessed movement disorders by performing pole tests.
Similarly, before modeling, we trained the mouse to climb
down smoothly from the top of the pole (height 55 cm,
diameter 1 cm) to the bottom. The time required for the
mouse to turn and climb down the pole was recorded.

Immunofluorescence Staining
The mice were anesthetized with sodium pentobarbital and
sacrificed, perfused with normal saline, and then fixed with 4%
December 2021 | Volume 12 | Article 794770
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paraformaldehyde. The brain was dissected and stored frozen in
30% sucrose for 48 hours, and then we made coronal sections of
the frozen brains. For immunofluorescence staining, brain slices
were incubated with an anti-GFAP antibody (1:500) and anti-
IBA1 antibody (1:300) to observe the proliferation of glial cells
and incubated with anti-TH antibody (ab113, 1:800) to detect
the level of dopaminergic neuron damage. Then, slices were
incubated with donkey anti-rabbit IgG (Alexa Fluor 488) and/or
donkey anti-sheep IgG (Alexa Fluor 647) secondary antibodies,
and images were captured using a fluorescence microscope.

Cell Culture and Treatment
The culture medium of SH-SY5Y was high glucose DMEM
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin/glutamine and cells were cultured in a humid
environment at 37°C with 5% CO2. According to the
purpose of the experiment, the cells were divided into four
groups: control, 6-OHDA, NBP and 6-OHDA+NBP.
The concentrations of 6-OHDA and NBP were determined
based on the cell viability assay.

Determination of Cell Viability
We clarified the damaging effect of 6-OHDA and the protective
effect of NBP on SH-SY5Y cells by performing a cell viability test.
First, cells were exposed to certain concentrations of 6-OHDA (50,
100, or 200 µM) for 24 hours, the effect of 6-OHDAon cell viability
was observed. Second, cells were processed with various
concentrations of NBP solution (0.1, 1, 10, or 100 µM) alone for
30 hours, and the effects of NBP solution on cell viability were
observed. Finally, the cells were pretreated with different
concentrations of NBP solution (0.1, 1, 5, 10, or 100 µM) for 6
hours and thenexposed to100µM6-OHDAfor 24hours. The effect
of NBP on the viability of cells induced by 6-OHDA was observed,
and the appropriate concentration of NBP was selected. The
CCK-8 calorimetric method was performed to detect cell viability.
In brief, the seeding density of cells was 5×103 cells per well in
96-well plate. At the end of culture, 10 microliters of CCK-8 buffer
were added and incubated at 37°C for about 2 hours. Finally, cell
viability was measured at 450 nm absorbance.

Apoptosis Analysis
Apoptosis Detection Kit was used to explore the rate of apoptotic
cells in each group through flow cytometry. Cells in the 6-OHDA
+NBP group were pretreated with 5 µMNBP for 6 hours and then
100 µM6-OHDAwas added; and the cultivation was continued for
a whole day. Cells were collected and washed, and then double
staining with PI and Annexin V-FITC in binding buffer was
conducted. Finally, apoptosis was detected using a Cytoflex flow
cytometer. In addition, apoptosis was detected using Hoechst
staining. SH-SY5Y cells were contained with Hoechst 33258
(1 ug/ml) within 10 minutes. The morphological changes in the
stained nuclei were observed to identify apoptotic cells.

Measurement of Reactive Oxygen Species
Dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence
was measured to assess the level of intracellular reactive oxygen
species (ROS) in each group. Briefly, cells were incubated with
Frontiers in Immunology | www.frontiersin.org 4
DMEM containing 10 µM DCFH-DA for half an hour and then
washed with PBS buffer 3 times. After trypsin digestion, cells
were centrifuged at 1000 rpm for 5 minutes and then re-
suspended in 200 µL of serum-free DMEM. Flow cytometry
was performed to observe the fluorescence intensity of cells in
each group, and images of DCFH-DA were captured under a
fluorescence microscope.

Measurement of Cytokine Levels
Total mRNA was extracted, and then mRNAs were reverse
transcribed into cDNAs. Finally, real-time quantitative PCR
was performed to explore the mRNA levels of several
representative inflammatory cytokines in cells from each
group, including tumor necrosis factor-a (TNF-a), interleukin-
4 (IL-4), and interleukin-6 (IL-6). The sequences of the specific
primers for the target gene are listed below.

TNF-a: forward(5’-TGGCGTGGAGCTGAGAGATAACC-
3’) and reverse (5’-CGATGCGGCTGATGGTGTGG-3’);

IL-4: forward(5’-AAAACTTTGAACAGCCTCACAG-3’)
and reverse (5’-GGTTTCCTTCTCAGTTGTGTTC-3’);

IL-6: forward(5’-CACTGGTCTTTTGGAGTTTGAG-3’) and
reverse (5’-GGACTTTTGTACTCATCTGCAC-3’);

GAPDH: forward(5’-ACCCAGAAGACTGTGGATGG-3’)
and reverse (5’- TTCAGCTCAGGGATGACCTT-3’).

Western Blotting Analysis
Cells were collected and lysed with RIPA lysis buffer, and the
supernatant was collected by centrifugation, and then the total
protein concentration was detected by BCA protein assay. The
extracted protein (40ug per sample) was transferred to PVDF
membrane after SDS-polyacrylamide gel electrophoresis.
Membranes were blocked with 5% skim milk solution at 37°C
for about 1-4 hours, and then incubated with the primary
antibodies all night along at 4°C: anti-TH (ab137869, 1:1000),
anti-Nurr1 (1:3000), anti-NLRP3 (1:1000), anti-ASC (1:1000), anti-
caspase-1 (1:500), anti-IL-1b (1:500), anti-a-Syn (1:1000), anti-p-
a-Syn (1:500), anti-PARP1 (1:1000) and anti-PAR (1:1000).
Finally, specific secondary antibodies were added for incubation
with the membranes for one hour. The control was anti-b-actin
(1:5000). Blots were identified with an ECL system and analyzed
with ImageJ software. The protein band intensity was normalized
to b-actin and indicated as the ratio of the control.

Cellular Immunofluorescence Staining
For cellular immunofluorescence (IF) staining, we first fixed the
cells for 30 minutes and next permeabilized them for 15-30
minutes and then blocked them at 37°C for an hour and finally
incubated them with the primary antibodies overnight: rabbit
anti-NLRP3 (1:100), rabbit anti-ASC (1:100), and sheep anti-TH
(ab113, 1:800). The second day, the cells were treated with
secondary antibodies bound to fluorophores for an hour in
dark. For double-labeled immunofluorescence, the cells were
incubated overnight with the first primary antibody followed by
the other primary antibody on the next day, and finally incubated
with the matching secondary antibody at 37°C for an hour on the
third day. The cells were retained with the nuclear dye for 5
minutes. Nikon microscope was used to capture representative
December 2021 | Volume 12 | Article 794770
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fluorescence images, and the fluorescence intensity was analyzed
using ImageJ software.

Statistical Analysis
All results were analyzed using GraphPad Prism 8.01 (GraphPad
Software), and data were shown as mean ± standard error of the
mean (SEM). One-way analysis of variance (ANOVA) with
Tukey’s test for post hoc comparisons was used to define the
differences between groups. Data are representative of at least
three independent experiments. A p-value<0.05 was considered
statistically significant.
RESULTS

NBP Ameliorates Behavioral Impairments
in MPTP-Induced Mice
We induced PD-like symptoms and analyzed the impact ofNBP on
themotor function of PDmice. According to the results of the pole
test and rotarod test,MPTP administration resulted in a significant
impairment ofmotor function, andNBP treatment ameliorated this
impairment. It took notably more time for MPTP-induced mice to
turn around and climbdown in the pole test (Figure 1B,C) and less
time on the rotarod test (Figure 1D). However, compared with
MPTP mice, MPTP+NBP-treated mice displayed considerably
improved performance on the pole test (Figures 1B, C) and
rotarod test (Figure 1D).

NBP Attenuates Dopaminergic
Neurotoxicity in MPTP-Induced Mice
We performed immunofluorescence staining to observe the loss of
dopaminergic neurons in the nigrostriatal system after MPTP and
Frontiers in Immunology | www.frontiersin.org 5
NBP administration, and determined the effect of NBP on TH
protein expression using Western blot. The immunofluorescence
staining results showed that MPTP-induced mice showed a
serious loss of TH-positive neurons and fibers in the SN
(Figure 2A) and striatum (Figure 2B). Compared with the
MPTP group, TH were considerably increased in the MPTP+
NBP group (Figures 2A, B). These were further endorsed by
Western blots, which showed higher TH protein levels in the SN
and striatum of NBP-treated mice (Figure 2C). NBP reversed the
decrease of TH induced by MPTP and dopaminergic
neurotoxicity in PD mice.

NBP Inhibits MPTP-Induced Microgliosis
and Astrogliosis
The MPTP-induced proliferation of microglia and astrocytes in
rodents is a well-known pathological feature. Therefore, we
evaluated whether NBP regulated glial cell proliferation
induced by MPTP injection in vivo. Immunofluorescence
staining for the microglial marker IBA1 demonstrated a
meaningfully increased number of activated microglia in the
SN and striatum of the MPTP group. Importantly, this
MPTP-induced proliferation of microglia decreased in
the MPTP+NBP group (Figures 3A, B, E). Similarly,
immunofluorescence staining for the astrocyte marker GFAP
confirmed significantly greater astrocyte proliferation in the SN
A

B DC

FIGURE 1 | Diagram of the experimental design and behavioral tests in
MPTP-induced mice. (A) Experimental design and drug administration
scheme to explore the role and mechanism of NBP in MPTP-induced PD
mouse model. Total time (B) and turn time (C) spent in the pole test. (D)
Latency to fall in the rotarod test. All data are presented as mean ± SEM
(n = 6). **p < 0.01, ****p < 0.0001, compared with the Control group;
##p < 0.01, ###p < 0.001, ####p < 0.0001, compared with the MPTP group.
A

B

C

FIGURE 2 | NBP confers protection in dopaminergic neurons in the
MPTP-induced model of Parkinson’s disease. (A) Representative
immunofluorescence images of tyrosine hydroxylase staining in the
substantia nigra pars compacta (SN) of each group. (B) Representative
immunofluorescence images of axon fibers in the mouse striatum. (C)
Representative immunoblot images and summarized data for TH levels in
the substantia nigra and striatum. All data are presented as means ±
SEM (n = 3). *p < 0.05 and **p < 0.01 compared with the control group;
#p < 0.05 compared with the MPTP group.
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and striatum of the MPTP group than that of the control group;
but astrocyte proliferation in the MPTP+NBP group was
great ly inhibi ted compared with the MPTP group
(Figures 3C, D, F). Taken together, NBP may attenuate
dopaminergic degeneration in PD mice by reducing the
proliferation of microglia and astrocytes.

NBP Ameliorates NLRP3-Associated
Neuroinflammation in MPTP-Induced Mice
The NLRP3 inflammasome expression in the brain tissue of mice
in each group was detected by Western blotting to explore the
effects of NBP on NLRP3 inflammasome in vivo. Levels of the
NLRP3 (Figures 4A, B, F, G) and ASC (Figures 4A, C, F, H)
proteins were considerably increased in the SN and striatum of
the MPTP-induced mice. At the same time, MPTP also induced
significant activation of caspase-1 (P20) (Figures 4A, D, F, I)
and increased levels of the mature IL-1b protein (Figures 4A, E,
F, J). Importantly, NBP treatment significantly reduced the
protein levels of NLRP3, ASC, cleaved Caspase1, and mature
IL-1b (Figure 4), thus significantly inhibiting the activation of
the NLRP3 inflammasome. MPTP induces a substantial
improvement in the expression of NLRP3 inflammasomes,
while NBP reduces the expression of NLRP3 inflammasomes,
suggesting that NBP may reduce MPTP-induced neuronal
damage by inhibiting NLRP3 inflammasomes.
Frontiers in Immunology | www.frontiersin.org 6
NBP Provides Neuroprotection by
Attenuating Mitochondrial Impairment
In Vivo
After determining the effect of NBP on NLRP3 inflammasome in
vivo, we next explored whether NBP ameliorated the MPTP-
induced mitochondrial impairment. Levels of the a-Syn, PARP1
and PAR proteins in both the SN and striatum were evaluated
using Western blotting. MPTP induced significantly increased
levels of p-a-Syn in both the SN and striatum as against the
control group, while the treatment of NBP significantly reduced
the MPTP-induced increases in p-a-Syn levels in the SN and
striatum compared with the MPTP group (Figures 5A, B, F, G).
In addition, MPTP also increased the levels of PARP1, PAR and
p-gH2Ax in the SN and striatum, and NBP attenuated the effects
of MPTP on PARP1, PAR and p-gH2Ax expression (Figure 5).
These findings imply that NBP inhibits PARP1 activation and
the aggregation of p-a-syn in vivo, thus ameliorating
mitochondrial impairments.
NBP Protects SH-SY5Y Cells From 6-
OHDA-Induced Injury
Meanwhile, we explored the effect of NBP on a PD cell model
and further confirmed the potential protective role of NBP in cell
death. First, when the cells were treated with 6-OHDA (100uM,
24h), cell viability was decreased to approximately 50%
(Figure 6A). Next, we evaluated the role of NBP itself on cell
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FIGURE 3 | NBP Inhibits MPTP-induced Microgliosis and Astrogliosis. (A, B,
E) Immunofluorescence staining for IBA1-positive microglia (green), TH (red),
and DAPI (blue) in the SN and striatum showing that NBP significantly
decreased MPTP-induced microglial activation. (C, D, F) Immunofluorescence
staining for GFAP-positive astrocytes (green), TH (red), and DAPI (blue) in the
SN and striatum showing that NBP significantly decreased MPTP-induced
astrocyte activation. All data are presented as means ± SEM (n=3). ****p <
0.0001 compared with the control group; ####p < 0.0001 compared with the
MPTP group.
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FIGURE 4 | NBP Ameliorates NLRP3-associated Neuroinflammation in the
nigrostriatal system. (A) Representative Western blot bands and graphs
showing the statistical analysis of NLRP3 (B), ASC (C), cleaved Caspase1 (D)
and mature IL-1b (E) levels in the SN. (F) Representative Western blot bands
and the graphs showing the statistical analysis of NLRP3 (G), ASC (H),
cleaved Caspase1 (I) and mature IL-1b (J) levels in the striatum. All data are
presented as means ± SEM (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001
compared with the control group; #p < 0.05 and ##p < 0.01 compared with
the MPTP group.
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viability under normal culture conditions. The results showed
that 0.1‒100 µM NBP had no effect on the viability of SH-SY5Y
cells, and DMSO, the solvent of NBP (the highest concentration
was less than 0.02%), had no effect on the growth of cells
(Figure 6B). Finally, we explored the effect of NBP on the
viability of SH-SY5Y cells induced by 6-OHDA. NBP exerted a
dose-dependent protective effect on cell viability and 5uM
treatment increased the viability of SH-SY5Y cells more
effectively than other concentrations (Figure 6C). Therefore,
we chose to use this concentration in the next experiment. After
that, we performed PI/Annexin V-FITC staining and Hoechst
33258 staining to analyze apoptosis. We found that cell apoptosis
was remarkably worsen in the 6-OHDA group, but the NBP
pretreatment (6-OHDA+NBP group) significantly reduced 6-
OHDA-induced apoptosis (Figures 6D–F). Based on these
results, to a certain extent, NBP improves cell viability and
plays a protective role in SH-SY5Y cells induced by 6-OHDA.

NBP Suppresses ROS Generation in
6-OHDA-Stimulated SH-SY5Y Cells
Oxidative stress is presumed to activate the NLRP3
inflammasome, so we speculate that the effect of NBP on
inhibiting the NLRP3 inflammasome is associated with the
reduction in ROS levels. The detection of DCFH-DA
fluorescence demonstrated that intracellular ROS levels were
significantly increased after 6-OHDA treatment, while NBP
pretreatment considerably decreased 6-OHDA-induced ROS
production (Figures 6G–I). Therefore, the NBP pretreatment
Frontiers in Immunology | www.frontiersin.org 7
comparatively prevents the ROS production induced by
6-OHDA.

NBP Increases Tyrosine Hydroxylase
Expression in 6-OHDA-Induced
SH-SY5Y Cells
TH is an important enzyme in dopamine synthesis. We detected
the effect of NBP on TH levels in the SH-SY5Y cell model using
cellular immunofluorescence (Figure 7A) and Western blotting
(Figures 7B–D) to further confirm the neuroprotective effect of
NBP. As the results showed in Figure 7, TH decreased
significantly after 100 µM 6-OHDA induction for 24 hours,
and this effect was reversed by 5 µM NBP pretreatment,
indicating that NBP treatment has a protective effect on
dopaminergic neuronal damage induced by 6-OHDA.

NBP Inhibits 6-OHDA-Induced NLRP3
Inflammasome Activation In Vitro
We next verified the role of NBP on the NLRP3 inflammasome
in PD models by performing immunofluorescence staining and
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FIGURE 5 | NBP provides neuroprotection by attenuating mitochondrial
impairments. (A, F) Levels of the p-a-Syn, PARP1, PAR and p-gH2Ax
proteins in the SN and striatum were detected by Western blot assay. (B–E,
G–J) The ratios of densitometry values for p-a-Syn, PARP1, PAR and p-
gH2Ax to b-actin in the SN and striatum were calculated and normalized to
each respective control culture. All data are presented as means ± SEM (n =
3). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with the
control group; #p < 0.05, ##p < 0.01, and ####p < 0.0001 compared with the
MPTP group.
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FIGURE 6 | NBP Protects SH-SY5Y Cells From 6-OHDA-induced Injury.
(A) Cell viability was determined 24 h after induction with different
concentrations of 6-OHDA. (B) The viability of SH-SY5Y cells incubated with
the indicated concentrations of NBP for 30 h (C) Cells were pretreated with
NBP for 6 h before exposure to 100 µM 6-OHDA for an additional 24 h
(D) The effects of NBP on apoptotic cells were determined using Hoechst
33258 staining. (E) The effect of NBP on cell apoptosis was also measured
using Annexin-V/PI staining, and the apoptotic rate calculated from the flow
cytometry data is shown (F). Intracellular ROS levels were measured using
DCFH-DA staining with immunofluorescence detection (G) and flow
cytometry (H), and the fluorescence intensity data are also shown (I). All data
are presented as the means ± SEM (n = 3). ****p < 0.0001, compared with
the control group; #p < 0.05, ###p < 0.001, and ####p < 0.0001 compared
with the 6-OHDA group; ns, not significant, compared with the control group
in (A, B, F, I), and compared with the 6-OHDA group in (C).
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Western blotting to examine the expression of the NLRP3
inflammasome in cell models after different treatments. We
observed the expression levels of NLRP3 and ASC in using
immunofluorescence staining. 6-OHDA induced a meaningful
rise in the fluorescence intensity of NLRP3 and ASC, while 6-
OHDA+NBP significantly reduced their fluorescence intensity
(Figures 8A, B). These results are similar to the Western blot
which showed increased levels of the NLRP3, ASC, cleaved
Caspase1 and mature IL-1b proteins in SH-SY5Y cells exposed
to 6-OHDA; while the pretreatment of NBP significantly reduced
the expression of these proteins (Figures 8C–G). Based on these
results , NBP exerts an inhibitory effect on NLRP3
inflammasomes in vitro. In addition, we explored the role of
NBP on proinflammatory cytokines by performing RT–qPCR to
detect the mRNA levels of IL-4, IL-6 and TNF-a in cells. The
results showed that the levels of IL-4, IL-6 and TNF-a in the 6-
OHDA group were considerably increased compared with the
control group, while the levels in the 6-OHDA+NBP group were
significantly decreased (Figure 8H–J).

NBP Protects SH-SY5Y Cells From the 6-
OHDA-Induced Mitochondrial Impairment
After identifying the effect of NBP onmitochondrial impairments in
vivo, we then explored whether NBP exerted a similar effect on PD
cell models in vitro. We addressed this question by examining the
levels of p-a-Syn (Figure 9A) and PARP1 (Figure 9B) in SH-SY5Y
cells using immunofluorescence staining, and Western blotting was
performed to evaluate levels of the p-a-Syn, a-Syn, PARP1, PAR
Frontiers in Immunology | www.frontiersin.org 8
and p-gH2AX proteins (Figures 9C–H). As shown in Figure 9, 6-
OHDA induced a-Syn aggregation and phosphorylation, and this
aggregated and phosphorylated state of a-Syn was alleviated by
NBP Similarly, NBP inhibited the activation of PARP1, PAR and p-
gH2AX. Taken together, these data suggest that NBP might
attenuate mitochondrial impairments by reducing PARP1, PAR
and p-gH2AX levels.
DISCUSSION

Our study shows that NBP protected dopaminergic neurons
from 6-OHDA- or MPTP-induced neurotoxicity. We described
three main findings. First, NBP could alleviated the loss of
dopaminergic neuronal in the SN and striatum, improving
motor dysfunctions in MPTP-induced PD mice; and
pretreatment with NBP could improve cell viability and
reduced cellular apoptosis and ROS production in 6-OHDA-
induced cellular model. Second, we observed that NBP
attenuated neuroinflammation by inhibiting the activation of
the NLRP3 inflammasome, preventing the activation
of microglia and astrocytes and the upregulated expression of
A

B DC

FIGURE 7 | Neuroprotective effects of NBP on TH and Nurr1 expression in
6-OHDA-induced SH-SY5Y cells. (A) 6-OHDA-induced SH-SY5Y cell
damage was evaluated by immunocytofluorescence staining. (B) The protein
expression of TH and Nurr1 was detected by western blot assay. (C, D) the
statistical graph of TH and Nurr1 in SH-SY5Y cell models. All data are
presented as mean ± SEM (n = 3). ***p < 0.001, ns, not significant,
compared with the Control group; #p < 0.05, ###p < 0.001, compared with
the 6-OHDA group.
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FIGURE 8 | NBP inhibits NLRP3 inflammasome activation and decreases the
levels of inflammatory cytokines induced by 6-OHDA in vitro. (A)
Immunofluorescence detection of NLRP3 (green) in SH-SY5Y cells. (B)
Immunofluorescence detection of ASCs (red) in SH-SY5Y cells. (C) Levels of
the NLRP3, ASC, pro-caspase-1, cleaved caspase-1, pro-IL-1b and mature
IL-b proteins were detected using Western blot assays. (D–G) The ratios of
densitometry values of NLRP3, ASC, cleaved caspase-1 and mature IL-1b to
b-actin were calculated and normalized to each respective control culture.
(H–J) Real-time RT–PCR analysis showing the effects of NBP on IL-4, IL-6,
and TNF-a after 6-OHDA injury. All data are presented as the means ± SEM
(n=3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns, not
significant, compared with the control group; #p < 0.05 and ##p < 0.01
compared with the 6-OHDA group.
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inflammatory factors. Finally, NBP reduced the abnormal
aggregation of p-a-Syn and ameliorated mitochondrial
impairments in PD models. This current study may provide a
novel neuroprotective mechanism of NBP as a useful therapeutic
agent for PD (Figure 10).

Some neurodegenerative diseases are related to inflammation,
including AD and PD (14, 48). Previous studies support the
importance of neuroinflammatory mechanisms in the
pathogenesis of PD (30, 49–52). Accompanying the occurrence
and development of PD, neuroinflammation accelerates PD
progression by aggravating the degeneration and loss of
dopaminergic neurons (53, 54). Clinical research has explored the
role of nonsteroidal anti-inflammatory drugs (NSAIDs) as
treatments for patients with PD, and some epidemiological results
have shown that NSAIDs might reduce the risk of PD (55–57),
although conflicting outcomes have also been reported. Therefore,
an understanding of the mechanisms of neuroinflammation and
clarifying its effects on the occurrence and development of PD
present interesting challenges. Although more and more evidences
show that neuroinflammation based on the activation of microglia
is one of the important pathological features of Parkinson’s disease,
the exact mechanism of neuroinflammation is not completely clear,
and the immune function of neuron itself is also controversial (21).
Frontiers in Immunology | www.frontiersin.org 9
Furthermore, studies have shown that, in addition to immune
function, microglia also play a vital role in supporting the
formation of neuronal synapses in the brain, and can monitor the
changes in neuronal activity (58). The communication between
microglia and neurons is the basis for the normal function of the
central nervous system. The interruption of microglia-neuron
communication can lead to harmful processes, such as
neuroinflammation and neurodegeneration (59). In this study,
NBP exerted a protective role on MPTP-induced neurotoxicity in
mice and 6-OHDA-induced SH-SY5Y cells, and reduced the release
of IL-4, IL-6 and TNF-a, suggesting that the neuroprotective effects
of NBP are probability related to the inhibition of
neuroinflammation (Figures 3, 8).

The inflammasome, which is a complex composed of numerous
proteins, is an important part of the inflammatory response, and
NLRP3 is the most important inflammasome. It is a multiprotein
complex consisting ofNLRP3,ASC andCaspase1 that regulates the
activation of IL-1b and IL-18 and plays an important role in
neuroinflammation-related diseases (60). Over the last few years,
the role of theNLRP3 inflammasome in the central nervous system
has received increasing attention. NLRP3 inflammasome is mainly
localized in microglia, while some studies have demonstrated that
NLRP3 is also present in neurons. Fann et al. detected the NLRP3
protein in primary cortical neurons stimulated by glucose inmouse
(61); Zou et al. detected it in human hippocampal neurons of
postmortem after alcoholism (62); Ye et al. found thatmoreNLRP3
were co-localized with the neuronal marker NeuN than the
microglia marker CD68, and they suggested that the activation of
microgliamay be related to the activation ofNLRP3 inflammasome
in neurons (63). Recently, the NLRP3 inflammasome was reported
to be activated in the brains of individuals with PD and in the
microglia of a PD mouse model, suggesting that the NLRP3
inflammasome participates in the neuropathogenesis of PD (23,
64). There seems to be a complicated relationship between NLRP3
inflammasome in neurons and microglia, jointly promoting
neuroinflammation,whichneeds to be further studied in the future.

Besides, oxidative stress was presumed to activate the NLRP3
inflammasome and contribute to neuroinflammation. Studies have
suggested that increased intracellular ROS accumulation can
promote NLRP3:ASC:pro-caspase-1 complex assembly and
enhance microglia activation, while using antioxidant to reduce
ROS production can suppress NLRP3 inflammasome and
microglia activation, and finally alleviate microglia mediated
neurotoxicity (65, 66). This is consistent with our results which
showed that NBP could reduce the ROS generation and inhibit the
neuroinflammation. The NLRP3 inflammasome may be activated
by the abnormala-Syn aggregates and oxidative stress in the brains
of patients with PD (67), while the NLRP3, mature IL-1b and
cleaved Caspase-1 protein levels are increased in a rodent model of
PD (68).Moreover, the absence of theNLRP3 inflammasome inPD
mice may reduce motor dysfunction, as well as dopaminergic
neurodegeneration. As a consequence, inhibiting the activation of
the NLRP3 inflammasome may be a beneficial interference for PD
(23, 69). Consistent with these findings, our current results showed
significantly increased IL-4, IL-6 and TNF-a in 6-OHDA-induced
cells, and the NLRP3 inflammasome-related proteins in MPTP-
A B

D E

F G H

C

FIGURE 9 | NBP protects SH-SY5Y cells from 6-OHDA-induced
mitochondrial impairment. (A) Immunofluorescence detection of
phosphorylated a-synuclein (p-a-Syn, S129) (red) in SH-SY5Y cells. (B)
Immunofluorescence detection of PARP1 (red) in SH-SY5Y cells. (C) Levels of
the a-synuclein, p-a-Syn, PARP1, PAR and phosphorylated g-H2Ax (p-gH2Ax)
proteins were detected using Western blot assays. (D-H) The ratios of
densitometry values for a-synuclein, p-a-Syn, PARP1, PAR and p-gH2Ax to
b-actin were calculated and normalized to each respective control culture. All
data are presented as the means ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, and ns, not significant, compared with the control
group; #p < 0.05 and ####p < 0.0001 compared with the 6-OHDA group.
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induced mice and 6-OHDA-induced cells were also significantly
increased, strongly indicating that the NLRP3 inflammasome is
activated in the PD in vivo and vitro models. However, after
pretreatment with NBP, the increased expression of inflammatory
cytokines and NLRP3 inflammasome-related proteins was
significantly abolished, indicating that NBP suppressed the
activation of the NLRP3 inflammasome. Thus, NBP might play
an anti-inflammatory role by reducing the activation of the NLRP3
inflammasome and further prevent neuronal degeneration by
attenuating the inflammatory response in subjects with PD. These
findings not only identify NBP as a promising therapeutic drug for
PD but also support the reduction of NLRP3 inflammasome as a
possible target for the therapy of neurodegenerative diseases.

The aggregation of abnormal a-Syn in neurons is a remarkable
pathological characteristic of PD. Neuroinflammation promotes the
formation of a-Syn aggregates in neurons (33), and the a-Syn
polymer is considered a potential activator of NLRP3
inflammasomes in patients with PD (25). Treatments targeting a-
Syn have good potential in clinical applications in PD (7). In terms
of PARP1 and PAR, there is evidence that overactivated PARP1 and
aggregated PAR are involved in the impairment of mitochondrial
function (70). Recent studies have confirmed that PARP1 is
significantly activated in PD models and that the level of PAR is
increased in the cerebrospinal fluid (CSF) of PD individuals (71). In
addition, a recent study observed the interactions of a-Syn/PAPR1/
PAR in post mortem PD/PDD patient samples (72). According to
Kam et al., PARP1 activation and PAR formation are the main
mediators of pathological a-Syn toxicity and transmission (35).
Thus, the inhibition of PARP1 and reduction in PAR levels might
reduce the neurotoxicity caused by pathologicala-Syn transmission.
Interestingly, our study detected activated PARP1 and
phosphorylated a-Syn in PD models, while the administration of
NBP also inhibited PARP1 activation and downregulated p-a-Syn
levels, subsequently ameliorating neuronal apoptosis. Our results
imply that the therapeutic effects of NBP are probably mediated by
the “a-Syn/PARP1/PAR” feed-forward loop (35).

In recent years, accumulating evidence has shown that
neuroinflammation is a significant mechanism underlying the
Frontiers in Immunology | www.frontiersin.org 10
occurrence and development of PD. Inhibit ion of
neuroinflammation reduces the dopaminergic neurons loss in
patients with PD and slows the progression of PD. Therefore,
anti-inflammatory drug therapy may be an important
breakthrough in the drug treatment of PD. NBP exerts anti-
inflammatory effects on various neurological disease models. A
recent study of ischemic mice showed that NBP inhibits the
activation of vascular inflammation, thus maintaining the
integrity of the blood–brain barrier and microvascular patency;
this study provided evidence that NBP reduces ischemic brain
injury by inhibiting neurovascular inflammation (39). In addition,
NBP administration has been demonstrated to regulate
neuroinflammatory processes and attenuate neuronal damage in
mouse models of amyotrophic lateral sclerosis (73). NBP attenuates
Ab‐induced inflammation in cultured astrocytes in vitro.
Furthermore, in the study by Wang and colleagues, NBP
inhibited the activation of the NLRP3 inflammasome by
intervening the TXNIP-NLRP3 interaction, thereby reducing
neuroinflammation and neurodegeneration (45). On the other
hand, Tschopp et al. proposed that mitochondria are involved in
the activation of NLRP3 inflammasome (74). Damaged
mitochondria could over-activate the NLRP3 inflammasome, thus
promoting the secretion of proinflammatory cytokines (75).
However, the over-activation of NLRP3 inflammasome in turn
would aggravate mitochondrial damage (76). Therefore, reducing
mitochondrial impairments show a stronger inhibitory effect on
NLRP3 inflammasome-related neuroinflammation. Our current
results show that NBP not only inhibited the activation of the
NLRP3 inflammasome and reduced the level of inflammatory
cytokines, but also reduced the abnormal accumulation and
phosphorylation of a-Syn in animal and cell models of PD by
ameliorating mitochondrial impairments, thus reducing the
pathological changes in a-Syn, which in turn also reduced the
inflammatory reaction to some extent. Thus, NBP may be an
effective and potential anti-inflammatory alternative for the
treatment of PD. However, our research and findings have certain
limitations. For example, we still do not know the exact mechanism
underlying the association between NLRP3 inflammasome-
FIGURE 10 | Schematic representation of the possible mechanism for the neuroprotective effect of NBP in PD. See the Discussion part.
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mediated neuroinflammation and a-Syn aggregate-triggered
neuroinflammation, and the interaction of NLRP3 and a-Syn is
not clear. In addition, our findings are derived from experimental
animals and cell models, and the translation of potential effective
drugs from animal and cellular research to clinical trials requires
extensive effort; thus, follow-up studies in humans must
be investigated.
CONCLUSIONS

In this study, in vivo and in vitro PDmodels were used to identify that
NBP ameliorates mitochondrial impairments, prevents the activation
of the NLRP3 inflammasome and reduces anti-inflammatory
responses. This study provides a convincing theoretical basis for the
potentially clinical application of NBP in PD. In general, regardless of
the origin of the neuroinflammatory process of PD, treatments aimed
at preventing or downregulating these immune-related mechanisms
may be very beneficial in delaying disease progression or even
preventing the pathological process.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
Frontiers in Immunology | www.frontiersin.org 11
ETHICS STATEMENT

The animal study was reviewed and approved by the
Experimental Animal Ethics Committee of Zhujiang Hospital
of Southern Medical University.
AUTHOR CONTRIBUTIONS

RQ, E-KT, and QW conceived and designed the study. RQ, JZ,
ZC, WZ, HL and ZX performed the study. ZH, WY, H-TW, DJ,
and JX revised the article for intellectual content. RQ and JZ
performed data statistics and analysis. RQ, WY, E-KT, and QW
wrote the article. All authors contributed to the article and
approved the submitted version.
FUNDING

This work was supported by the National Key R&D Program of
China (Grant NO: 2017YFC1310200), National Natural Science
Foundation of China (NO: 81873777, 82071414), Initiated
Foundation of Zhujiang Hospital (NO: 02020318005), and
Science and Technology Program of Guangdong of China
(NO: 2020A0505100037) to QW; National Natural Science
Foundation of China (NO: 82001343) to WY.
REFERENCES
1. Kalia LV, Lang AE. Parkinson’s Disease. Lancet (2015) 386:896–912.

doi: 10.1016/S0140-6736(14)61393-3
2. Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann J, et al.

Parkinson Disease. Nat Rev Dis Primers (2017) 3:17013. doi: 10.1038/
nrdp.2017.13

3. Athauda D, Foltynie T. The Ongoing Pursuit of Neuroprotective Therapies in
Parkinson Disease. Nat Rev Neurol (2015) 11:25–40. doi: 10.1038/
nrneurol.2014.226

4. Calabrese V, Santoro A, Monti D, Crupi R, Di Paola R, Latteri S, et al. Aging
and Parkinson’s Disease: Inflammaging, Neuroinflammation and Biological
Remodeling as Key Factors in Pathogenesis. Free Radic Biol Med (2018)
115:80–91. doi: 10.1016/j.freeradbiomed.2017.10.379

5. Stephenson J, Nutma E, van der Valk P, Amor S. Inflammation in CNS
Neurodegenerative Diseases. Immunology (2018) 154:204–19. doi: 10.1111/
imm.12922

6. Gao X, Huang Z, Feng C, Guan C, Li R, Xie H, et al. Multimodal Analysis of
Gene Expression From Postmortem Brains and Blood Identifies Synaptic
Vesicle Trafficking Genes to be Associated With Parkinson’s Disease. Brief
Bioinform (2020) 22(4):bbaa244. doi: 10.1093/bib/bbaa244

7. Wang Q, Luo Y, Chaudhuri KR, Reynolds R, Tan EK, Pettersson S. The Role
of Gut Dysbiosis in Parkinson’s Disease: Mechanistic Insights Andtherapeutic
Options. Brain (2021) 144(9):2571–93. doi: 10.1093/brain/awab156

8. Zou J, Chen Z, Wei X, Chen Z, Fu Y, Yang X, et al. Cystatin C as a Potential
Therapeutic Mediator Against Parkinson’s Disease via VEGF-Induced
Angiogenesis and Enhanced Neuronal Autophagy in Neurovascular Units.
Cell Death Dis (2017) 8:e2854. doi: 10.1038/cddis.2017.240

9. Wang T, Yuan F, Chen Z, Zhu S, Chang Z, Yang W, et al. Vascular,
Inflammatory and Metabolic Risk Factors in Relation to Dementia in
Parkinson’s Disease Patients With Type 2 Diabetes Mellitus. Aging (Albany
NY) (2020) 12:15682–704. doi: 10.18632/aging.103776
10. Yang W, Chang Z, Que R, Weng G, Deng B, Wang T, et al. Contra-Directional
Expression of Plasma Superoxide Dismutase With Lipoprotein Cholesterol and
High-SensitivityC-ReactiveProtein as ImportantMarkers of Parkinson’sDisease
Severity. Front Aging Neurosci (2020) 12:53. doi: 10.3389/fnagi.2020.00053

11. Xie F, Gao X, Yang W, Chang Z, Yang X, Wei X, et al. Advances in the
Research of Risk Factors and Prodromal Biomarkers of Parkinson’s Disease.
ACS Chem Neurosci (2019) 10:973–90. doi: 10.1021/acschemneuro.8b00520

12. Zhu S, Li H, Deng B, Zheng J, Huang Z, Chang Z, et al. Various Diseases and
Clinical Heterogeneity Are Associated With “Hot Cross Bun”. Front Aging
Neurosci (2020) 12:592212. doi: 10.3389/fnagi.2020.592212

13. Hu X, Zhang D, Pang H, Caudle WM, Li Y, Gao H, et al. Macrophage Antigen
Complex-1 Mediates Reactive Microgliosis and Progressive Dopaminergic
Neurodegeneration in the MPTP Model of Parkinson’s Disease. J Immunol
(2008) 181:7194–204. doi: 10.4049/jimmunol.181.10.7194

14. Ransohoff RM. How Neuroinflammation Contributes to Neurodegeneration.
Science (2016) 353:777–83. doi: 10.1126/science.aag2590

15. Haque ME, Akther M, Jakaria M, Kim IS, Azam S, Choi DK. Targeting the
Microglial NLRP3 Inflammasome and its Role in Parkinson’s Disease. Mov
Disord (2020) 35:20–33. doi: 10.1002/mds.27874

16. Zheng D, Liwinski T, Elinav E. Inflammasome Activation and Regulation:
Toward a Better Understanding of Complex Mechanisms. Cell Discov (2020)
6:36. doi: 10.1038/s41421-020-0167-x

17. Wang L, Hauenstein AV. The NLRP3 Inflammasome: Mechanism of Action,
Role in Disease and Therapies. Mol Aspects Med (2020) 76:100889.
doi: 10.1016/j.mam.2020.100889

18. Qin YY, Li M, Feng X, Wang J, Cao L, Shen XK, et al. Combined NADPH and
the NOX Inhibitor Apocynin Provides Greater Anti-Inflammatory and
Neuroprotective Effects in a Mouse Model of Stroke. Free Radic Biol Med
(2017) 104:333–45. doi: 10.1016/j.freeradbiomed.2017.01.034

19. SilvermanWR, de Rivero Vaccari JP, Locovei S, Qiu F, Carlsson SK, Scemes E,
et al. The Pannexin 1 Channel Activates the Inflammasome in Neurons and
Astrocytes. J Biol Chem (2009) 284:18143–51. doi: 10.1074/jbc.M109.004804
December 2021 | Volume 12 | Article 794770

https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1038/nrneurol.2014.226
https://doi.org/10.1038/nrneurol.2014.226
https://doi.org/10.1016/j.freeradbiomed.2017.10.379
https://doi.org/10.1111/imm.12922
https://doi.org/10.1111/imm.12922
https://doi.org/10.1093/bib/bbaa244
https://doi.org/10.1093/brain/awab156
https://doi.org/10.1038/cddis.2017.240
https://doi.org/10.18632/aging.103776
https://doi.org/10.3389/fnagi.2020.00053
https://doi.org/10.1021/acschemneuro.8b00520
https://doi.org/10.3389/fnagi.2020.592212
https://doi.org/10.4049/jimmunol.181.10.7194
https://doi.org/10.1126/science.aag2590
https://doi.org/10.1002/mds.27874
https://doi.org/10.1038/s41421-020-0167-x
https://doi.org/10.1016/j.mam.2020.100889
https://doi.org/10.1016/j.freeradbiomed.2017.01.034
https://doi.org/10.1074/jbc.M109.004804
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Que et al. Dl-3-n-Butylphthalide Rescues Dopaminergic Neurons
20. Wu AG, Zhou XG, Qiao G, Yu L, Tang Y, Yan L, et al. Targeting Microglial
Autophagic Degradat ion in NLRP3 Inflammasome-Mediated
Neurodegenerative Diseases. Ageing Res Rev (2021) 65:101202. doi: 10.1016/
j.arr.2020.101202

21. Zhang P, Shao XY, Qi GJ, Chen Q, Bu LL, Chen LJ, et al. Cdk5-Dependent
Activation of Neuronal Inflammasomes in Parkinson’s Disease. Mov Disord
(2016) 31:366–76. doi: 10.1002/mds.26488

22. Li D, Liu M, Li Z, Zheng G, Chen A, Zhao L, et al. Sterol-Resistant SCAP
Overexpression in Vascular Smooth Muscle Cells Accelerates Atherosclerosis
by Increasing Local Vascular Inflammation Through Activation of the NLRP3
Inflammasome in Mice. Aging Dis (2021) 12:747–63. doi: 10.14336/
AD.2020.1120

23. Lee E, Hwang I, Park S, Hong S, Hwang B, Cho Y, et al. MPTP-Driven NLRP3
Inflammasome Activation in Microglia Plays a Central Role in Dopaminergic
Neurodegeneration. Cell Death Differ (2019) 26:213–28. doi: 10.1038/s41418-
018-0124-5

24. Qin Y, Qiu J, Wang P, Liu J, Zhao Y, Jiang F, et al. Impaired Autophagy in
Microglia Aggravates Dopaminergic Neurodegeneration by Regulating
NLRP3 Inflammasome Activation in Experimental Models of Parkinson’s
Disease. Brain Behav Immun (2021) 91:324–38. doi: 10.1016/j.bbi.2020.10.010

25. Gordon R, Albornoz EA, Christie DC, Langley MR, Kumar V, Mantovani S,
et al. Inflammasome Inhibition Prevents Alpha-Synuclein Pathology and
Dopaminergic Neurodegeneration in Mice. Sci Transl Med (2018) 10(465):
eaah4066. doi: 10.1126/scitranslmed.aah4066

26. Wu H, Liu X, Gao ZY, Lin M, Zhao X, Sun Y, et al. Icaritin Provides
Neuroprotection in Parkinson’s Disease by Attenuating Neuroinflammation,
Oxidative Stress, and Energy Deficiency. Antioxid (Basel) (2021) 10(4):529.
doi: 10.3390/antiox10040529

27. Jiang P, Guo Y, Dang R, Yang M, Liao D, Li H, et al. Salvianolic Acid B
Protects Against Lipopolysaccharide-Induced Behavioral Deficits and
Neuroinflammatory Response: Involvement of Autophagy and NLRP3
Inflammasome. J Neuroinflamm (2017) 14:239. doi: 10.1186/s12974-017-
1013-4

28. Ryan BJ, Hoek S, Fon EA, Wade-Martins R. Mitochondrial Dysfunction and
Mitophagy in Parkinson’s: From Familial to Sporadic Disease. Trends
Biochem Sci (2015) 40:200–10. doi: 10.1016/j.tibs.2015.02.003

29. Du T, Wang L, Liu W, Zhu G, Chen Y, Zhang J. Biomarkers and the Role of
Alpha-Synuclein in Parkinson’s Disease. Front Aging Neurosci (2021)
13:645996. doi: 10.3389/fnagi.2021.645996

30. Anandhan A, Nguyen N, Syal A, Dreher LA, Dodson M, Zhang DD, et al.
NRF2 Loss Accentuates Parkinsonian Pathology and Behavioral Dysfunction
in Human Alpha-Synuclein Overexpressing Mice. Aging Dis (2021) 12:964–
82. doi: 10.14336/AD.2021.0511

31. Wong YC, Krainc D. Alpha-Synuclein Toxicity in Neurodegeneration:
Mechanism and Therapeutic Strategies. Nat Med (2017) 23:1–13.
doi: 10.1038/nm.4269

32. Koller EJ, Brooks MM, Golde TE, Giasson BI, Chakrabarty P. Inflammatory
Pre-Conditioning Restricts the Seeded Induction of Alpha-Synuclein
Pathology in Wild Type Mice. Mol Neurodegener (2017) 12:1. doi: 10.1186/
s13024-016-0142-z

33. Rocha EM, De Miranda B, Sanders LH. Alpha-Synuclein: Pathology,
Mitochondrial Dysfunction and Neuroinflammation in Parkinson’s Disease.
Neurobiol Dis (2018) 109:249–57. doi: 10.1016/j.nbd.2017.04.004

34. Park H, Kam TI, Dawson TM, Dawson VL. Poly (ADP-Ribose) (PAR)-
Dependent Cell Death in Neurodegenerative Diseases. Int Rev Cell Mol Biol
(2020) 353:1–29. doi: 10.1016/bs.ircmb.2019.12.009

35. Kam TI, Mao X, Park H, Chou SC, Karuppagounder SS, Umanah GE, et al.
Poly(ADP-Ribose) Drives Pathologic Alpha-Synuclein Neurodegeneration in
Parkinson’s Disease. Science (2018) 362(414):eaat8407. doi: 10.1126/
science.aat8407

36. Wang S, Ma F, Huang L, Zhang Y, Peng Y, Xing C, et al. Dl-3-N-
Butylphthalide (NBP): A Promising Therapeutic Agent for Ischemic Stroke.
CNS Neurol Disord Drug Targets (2018) 17:338–47. doi: 10.2174/
1871527317666180612125843

37. Huang L, Wang S, Ma F, Zhang Y, Peng Y, Xing C, et al. From Stroke to
Neurodegenerative Diseases: The Multi-Target Neuroprotective Effects of 3-
N-Butylphthalide and its Derivatives. Pharmacol Res (2018) 135:201–11.
doi: 10.1016/j.phrs.2018.08.007
Frontiers in Immunology | www.frontiersin.org 12
38. Xu ZQ, Zhou Y, Shao BZ, Zhang JJ, Liu C. A Systematic Review of
Neuroprotective Efficacy and Safety of DL-3-N-Butylphthalide in Ischemic
Stroke. Am J Chin Med (2019) 47:507–25. doi: 10.1142/S0192415X19500265

39. Yang CS, Guo A, Li Y, Shi K, Shi FD, Li M. Dl-3-N-Butylphthalide Reduces
Neurovascular Inflammation and Ischemic Brain Injury in Mice. Aging Dis
(2019) 10:964–76. doi: 10.14336/AD.2019.0608

40. Li M, Meng N, Guo X, Niu X, Zhao Z, Wang W, et al. Dl-3-N-Butylphthalide
Promotes Remyelination and Suppresses Inflammation by Regulating AMPK/
SIRT1 and STAT3/NF-kappaB Signaling in Chronic Cerebral Hypoperfusion.
Front Aging Neurosci (2020) 12:137. doi: 10.3389/fnagi.2020.00137

41. Li W, Wei D, Lin J, Liang J, Xie X, Song K, et al. Dl-3-N-Butylphthalide
Reduces Cognitive Impairment Induced by Chronic Cerebral Hypoperfusion
Through GDNF/GFRalpha1/Ret Signaling Preventing Hippocampal Neuron
Apoptosis. Front Cell Neurosci (2019) 13:351. doi: 10.3389/fncel.2019.00351

42. Wang BN, Wu CB, Chen ZM, Zheng PP, Liu YQ, Xiong J, et al. DL-3-N-
Butylphthalide Ameliorates Diabetes-Associated Cognitive Decline by
Enhancing PI3K/Akt Signaling and Suppressing Oxidative Stress. Acta
Pharmacol Sin (2021) 42:347–60. doi: 10.1038/s41401-020-00583-3

43. Feng Y, Guo M, Zhao H, Han S, Hao Y, Yuan Y, et al. Dl-3-N-Butylphthalide
Alleviates Demyelination and Improves Cognitive Function by Promoting
Mitochondrial Dynamics in White Matter Lesions. Front Aging Neurosci
(2021) 13:632374. doi: 10.3389/fnagi.2021.632374

44. Lv C, Ma Q, Han B, Li J, Geng Y, Zhang X, et al. Long-Term DL-3-N-
Butylphthalide Treatment Alleviates Cognitive Impairment Correlate With
Improving Synaptic Plasticity in SAMP8 Mice. Front Aging Neurosci (2018)
10:200. doi: 10.3389/fnagi.2018.00200

45. Wang CY, Xu Y, Wang X, Guo C, Wang T, Wang ZY. Dl-3-N-Butylphthalide
Inhibits NLRP3 Inflammasome and Mitigates Alzheimer’s-Like Pathology via
Nrf2-TXNIP-TrX Axis. Antioxid Redox Signal (2019) 30:1411–31.
doi: 10.1089/ars.2017.7440

46. Chen N, Zhou Z, Li J, Li B, Feng J, He D, et al. 3-N-Butylphthalide Exerts
Neuroprotective Effects by Enhancing Anti-Oxidation and Attenuating
Mitochondrial Dysfunction in an In Vitro Model of Ischemic Stroke. Drug
Des Devel Ther (2018) 12:4261–71. doi: 10.2147/DDDT.S189472

47. Wei ZZ, Chen D, Lee MJH, Zhao Y, Gu X, Yu SP, et al. DL-3-N-
Butylphthalide Increases Collateriogenesis and Functional Recovery After
Focal Ischemic Stroke in Mice. Aging Dis (2021) 12:1835–49. doi: 10.14336/
AD.2020.1226

48. Chitnis T, Weiner HL. CNS Inflammation and Neurodegeneration. J Clin
Invest (2017) 127:3577–87. doi: 10.1172/JCI90609

49. Upadhya R, Shetty AK. Extracellular Vesicles for the Diagnosis and Treatment
of Parkinson’s Disease. Aging Dis (2021) 12:1438–50. doi: 10.14336/
AD.2021.0516

50. Jeon SG, Yoo A, Chun DW, Hong SB, Chung H, Kim JI, et al. The Critical Role
of Nurr1 as a Mediator and Therapeutic Target in Alzheimer’s Disease-
Related Pathogenesis. Aging Dis (2020) 11:705–24. doi: 10.14336/
AD.2019.0718

51. Feng Y, Lu Y. Immunomodulatory Effects of Dopamine in Inflammatory
Diseases. Front Immunol (2021) 12:663102. doi: 10.3389/fimmu.2021.663102

52. de Oliveira LG, Angelo YS, Iglesias AH, Peron JPS. Unraveling the Link
Between Mitochondrial Dynamics and Neuroinflammation. Front Immunol
(2021) 12:624919. doi: 10.3389/fimmu.2021.624919

53. Shao W, Zhang SZ, Tang M, Zhang XH, Zhou Z, Yin YQ, et al. Suppression of
Neuroinflammation by Astrocytic Dopamine D2 Receptors via alphaB-
Crystallin. Nat (2013) 494:90–4. doi: 10.1038/nature11748

54. Hirsch EC, Hunot S. Neuroinflammation in Parkinson’s Disease: A Target for
Neuroprotection? Lancet Neurol (2009) 8:382–97. doi: 10.1016/S1474-4422
(09)70062-6

55. San Luciano M, Tanner CM, Meng C, Marras C, Goldman SM, Lang AE, et al.
Nonsteroidal Anti-Inflammatory Use and LRRK2 Parkinson’s Disease
Penetrance. Mov Disord (2020) 35:1755–64. doi: 10.1002/mds.28189

56. Rees K, Stowe R, Patel S, Ives N, Breen K, Clarke CE, et al. Non-Steroidal Anti-
Inflammatory Drugs as Disease-Modifying Agents for Parkinson’s Disease:
Evidence From Observational Studies. Cochrane Database Syst Rev (2011)
(11):CD008454. doi: 10.1002/14651858.CD008454.pub2

57. Gao X, Chen H, Schwarzschild MA, Ascherio A. Use of Ibuprofen and Risk of
Parkinson Disease. Neurology (2011) 76:863–9. doi : 10.1212/
WNL.0b013e31820f2d79
December 2021 | Volume 12 | Article 794770

https://doi.org/10.1016/j.arr.2020.101202
https://doi.org/10.1016/j.arr.2020.101202
https://doi.org/10.1002/mds.26488
https://doi.org/10.14336/AD.2020.1120
https://doi.org/10.14336/AD.2020.1120
https://doi.org/10.1038/s41418-018-0124-5
https://doi.org/10.1038/s41418-018-0124-5
https://doi.org/10.1016/j.bbi.2020.10.010
https://doi.org/10.1126/scitranslmed.aah4066
https://doi.org/10.3390/antiox10040529
https://doi.org/10.1186/s12974-017-1013-4
https://doi.org/10.1186/s12974-017-1013-4
https://doi.org/10.1016/j.tibs.2015.02.003
https://doi.org/10.3389/fnagi.2021.645996
https://doi.org/10.14336/AD.2021.0511
https://doi.org/10.1038/nm.4269
https://doi.org/10.1186/s13024-016-0142-z
https://doi.org/10.1186/s13024-016-0142-z
https://doi.org/10.1016/j.nbd.2017.04.004
https://doi.org/10.1016/bs.ircmb.2019.12.009
https://doi.org/10.1126/science.aat8407
https://doi.org/10.1126/science.aat8407
https://doi.org/10.2174/1871527317666180612125843
https://doi.org/10.2174/1871527317666180612125843
https://doi.org/10.1016/j.phrs.2018.08.007
https://doi.org/10.1142/S0192415X19500265
https://doi.org/10.14336/AD.2019.0608
https://doi.org/10.3389/fnagi.2020.00137
https://doi.org/10.3389/fncel.2019.00351
https://doi.org/10.1038/s41401-020-00583-3
https://doi.org/10.3389/fnagi.2021.632374
https://doi.org/10.3389/fnagi.2018.00200
https://doi.org/10.1089/ars.2017.7440
https://doi.org/10.2147/DDDT.S189472
https://doi.org/10.14336/AD.2020.1226
https://doi.org/10.14336/AD.2020.1226
https://doi.org/10.1172/JCI90609
https://doi.org/10.14336/AD.2021.0516
https://doi.org/10.14336/AD.2021.0516
https://doi.org/10.14336/AD.2019.0718
https://doi.org/10.14336/AD.2019.0718
https://doi.org/10.3389/fimmu.2021.663102
https://doi.org/10.3389/fimmu.2021.624919
https://doi.org/10.1038/nature11748
https://doi.org/10.1016/S1474-4422(09)70062-6
https://doi.org/10.1016/S1474-4422(09)70062-6
https://doi.org/10.1002/mds.28189
https://doi.org/10.1002/14651858.CD008454.pub2
https://doi.org/10.1212/WNL.0b013e31820f2d79
https://doi.org/10.1212/WNL.0b013e31820f2d79
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Que et al. Dl-3-n-Butylphthalide Rescues Dopaminergic Neurons
58. Bartels T, De Schepper S, Hong S. Microglia Modulate Neurodegeneration in
Alzheimer’s and Parkinson’s Diseases. Science (2020) 370:66–9. doi: 10.1126/
science.abb8587

59. Chamera K, Trojan E, Szuster-Gluszczak M, Basta-Kaim A. The Potential
Role of Dysfunctions in Neuron-Microglia Communication in the
Pathogenesis of Brain Disorders. Curr Neuropharmacol (2020) 18:408–30.
doi: 10.2174/1570159X17666191113101629

60. Mangan MSJ, Olhava EJ, Roush WR, Seidel HM, Glick GD, Latz E. Targeting
the NLRP3 Inflammasome in Inflammatory Diseases. Nat Rev Drug Discov
(2018) 17:688. doi: 10.1038/nrd.2018.149

61. Fann DY, Lee SY, Manzanero S, Tang SC, Gelderblom M, Chunduri P, et al.
Intravenous Immunoglobulin Suppresses NLRP1 and NLRP3 Inflammasome-
Mediated Neuronal Death in Ischemic Stroke. Cell Death Dis (2013) 4:e790.
doi: 10.1038/cddis.2013.326

62. Zou J, Crews FT. Inflammasome-IL-1beta Signaling Mediates Ethanol
Inhibition of Hippocampal Neurogenesis. Front Neurosci (2012) 6:77.
doi: 10.3389/fnins.2012.00077

63. Ye Y, Jin T, Zhang X, Zeng Z, Ye B, Wang J, et al. Meisoindigo Protects
Against Focal Cerebral Ischemia-Reperfusion Injury by Inhibiting NLRP3
Inflammasome Activation and Regulating Microglia/Macrophage
Polarization via TLR4/NF-kappaB Signaling Pathway. Front Cell Neurosci
(2019) 13:553. doi: 10.3389/fncel.2019.00553

64. von Herrmann KM, Salas LA, Martinez EM, Young AL, Howard JM, Feldman
MS, et al. NLRP3 Expression in Mesencephalic Neurons and Characterization
of a Rare NLRP3 Polymorphism Associated With Decreased Risk of
Parkinson’s Disease. NPJ Parkinsons Dis (2018) 4:24. doi: 10.1038/s41531-
018-0061-5

65. Han X, Xu T, Fang Q, Zhang H, Yue L, Hu G, et al. Quercetin Hinders
Microglial Activation to Alleviate Neurotoxicity via the Interplay Between
NLRP3 Inflammasome and Mitophagy. Redox Biol (2021) 44:102010.
doi: 10.1016/j.redox.2021.102010

66. Zahid A, Li B, Kombe AJK, Jin T, Tao J. Pharmacological Inhibitors of the
NLRP3 Inflammasome. Front Immunol (2019) 10:2538. doi: 10.3389/
fimmu.2019.02538

67. Trudler D, Nazor KL, Eisele YS, Grabauskas T, Dolatabadi N, Parker J, et al.
Soluble Alpha-Synuclein-Antibody Complexes Activate the NLRP3
Inflammasome in hiPSC-Derived Microglia. Proc Natl Acad Sci USA (2021)
118(15):e2025847118. doi: 10.1073/pnas.2025847118

68. Cheng J, Liao Y, Dong Y, Hu H, Yang N, Kong X, et al. Microglial Autophagy
Defect Causes Parkinson Disease-Like Symptoms by Accelerating
Inflammasome Activation in Mice. Autophagy (2020) 16:2193–205.
doi: 10.1080/15548627.2020.1719723

69. Javed H, Thangavel R, Selvakumar GP, Dubova I, Schwartz N, Ahmed ME,
et al. NLRP3 Inflammasome and Glia Maturation Factor Coordinately
Frontiers in Immunology | www.frontiersin.org 13
Regulate Neuroinflammation and Neuronal Loss in MPTP Mouse Model of
Parkinson’s Disease. Int Immunopharmacol (2020) 83:106441. doi: 10.1016/
j.intimp.2020.106441

70. Mao K, Zhang G. The Role of PARP1 in Neurodegenerative Diseases and
Aging. FEBS J (2021). doi: 10.1111/febs.15716

71. Olsen AL, Feany MB. PARP Inhibitors and Parkinson’s Disease. N Engl J Med
(2019) 380:492–4. doi: 10.1056/NEJMcibr1814680

72. Puentes LN, Lengyel-Zhand Z, Lee JY, Hsieh CJ, Schneider MEJr., Edwards
KJ, et al. Poly (ADP-Ribose) Interacts With Phosphorylated Alpha-Synuclein
in Post Mortem PD Samples. Front Aging Neurosci (2021) 13:704041.
doi: 10.3389/fnagi.2021.704041

73. Feng X, Peng Y, Liu M, Cui L. DL-3-N-Butylphthalide Extends Survival by
Attenuating Glial Activation in a Mouse Model of Amyotrophic Lateral
Sclerosis. Neuropharmacology (2012) 62:1004–10. doi: 10.1016/
j.neuropharm.2011.10.009

74. Zhou R, Yazdi AS, Menu P, Tschopp J. A Role for Mitochondria in NLRP3
Inflammasome Activation. Nature (2011) 469:221–5. doi: 10.1038/
nature09663

75. Heid ME, Keyel PA, Kamga C, Shiva S, Watkins SC, Salter RD. Mitochondrial
Reactive Oxygen Species Induces NLRP3-Dependent Lysosomal Damage and
Inflammasome Activation. J Immunol (2013) 191:5230–8. doi: 10.4049/
jimmunol.1301490

76. Rawat P, Teodorof-Diedrich C, Spector SA. Human Immunodeficiency Virus
Type-1 Single-Stranded RNA Activates the NLRP3 Inflammasome and
Impairs Autophagic Clearance of Damaged Mitochondria in Human
Microglia. Glia (2019) 67:802–24. doi: 10.1002/glia.23568

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Que, Zheng, Chang, Zhang, Li, Xie, Huang, Wang, Xu, Jin, Yang,
Tan and Wang. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
December 2021 | Volume 12 | Article 794770

https://doi.org/10.1126/science.abb8587
https://doi.org/10.1126/science.abb8587
https://doi.org/10.2174/1570159X17666191113101629
https://doi.org/10.1038/nrd.2018.149
https://doi.org/10.1038/cddis.2013.326
https://doi.org/10.3389/fnins.2012.00077
https://doi.org/10.3389/fncel.2019.00553
https://doi.org/10.1038/s41531-018-0061-5
https://doi.org/10.1038/s41531-018-0061-5
https://doi.org/10.1016/j.redox.2021.102010
https://doi.org/10.3389/fimmu.2019.02538
https://doi.org/10.3389/fimmu.2019.02538
https://doi.org/10.1073/pnas.2025847118
https://doi.org/10.1080/15548627.2020.1719723
https://doi.org/10.1016/j.intimp.2020.106441
https://doi.org/10.1016/j.intimp.2020.106441
https://doi.org/10.1111/febs.15716
https://doi.org/10.1056/NEJMcibr1814680
https://doi.org/10.3389/fnagi.2021.704041
https://doi.org/10.1016/j.neuropharm.2011.10.009
https://doi.org/10.1016/j.neuropharm.2011.10.009
https://doi.org/10.1038/nature09663
https://doi.org/10.1038/nature09663
https://doi.org/10.4049/jimmunol.1301490
https://doi.org/10.4049/jimmunol.1301490
https://doi.org/10.1002/glia.23568
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Dl-3-n-Butylphthalide Rescues Dopaminergic Neurons in Parkinson’s Disease Models by Inhibiting the NLRP3 Inflammasome and Ameliorating Mitochondrial Impairment
	Highlights
	Introduction
	Materials and Methods
	Main Regents and Kits
	Animals
	Rotarod Test
	Pole Test
	Immunofluorescence Staining
	Cell Culture and Treatment
	Determination of Cell Viability
	Apoptosis Analysis
	Measurement of Reactive Oxygen Species
	Measurement of Cytokine Levels
	Western Blotting Analysis
	Cellular Immunofluorescence Staining
	Statistical Analysis

	Results
	NBP Ameliorates Behavioral Impairments in MPTP-Induced Mice
	NBP Attenuates Dopaminergic Neurotoxicity in MPTP-Induced Mice
	NBP Inhibits MPTP-Induced Microgliosis and Astrogliosis
	NBP Ameliorates NLRP3-Associated Neuroinflammation in MPTP-Induced Mice
	NBP Provides Neuroprotection by Attenuating Mitochondrial Impairment In Vivo
	NBP Protects SH-SY5Y Cells From 6-OHDA-Induced Injury
	NBP Suppresses ROS Generation in 6-OHDA-Stimulated SH-SY5Y Cells
	NBP Increases Tyrosine Hydroxylase Expression in 6-OHDA-Induced SH-SY5Y Cells
	NBP Inhibits 6-OHDA-Induced NLRP3 Inflammasome Activation In Vitro
	NBP Protects SH-SY5Y Cells From the 6-OHDA-Induced Mitochondrial Impairment

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


