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A B S T R A C T   

Parkinson’s disease (PD) is a chronic neurodegenerative disorder that is characterized by motor symptoms as a 
result of a loss of dopaminergic neurons in the substantia nigra pars compacta (SNc), accompanied by chronic 
neuroinflammation, oxidative stress, formation of α-synuclein aggregates. Celastrol, a potent anti-inflammatory 
and anti-oxidative pentacyclic triterpene, has emerged as a neuroprotective agent. However, the mechanisms by 
which celastrol is neuroprotective in PD remain elusive. Here we show that celastrol protects against dopamine 
neuron loss, mitigates neuroinflammation, and relieves motor deficits in MPTP-induced PD mouse model and 
AAV-mediated human α-synuclein overexpression PD model. Whole-genome deep sequencing analysis revealed 
that Nrf2, NLRP3 and caspase-1 in SNc may be associated with the neuroprotective actions of celastrol in PD. By 
using multiple genetically modified mice (Nrf2-KO, NLRP3-KO and Caspase-1-KO), we identified that celastrol 
inhibits NLRP3 inflammasome activation, relieves motor deficits and nigrostriatal dopaminergic degeneration 
through Nrf2-NLRP3-caspase-1 pathway. Taken together, these findings suggest that Nrf2-NLRP3-caspase-1 axis 
may serve as a key target of celastrol in PD treatment, and highlight the favorable properties of celastrol for 
neuroprotection, making celastrol as a promising disease-modifying agent for PD.   

1. Introduction 

Parkinson’s disease (PD) is the second most common neurodegen
erative disease worldwide, affecting about 2% of the population over the 
age of 60, and the incidence of PD is expected to increase with the aging 
of the population [1,2]. The pathological hallmark of PD is the pro
gressive loss of dopaminergic neurons in substantia nigra pars compacta 
(SNc), accompanied with the accumulation of misfolded α-synuclein 
(α-syn) in Lewy bodies, which decreases striatal dopamine, and thus 
leads to motor dysfunction, including resting tremors, bradykinesia and 
rigidity [2–4]. Although the pathology of PD remains unclear, compel
ling evidence from clinical, preclinical, and epidemiological studies 
suggests that neuroinflammation and oxidative stress may play central 
roles in PD pathogenesis [3,5,6]. To date, despite substantial efforts, 
there is still no disease-modifying agent to prevent the progression of 
PD; and gene therapy clinical trials for PD also failed to halt or slow the 

disease process of PD [7–11]. Therefore, there’s an urgent need to 
discover new therapeutic agents to protect against the loss of dopami
nergic neurons in PD. In light of this, the development of promising 
agents exhibiting disease-modifying properties is critical for PD 
treatment. 

Notably, natural products show a promising role in the development 
of novel agents for PD treatment due to their pharmacological properties 
linked to neuroprotection [12–14]. Celastrol, a pentacyclic triterpene, is 
an active component of tripterygium wilfordi (thunder god vine). Celas
trol has shown favorable neuroprotective properties in neurodegenera
tive diseases because of its anti-oxidative and anti-inflammatory effects 
[15–17]. Celastrol protects against the neurotoxin-induced loss of 
dopaminergic neurons [15,18], suppresses the activation of microglia 
[16], reduces the production of neuroinflammatory cytokines [16], and 
inhibits the nitric oxide generation induced by inducible nitric oxide 
synthase (iNOS) [16,19,20]. Celastrol promotes autophagy [15], 
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ameliorates the mitochondrial dysfunction [21], and inhibits lipid per
oxidation induced by Fe2+ [22]. Intriguingly, the correspondences be
tween celastrol effects and PD pathogenesis raise the possibility that 
celastrol might be a promising candidate for treatment of PD. However, 
the mechanism underlying the neuroprotective action of celastrol re
mains elusive. 

To investigate the potential mechanisms underlying the neuro
protective effects of celastrol in PD, we initially performed whole- 
genome deep sequencing analysis to explore the differential expres
sion genes (DEGs) in the SNc of celastrol-treated PD mouse model. This 
unbiased high-throughput approach enables the identification of the 
genes associated with the neuroprotective effects of celastrol, such as 
Nrf2, HO1, Nlrp3, Caspase-1 and ASC. Nrf2 (nuclear-factor-E2-related 
factor 2), a key transcription factor, plays a critical role in PD patho
genesis [23]. Under homeostatic conditions, Nrf2 resides in cytosol and 
is degraded by ubiquitination and proteolysis. Under the condition of 
PD-causing toxins, Nrf2 translocates to the nucleus where it binds to 
antioxidant response element (ARE) to induce antioxidant and phase II 
detoxification enzymes, and thus exhibits anti-oxidative and 
anti-inflammatory effects [24–26]. Human genetic studies show that a 
functional haplotype in the Nrf2 gene promoter, confers high tran
scriptional activity of Nrf2 and decreased incidence of PD in Swedish 
and Polish [27,28]. Selegiline (deprenyl), a type-B monoamine oxidase 
(MAO-B) inhibitor, which is currently used in PD treatment, also dis
plays anti-oxidative effect via Nrf2 [29]. Overexpression of Nrf2 protects 
against motor pathology and α-synuclein aggregation [30]; whereas 
deficiency of Nrf2 exacerbates PD phenotypes in mice [24,27]. Celastrol 
relieves inflammation in diet-induced obese mice via Nrf2 pathway 
[31]. Nevertheless, whether the neuroprotective action of celastrol is 
mediated by Nrf2 remains unknown. 

NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3), a 
cytosolic protein, belongs to critical inflammatory signaling complex 
called inflammasome, which participates in the pathogenesis of PD [2, 
32]. The NLRP3 inflammasome is a multiprotein complex that acts as 
intracellular sensor of environmental and cellular stress, which is 
composed of NLRP3, apoptosis associated speck-like protein containing 
a caspase recruitment domain (ASC) and caspase-1 protease [2]. The 
activation of NLRP3 promotes the secretion of IL1β and induces 
pyroptosis [33]. Activation of NLRP3 inflammasome has been observed 
in the SNc of PD patients [2]. Histologic studies reveal elevated NLRP3 
expression in mesencephalic neurons of PD patients, and show a rare 
NLRP3 polymorphism associated with decreased risk of PD [34]. The 
neurotoxins, oxidative stress, aggregation of α-synuclein, genetic mu
tations, and bacterial toxins can activate the NLRP3 inflammasome, and 
trigger caspase-1 activation as well as the caspase-1-mediated release of 
IL1β and IL18, leading to the death of dopaminergic neurons in the SNc 
[2,32,35–37]. A novel Nrf2 activator (DDO7263) targeting brain tissue, 
protects against MPTP-induced PD model by suppressing the NLRP3 
inflammasome and oxidative stress [38]. Astragaloside IV also amelio
rates MPTP-induced dopamine neuron loss and motor deficits through 
suppression of NLRP3 inflammasome [39]. Celastrol reduces the secre
tion of IL1β and IL18 by inhibiting both NLRP3 expression and cleavage 
of caspase-1 [40]. These observations indicate that the activated Nrf2 
suppresses NLRP3 to mitigate the neuroinflammation. However, 
whether the celastrol inhibits NLRP3 inflammasome through Nrf2 to 
exert neuroprotective effects in PD is not yet known. 

To assess the neuroprotective actions of celastrol in PD, we employed 
multiple PD models to better understand the nigro-striatal degeneration, 
including MPTP-induced PD mouse model and the AAV-mediated 
human α-syn overexpression PD model. By using genomewide RNA- 
sequencing approach and the genetically modified mice (Nrf2-KO, 
NLRP3-KO and Caspase-1-KO mice), we identified that Nrf2 and NLRP3 
play key roles in the neuroprotective effects of celastrol. Altogether, we 
provide a direct evidence that celastrol protects against loss of dopa
minergic neurons, maintains nigro-striatal system function, and miti
gates neuroinflammation by suppressing NLRP3 inflammasome via 

activation of Nrf2. These findings suggest that the activation of NLRP3 
might be a key pathological factor that drives PD pathogenesis; whereas 
the suppression of NLRP3 through the Nrf2 pathway may underlie the 
neuroprotective effects of celastrol, which renders celastrol as a prom
ising disease-modifying agent to alleviate progressive dopaminergic 
degeneration. 

2. Results 

2.1. Celastrol protects against loss of dopaminergic neurons in SNc of 
MPTP-induced PD mice 

To assess the neuroprotective potential of celastrol in PD, the MPTP- 
induced PD mouse model was firstly employed. It is reported that 
celastrol may exhibit biphasic pharmacological properties. Celastrol at 
low doses protects against the neurotoxicity; while celastrol at high 
doses exacerbates the neurotoxicity [41]. Therefore, to gain the desired 
therapeutic outcome of celastrol, we examined a range of dosages 
(Supplementary Fig. 1-3) and treatment course (Supplementary 
Fig. 4-6), and finally we decided to initiate treatment with celastrol (10 
μg/kg) for 7 days in MPTP-induced PD mouse model to explore the 
mechanism underlying the neuroprotective effects of celastrol, as shown 
in Fig. 1a. Celastrol treatment led to a marked restoration of the loss of 
dopaminergic neurons (~70% vs. 48%, P < 0.01) (Fig. 1b), rescued the 
reduction of TH protein levels in the SNc (~66% vs. 47%, P < 0.001) 
(Fig. 1c) and STR (70% vs. 48%, P < 0.05) (Supplementary Fig. 8b). The 
decrease of TH+ fibers density (~74% vs. 50%, P < 0.01) was also 
mitigated by celastrol (Supplementary Fig. 8a). The pole descent, 
rotarod test, beam traversal, hindlimb clasping reflexes, and gait test 
showed that the impaired motor coordination and balance were relieved 
by celastrol (Fig. 1d and e). Together, these results suggest that celastrol 
restores the dopamine synthesis, maintains the nigrostriatal function, 
and normalizes the motor function in the MPTP-induced PD mice. 

Given that celastrol exhibits profound anti-neuroinflammatory ef
fects [16,17], the effects of celastrol on neuroinflammation triggered by 
MPTP was assessed. We observed that celastrol treatment led to 
decreased number of GFAP+ (glial fibrillary acidic protein) and Iba1+

(ionized calcium-binding adapter molecule 1) cells, as well as GFAP and 
Iba1 protein levels in both SNc and STR (Supplementary Fig. 9a-c), 
suggesting that celastrol may mitigate the reactive glial cell-mediated 
neuroinflammation. Similarly, quantitative PCR analysis showed that 
celastrol suppressed the expression of the genes associated with 
pro-inflammatory (TNFα, IL1, IL6), while activated the genes linked to 
anti-inflammatory (IL4, IL10) (Fig. 1f). Celastrol led to an enhancement 
of the genes related to anti-oxidative stress (Nrf2, HO1, NQO1, GCLC and 
GCLM), mitochondrial function (Pgc1α, Ucp2, Drp1 and Mfn1); and 
normalized the genes linked to apoptosis (Caspase3 and Caspase9) and 
ER stress (CHOP, GRP78, ERN1, Xbp1 and ATF6) (Fig. 1f), highlighting 
the multiple bioactivities of celastrol in PD. Collectively, these results 
demonstrate that celastrol can relieve the MPTP-induced PD-like 
symptoms, rendering celastrol as a promising disease-modifying agent 
of PD. 

2.2. Nrf2, NLRP3 and Caspase-1 are identified as therapeutic targets of 
celastrol 

To explore the mechanism underlying the neuroprotective action of 
celastrol in PD, whole-genome RNA-sequencing analysis was performed. 
The differential expression genes (DEGs) in the SNc of MPTP-induced PD 
mice treated with celastrol were identified. Gene expression profiles 
(Fig. 2a) and DEGs (Fig. 2b) were visualized as heatmap respectively. 
Celastrol restored the decreased expression of the genes linked to loco
motory behavior (TH, SLC6A3, Nr4a2, Drd2 and Trpc2); anti-oxidative 
stress (Nfe2l2, Hmox1, Nqo1, Sod2, Gpx1); autophagy-lysosomal 
pathway (Beclin1, Ern1 and Hspa5) and ubiquitin-proteasome system 
(Usp14, Alfy, Hsp70) under the condition of MPTP treatment (Fig. 2a and 
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Fig. 1. Neuroprotective effects of celastrol in MPTP-induced PD mouse model. a Diagram of the experimental design. MPTP (20 mg/kg）or vehicle (saline) was injected intraperitoneally (i.p.) for 5 consecutive days 
starting on day − 4 after acclimation (3 days). Then, mice were i.p. treated with celastrol (10 μg/kg) or vehicle (DMSO) per day for 7 days. Tissues were harvested for molecular analyses at day 26 after the last behavior 
test. b Representative photomicrographs and unbiased stereological counts of TH staining in SNc, Scale bars 400 μm. Data are mean ± s.e.m.; n = 10. c Protein levels of TH, DAT and β-actin in SNc. Data are mean ± s.e. 
m.; n = 10. d Time to traverse beam apparatus, time to descend pole, Hind-limb clasping reflex score, fall latency from an accelerating rotarod and gait analysis (e). Data are mean ± s.e.m.; n = 10. f Relative mRNA 
expression of the indicated genes in SNc. Data are mean ± s.e.m.; n = 8. The one-way ANOVAs were used for statistical analysis followed by Bonferroni’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, 
not significant. 
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Fig. 2. Gene profile analysis of SNc in MPTP-induced PD mice treated with celastrol. a Hierarchical clustered heatmap of gene expression profiles for celastrol or 
vehicle treatment in SNc under the condition of MPTP injection. b Heatmap of DEGs of MPTP-received mice treated with celastrol or vehicle. c KEGG analysis 
highlights the DEGs of celastrol treatment compared with vehicle in MPTP-recieved mice, upregulated genes are colored in red, downregulated genes are colored in 
blue. (P < 0.05 with unpaired two-tailed Student’s t-tests). d Gene Ontology enrichment was based on DEGs that have a P value smaller than 0.05. Enrichment 
analysis for Gene Ontology terms among the genes of a gene–trait correlation module was performed using Metascape. e Volcano plot displays DEGs of celastrol 
treatment compared with vehicle in MPTP-received mice. Significantly altered genes are colored in blue, insignificantly altered genes are colored in red. f Venn 
diagram of overlapping significantly changed genes (±1.2 fold, P < 0.05). The top ten overlapping genes are presented in diagram. g Representative immunoblots 
and quantification of relative protein levels in SNc. Data are mean ± s.e.m.; n = 5 biologically independent animals; *P < 0.05, **P < 0.01, and ***P < 0.001. h 
Protein–protein interaction network identified among Nrf2, NLRP3 and Caspase-1 using STRING database. i Human SNc mRNA correlations analysis by 
Gene network. 
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Fig. 3. Neuroprotective effects of celastrol in PD are Nrf2 dependent. a Representative TH staining of SNc and STR, unbiased stereological counts of TH+ neurons in SNc and the quantity of TH+ striatal fiber density in 
STR of WT and Nrf2-KO mice. Scale bar, 400 μm for SNc, 2 mm for STR. b Representative diagram of gait test of WT and Nrf2-KO mice treated with celastrol or vehicle. c Representative immunoblots and quantification 
of TH, DAT in SNc or STR levels of WT and Nrf2-KO mice. Data are mean ± s.e.m.; n = 9. d Time to traverse beam apparatus, time to descend pole, hind-limb clasping reflex score, fall latency from an accelerating 
rotarod. Data are mean ± s.e.m.; n = 9. Two-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not significant. 
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b). Celastrol led to decreased expression of the genes associated with 
neuroinflammation (Gfap, Aif1, Nlrp3, IL18, ASC); apoptosis (Bcl2, Bax, 
Nlrp1a) and ER stress (Ddit3, Ern1, Hspa5, Xbp1) (Fig. 2a and b). To 
obtain deeper insights into signaling pathways regulated by celastrol, 
GO (gene ontogeny) and KEGG (Kyoto Encyclopedia of Genes and Ge
nomes) analyses of DEGs were performed. We observed that celastrol led 
to a marked increase in the pathways related to locomotory behavior, 
dopamine neuron differentiation, neuronal signal transduction and 
neurotransmitter transport; whereas celastrol inhibited the pathways 
associated with inflammation, apoptotic process and neuron death 
(Fig. 2c and d). The volcano plot and Venn diagram showed that 
celastrol treatment led to an induction of TH, SLC6A3, Nfe2l2, Homx1 
and NQO1, and a suppression of GFAP, AIF1, NLRP3, ASC, Caspase-1 and 
ASC under the condition of MPTP administration (Fig. 2e and f). Nrf2 
(NFE2L2) is a transcription factor in anti-oxidative and anti- 
neuroinflammatory process in PD progression [27,42]. It’s recently re
ported that the activation of NLRP3 inflammasome is a critical process 
associated with the PD pathogenesis, which triggers caspase-1 activation 
and caspase1-mediated release of IL1β and IL18, and thus finally drives 
progressive dopaminergic neuropathology [2,32,35]. Celastrol caused 
an induction of Nrf2, and a decrease of NLRP3 and caspase-1 (Fig. 2g).By 
using STRING database, the Nrf2, NLRP3 and caspase-1 proteins and 
their functional interactions which formed the backbone of the cellular 
machinery were exhibited (Fig. 2h). Gene network analysis showed that 
the Nrf2, HO1, NQO1 mRNA levels were positively correlated with TH 
(tyrosine hydroxylase) mRNA levels, while NLRP3, ASC and IL1β mRNA 
levels were negatively correlated with mRNA levels of TH in the human 
SNc, suggesting that Nrf2, HO1, NQO1 may underlie the neuroprotective 
effects of celastrol in PD; and NLRP3, ASC and IL1β may contribute to PD 
pathogenesis in humans (Fig. 2i). Together, these results suggest that 
Nrf2, NLRP3 and caspase-1 may be critical factors that underlie the 
pleiotropic effects of celastrol in PD treatment; and celastrol may protect 
against PD by activating Nrf2 and inhibiting NLRP3 inflammasome. 

2.3. The neuroprotective effects of celastrol against PD are Nrf2- 
dependent 

We have found that celastrol treatment led to a significant increase in 
Nrf2 levels under PD condition (Fig. 2). Thus, to further determine 
whether Nrf2 mediates the neuroprotective effects of celastrol, Nrf2-KO 
mice were employed. As previously reported, deficiency of Nrf2 caused a 
more profound loss of dopaminergic neurons in the SNc (Fig. 3a) [43], 
and celastrol failed to restore the loss of dopaminergic neurons and the 
decreased TH+ fibers density in the Nrf2-KO mice (Fig. 3a). Likewise, the 
neuroprotective effect of celastrol on the TH and DAT (dopamine 
transporter) protein levels was impeded in Nrf2-KO mice (Fig. 3c). In 
addition, celastrol treatment failed to restore the impaired motor coor
dination and balance induced by MPTP in Nrf2-KO mice (Fig. 4b, d). 
These results suggest that Nrf2 may mediate the beneficial effects of 
celastrol against PD. Further, we investigated whether Nrf2 could be 
linked to the anti-neuroinflammatory action of celastrol in PD. We 
observed that mitigative effects of celastrol on the activation of GFAP+

astrocytes and Iba1+ microglia were halted in the SNc of MPTP 
administrated Nrf2-KO mice (Supplementary Fig. 10). Together, these 
observations suggest that celastrol may exert its anti-neuroinflammatory 
effects through activation of Nrf2, which may contribute to the neuro
protective role of celastrol in PD. 

It is well established that activation of Nrf2 can exhibit the beneficial 
effects on neurons, astrocytes, and microglia in PD [24,44,45]. Thus, to 
better understand the mechanism underlying the neuroprotective 
properties of celastrol, we next asked in which cell types Nrf2 partici
pates in the actions of celastrol. By using double staining of Nrf2 with 
cell-type specific markers (TH for dopaminergic neurons, GFAP for as
trocytes and Iba1 for microglia) within SNc, we found that celastrol 
normalized Nrf2 level predominantly in dopaminergic neurons under 
the condition of MPTP, while celastrol had little effect on Nrf2 level in 

both astrocytes and microglia (Supplementary Fig. 11). Taken together, 
these findings suggest that Nrf2 may mediate the neuroprotective and 
anti-neuroinflammatory actions of celastrol mainly in dopaminergic 
neurons. 

2.4. Celastrol inhibits NLRP3 inflammasome to protect against PD 

The NLRP3 inflammasome has been observed in the SNc of both PD 
patients and PD animal models [2]. As previously reported [37,46], 
elevated levels of NLRP3 and ASC triggered by MPTP injection were also 
observed by western and immunohistochemistry analysis in this study 
(Supplementary Fig. 7a and b). Therefore, to determine whether NLRP3 
is involved in the effects of celastrol in PD, the NLRP3-KO mice were 
employed. We found that the loss of dopaminergic neurons in the SNc 
and the decrease in density of TH+ fibers in the STR (Fig. 4a) were 
relieved in MPTP-treated NLRP3-KO mice. The reduction in TH and DAT 
protein levels in the both SNc and STR (Fig. 4c) and the impaired motor 
function (Fig. 4b, d) were also mitigated in MPTP-treated NLRP3-KO 
mice. Notably, the neuroprotective effects of celastrol were unaltered in 
MPTP-treated NLRP3-KO mice (Fig. 4a–d), reflecting that NLRP3 may 
underlie the neuroprotective action of celastrol in PD, and celastrol may 
inhibit NLRP3 inflammasome to protect against PD. In addition, the 
activation of astrocytes and microglia in the both SNc and STR induced 
by MPTP was ameliorated in NLRP3-KO mice, and the 
anti-neuroinflammatory effects of celastrol were unaltered in 
MPTP-treated NLRP3-KO mice ()Supplementary Fig. 12. Together, these 
observations indicate that celastrol may suppress NLRP3 inflammasome 
to protect against PD. 

2.5. The effects of celastrol are mediated by Nrf2-NLRP3-caspase-1 axis 

It is reported that the caspase-1 is activated in dopaminergic neurons 
in the SNc of PD models [2,32,35–37]. The deficiency of caspase-1 al
leviates the loss of dopaminergic neurons in MPTP-induced PD mouse 
model [47]. The caspase-1 is the main effector of NLRP3 inflammasome 
[2]. Therefore, to determine whether caspase-1 underpins the neuro
protective action of celastrol in PD, the caspase-1-KO mice were 
employed. We found that the caspase-1 deficiency profoundly restored 
the loss of dopaminergic neurons in the SNc (Fig. 5a), the reduced TH+

fibers in the STR (Fig. 5a), the decreased TH and DAT levels in the both 
SNc and STR (Fig. 5c), and the impaired motor function (Fig. 5b, d); 
while the neuroprotective actions of celastrol were unaltered (Fig. 5a–d) 
in caspase-1-KO mice, compared with the controls. These findings 
demonstrate that the neuroprotective effects of celastrol in PD may be 
mediated by inhibiting caspase-1, which also confirm that caspase-1 
may be a potential therapeutic target of PD. Since caspase-1 is associ
ated with neuroinflammation during PD progression [48], we further 
decided to ascertain the role of caspase-1 in the anti-neuroinflammatory 
action of celastrol. As shown in Supplementary Fig. 13, the increased 
number of GFAP+ and Iba1+ cells in both SNc and STR was reduced by 
celastrol. Notably, the mitigative effect of celastrol on activation of as
trocytes and microglia was parallel with that of the caspase-1-KO mice. 
These observations suggest that the inhibition of caspase-1 may 
contribute to the anti-neuroinflammatory effects of celastrol. Accumu
lating evidence demonstrates that the activation of NLRP3 inflamma
some has been found in both microglia and dopaminergic neurons 
within SNc of PD patients [2,35,37,47,49]. Thus, to investigate in which 
cell types the suppression of NLRP3 inflammasome may be involved in 
the actions of celastrol, the co-labelling analysis of ASC with TH, GFAP 
and Iba1 was performed. We observed that celastrol treatment led to a 
profound decrease in ASC levels in dopaminergic neurons, microglia and 
astrocytes treated with MPTP (Supplementary Fig. 14). These results 
suggest that celastrol may act on dopaminergic neurons, astrocytes and 
microglia to depress the activation of NLRP3 induced by MPTP. 

We observed that celastrol treatment had little effects on the NLRP3, 
ASC, caspase-1, and IL1β in MPTP-treated Nrf2-KO mice 
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Fig. 4. Neuroprotective actions of celastrol A in PD are mediated by Nrf2-NLRP3 axis. a Representative TH staining of SNc and STR, unbiased stereological counts of TH+ neurons in SNc and the quantity of TH+ striatal 
fiber density in STR of WT and NLRP3-KO mice. Scale bar, 400 μm for SNc, 2 mm for STR. b Representative diagram of gait test of WT and NLRP3-KO mice treated with celastrol or vehicle. c Representative immunoblots 
and quantification of TH, DAT levels in SNc or STR of NLRP3-KO mice. Data are mean ± s.e.m.; n = 9. d Time to traverse beam apparatus, time to descend pole, hind-limb clasping reflex score, fall latency from an 
accelerating rotarod. Data are mean ± s.e.m.; n = 9. Two-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, not significant. 
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Fig. 5. Celastrol suppresses caspase-1 to protect dopaminergic neurons from MPTP neurotoxicity. a Representative TH staining of SNc and STR in WT and Caspase-1-KO mice, unbiased stereological counts of TH+

neurons in SNc and the quantity of TH+ striatal fiber density in STR of WT and Caspase-1-KO mice. Scale bar, 400 μm for SNc, 2 mm for STR. b Representative diagram of gait test of WT and Caspase-1-KO mice treated 
with celastrol or vehicle. c Representative immunoblots and quantification of TH, DAT levels in SNc or STR of WT and Caspase-1-KO mice. Data are mean ± s.e.m.; n = 9. d Time to traverse beam apparatus, time to 
descend pole, hind-limb clasping reflex score, fall latency from an accelerating rotarod. Data are mean ± s.e.m.; n = 9. Two-way ANOVA followed by Tukey’s post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, 
not significant. 
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(Supplementary Fig. 15a), suggesting that the anti-PD effects of celastrol 
may be achieved by inhibiting NLRP3 inflammasome via activation of 
Nrf2. It is reported that pharmacological activator of Nrf2 protects 
against the MPTP-induced PD like symptom by inhibiting NLRP3 
inflammasome [38]. Therefore, to ask whether the inhibition of NLRP3 
by celastrol is dependent on the activation of Nrf2, western analysis was 
performed. We found that celastrol treatment caused increased protein 
levels of Nrf2 and its downstream factors (HO1 and NQO1) in NLRP3-KO 
mice (Supplementary Fig. 15b) suggesting that Nrf2 may be the up
stream regulator of NLRP3 in the action of celastrol in PD. These results 
validate that celastrol may inhibit NLRP3 inflammasome to protect 
against PD via activation of Nrf2, suggesting that Nrf2-NLRP3 axis may 
underlie the favorable effects of celastrol in PD treatment. It is well 
documented that NLRP3 inflammasome is mainly composed of NLRP3, 
adaptor ASC and effector molecule caspase-1, which can promote IL1β 
and IL18 to exacerbate neuroinflammation during PD progression [35, 
47]. We further observed that celastrol treatment elevated Nrf2, HO-1 
and NQO1 in caspase-1-KO mice (Supplementary Fig. 15c), raising the 
possibility that activation of Nrf2 may inhibit caspase-1 to achieve the 
neuroprotective roles of celastrol in PD. Taken together, these findings 
suggest that the anti-PD effects of celastrol may be mediated by 
Nrf2-NLRP3-caspase-1 axis. 

2.6. Celastrol protects against neurodegeneration of dopaminergic 
neurons in SNc overexpressing human α-syn 

As the aggregation of α-syn is the hallmark of PD, to model the neu
rodegeneration of the dopaminergic neurons, AAV-mediated human 
wild-type α-syn (h-α-syn) overexpression within SNc by stereotactic in
jection was performed, as shown in Fig. 6a. Co-labelling with TH (red) and 
h-α-syn (green) ascertained that h-α-syn predominantly expressed within 
SNc at 21 days post injection (Fig. 6b). Similar results were observed that 
h-α-syn overexpression caused marked loss of dopaminergic neurons in 
the SNc (Fig. 6c) [50], reduction of TH and DAT protein levels in both SNc 
(Fig. 6d) and STR (Supplementary Fig. 16c), and these changes were 
effectively reversed by celastrol. These results suggest that celastrol may 
protect against the neurodegeneration of the dopaminergic neurons 
induced by h-α-syn overexpression. Consistently, behavioral tests showed 
that the impaired motor function was also improved by celastrol (Fig. 6e 
and f). In addition, h-α-syn overexpression led to an increased number of 
GFAP+ and Iba1+ cells, and elevated protein levels of GFAP and Iba1 in 
both SNc and STR (Supplementary Fig. 16a and b), which were also 
relieved by celastrol (Supplementary Fig. 16a and b). These results sug
gest that celastrol can mitigate the degeneration of the dopaminergic 
neurons and alleviate neuroinflammation induced by AAV-mediated 
h-α-syn overexpression, highlighting the multiple neuroprotective prop
erties of celastrol. Given that celastrol treatment led to restoration of the 
genes linked to ALP (alkaline phosphatase) and UPS (ubiquitin protea
some system) function in MPTP-induced PD mice, it is possible that 
celastrol may alleviate α-syn pathology to impede the dopaminergic 
neuronal degeneration by enhancing ALP and UPS function. 

As the diagram illustrates in Fig. 6g, our findings suggest that 
celastrol protects against the neurodegeneration of dopaminergic neu
rons and relieves the reactive astrocytes and microglia mediated neu
roinflammation under the conditions of MPTP and h-α-syn 
overexpression. The neuroprotective effects of celastrol in PD may be 
mainly mediated by Nrf2-NLRP3-caspase-1 axis. Collectively, we 
demonstrate favorably neuroprotective effects of celastrol which render 
it as a promising disease-modifying agent in the treatment of PD. 

3. Discussion 

The major findings of this paper are the observation that celastrol 
protects against the loss of dopaminergic neurons, maintains the nigro- 
striatal function, relieves the neuroinflammation, and mitigates motor 
deficit in both MPTP and human α-synuclein overexpression-induced PD 

mouse models. These findings indicate that the multiple pharmacological 
properties of celastrol may contribute to its anti-PD effects, rendering 
celastrol as a promising candidate in the development of PD therapy. 

The whole-genome deep sequencing analysis provides an ability to 
decipher the mechanism of PD pathogenesis [51,52]. In the present 
study, by using this approach, we identified a series of DEGs including 
Nrf2, NLRP3 and caspase-1 in SNc of MPTP-induced PD mice treated 
with celastrol. To obtain deeper insights into signaling pathways regu
lated by celastrol in PD, we performed bioinformatic analysis, and we 
found that celastrol caused a marked increase in the pathways related to 
locomotory behavior, dopamine neuron differentiation, neuronal signal 
transduction, neurotransmitter transport and mitochondrial function, 
whereas celastrol inhibited the pathways associated inflammation, 
oxidative stress, apoptotic process, ER stress and neuron death. These 
findings highlight that celastrol may exert pleiotropic effects to protect 
against PD. Moreover, our findings reveal that Nrf2, NLRP3 and 
caspase-1 may critically underlie the pleiotropic effects of celastrol in PD 
treatment. Celastrol may protect against PD by activating Nrf2 and 
inhibiting NLRP3/caspase-1 pathway. 

It is well documented that Nrf2 expresses in neurons, astrocytes and 
microglia [53–55] and plays an important role in PD pathogenesis [23]. 
Nrf2 overexpression protects against motor pathology and α-synuclein 
aggregation [30]. Nrf2 deficiency exacerbates PD phenotypes in mice [24, 
27]. Selegiline, which is currently used in PD treatment, displays 
anti-oxidative effect via Nrf2 [29]. Human studies demonstrate that a 
functional haplotype in the Nrf2 gene promoter confers higher tran
scriptional activity of Nrf2 and decreased incidence of PD in Swedish and 
Polish [27,28]. In this study, we observed celastrol activates Nrf2 in 
dopaminergic neurons. We found a profound loss of dopaminergic neu
rons and impaired motor function in Nrf2-KO mice under the condition of 
MPTP, which is consistent with a previous report [43]. Moreover, celas
trol did not restore the loss of dopaminergic neurons, impaired motor 
function and neuroinflammation in Nrf2-KO mice. These findings reveal 
that Nrf2 may mediate the neuroprotective effects of celastrol in PD. 

The neuroinflammation and oxidative stress play critical roles in PD 
pathogenesis [3,5,6,56–58]. Newly-discovered evidence suggests that 
NLRP3 inflammasome, which occurs in response to neurotoxicity 
(MPTP, rotenone), misfolded proteins (α-syn) and autophagy defect in 
the brain, has emerged as a critical neuroinflammatory mechanism that 
drives neurodegeneration, rendering it as an important therapeutic 
target in PD [2,32,35,49]. Accumulation of NLRP3 inflammasome can 
be observed in dopaminergic neurons of PD patients [32,36,47]. NLRP3 
inflammasome is also highly expressed in the microglia of PD patients. A 
small-molecule NLRP3 inhibitor, MCC950, can inhibit NLRP3 inflam
masome activation and effectively alleviate motor deficits, nigrostriatal 
dopaminergic degeneration, and accumulation of α-synuclein aggre
gates [2]. Astragaloside IV ameliorates motor deficits and dopaminergic 
neuron degeneration via inhibiting NLRP3-mediated neuro
inflammation and oxidative stress in PD mouse model [39]. Some 
studies have shown that dopamine released from dopaminergic neurons 
can inhibit NLRP3 activation in microglia through the DRD1-CAMP 
pathway [33,59]. Caspase-1 can be triggered within NLRP3 inflamma
some, and is responsible for the production of inflammatory cytokines to 
promote the inflammatory response, which may exacerbate PD patho
genesis [47]. NLRP3-caspase-1 axis has emerged as promising thera
peutic target of neurodegenerative diseases, such as PD and Alzheimer’s 
disease [60,61]. These findings indicate that NLRP3 inflammasome is 
implicated in the PD pathogenesis by inducing the death of dopami
nergic neurons [2,32,35]. In this study, by using NLRP3-KO and 
caspase-1-KO mice, we observed that deficiency of NLRP3 or caspase-1 
exhibits profound mitigation of the loss of dopaminergic neurons, 
nigro-striatal function, neuroinflammation and motor function in 
MPTP-induced PD mice. Our findings suggest that celastrol may act on 
dopaminergic neurons and microglia to inhibit the activation of NLRP3 
and caspase-1, which may underlie the neuroprotective effects of 
celastrol in PD. The NLRP3-caspase-1 axis may mediate the beneficial 
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Fig. 6. Celastrol protects against the loss of dopaminergic neurons in h-α-syn overexpressing mice. a Diagram of the experimental design. Briefly, 4 days after stereotactical injection of AAV-α-syn-GFP, mice i.p. received 
celastrol (10 μg/kg) or vehicle (DMSO) per day for 42 days, tissues were harvested for molecular analyses at day 42 after the last behavior test. b Representational diagram of AAV injection site in mice and the co- 
labelling of TH with h-α-syn showed that h-α-syn mainly expressed within the SNc dopaminergic neurons. c Representative TH staining and quantification of SNc dopaminergic neurons in h-α-syn overexpressing mice 
treated with celastrol. Scale bar, 400 μm. Data are mean ± s.e.m.; n = 10. d Protein levels of TH, DAT and β-actin in SNc of mice treated with celastrol or vehicle under the condition of human α-syn overexpression 
within SNc. Data are mean ± s.e.m.; n = 10. e, f Time to traverse beam apparatus, time to descend pole, hind-limb clasping reflex score, fall latency from an accelerating rotarod and gait analysis. Data are mean ± s.e.m.; 
n = 10. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA with Bonferroni’s post hoc test. g Schematic summary of the mechanism underlying the neuroprotective actions of celastrol in PD. 
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effects of celastrol in PD. 
It is reported that pharmacological activator of Nrf2 protects against 

the MPTP-induced PD like symptom by inhibiting NLRP3 inflammasome 
[38]. In this study, we found that celastrol had little effects on the 
NLRP3, ASC, caspase1, and IL1β in MPTP-treated Nrf2-KO mice; and 
Nrf2 may be the upstream regulator of NLRP3 in the actions of celastrol 
in PD. These results show that celastrol may inhibit NLRP3 inflamma
some to protect against PD via Nrf2, indicating that 
Nrf2-NLRP3-caspase-1 axis may underlie the favorable effects of celas
trol in PD treatment. 

The hallmark of PD is the loss of dopaminergic neurons [6,9,57, 
62–64]. PD is classified as a synucleinopathy, as α-syn, is a major con
stituent of Lewy bodies and Lewy neurites within dopaminergic neurons 
[63,65]. There is growing evidence suggesting that α-syn plays a central 
role in the etiology of PD [58], as it links familial and sporadic forms of 
PD. In this study, to model the neurodegeneration of PD and to ascertain 
the neuroprotective effects of celastrol in PD, we performed the AAV 
vectors-mediated human wild-type α-syn overexpression within the SNc, 
which is considered as a useful approach for preclinical validation of 
new therapeutic agents [58,63,66]. Our findings demonstrate that 
celastrol protects against the neurodegeneration of dopaminergic neu
rons and nigro-striatal system, and mitigates the impaired motor func
tion in the mice overexpressing human α-syn. As previously reported, 
celastrol protects human neuroblastoma SH-SY5Y cells from 
rotenone-induced injury through induction of autophagy [15]. We 
found that celastrol treatment led to a marked induction of the genes 
associated with ALP and UPS functions. These findings suggest that the 
promotion of ALP and UPS may be implicated in the neuroprotective 
effects of celastrol in PD. 

It is reported that celastrol can cross the blood brain barrier to exert 
neuroprotective effects [67]. Nevertheless, the low water solubility, low 
oral bioavailability, short plasma half-life, narrow dosage-window and 
some side effects could hinder celastrol from clinical application as oral 
drugs [67–69]. To overcome these limitations, in our opinion, the 
chemical structure modification and new pharmaceutical dosage forms 
should be developed. 

To date, there is no disease-modifying agents for the treatment of PD 
[9], and recent genetic gene therapies failed to show favorable 
anti-neurodegenerative effects [10,11]. Therefore, development of the 
neuroprotective agents to halt, delay or prevent the progression of PD 
remains a high priority. In this study, our findings suggest that celastrol 
protects against the loss of dopaminergic neurons, maintains 
nigro-striatal system function, mitigates neuroinflammation, and ame
liorates motor defect via Nrf2-NLRP3-caspase-1 signaling pathway, 
suggesting broad neuroprotective properties of celastrol, which render it 
as a promising candidates of PD treatment, and also may help to improve 
the understanding of PD pathogenesis. 

4. Methods and materials 

Mice. C57BL/6 mice were purchased from Charles River Labora
tories. Male mice were used for all the experiments at 8–10 weeks of age 
described in this study. Nrf2-KO knockout mice with a C57BL/6 back
ground were kindly provided by Dr. Siwang Yu of Peking University 
[70]. NLRP3-KO mice (C57BL background) were kind gift from Dr. Han 
Xiao of Peking University Third Hospital [71]. Caspase1-KO mice were a 
kind gift from Dr. Changtao Jiang of Peking University Health Science 
Center [72]. We maintained mice on a 12 h light-dark cycle in a 
temperature-controlled high barrier facility with unrestricted access to 
food and water. During all procedures of experiments, the number of 
animals and their suffering by treatments were minimized. 

4.1. Reagents 

Celastrol were purchased from BOC Sciences (Shirley, NY), this 
compound was used as previously described [2]. Dimethyl sulfoxide 

(DMSO) were obtained from Amresco (Solon, CA). 
Administration of celastrol. Eight to ten weeks old male mice 

weighing 24–28 g were housed under standard conditions. After 1 week 
acclimatization, mice were injected with MPTP at a dose of 20 mg/kg i. 
p. for 5 days, as used previously [73], and the controls were adminis
tered an equal volume of saline (0.9% NaCl). Then mice were admin
istered celastrol (BOC Science Shirley, NY) at dose of 1, 10, 100, 1000 
μg/kg for 7, 14, 21 days. Celastrol was dissolved in DMSO (25 μl) and 
administered to the mice intraperitoneally once a day, as previously 
reported [2]. All treatments were performed within 90 min before dark 
cycle and mice received celastrol or vehicle daily. 

Celastrol treatment at the dosage levels of 10, 100 and 1000 μg/kg 
relieved the reduction of tyrosine hydroxylase (TH) immunoreactivity in 
the SNc and STR (Supplementary Fig. 1b, Supplementary Fig. 2a), 
mitigated the impaired motor function (Supplementary Fig. 1d), atten
uated the loss of dopaminergic neurons and led to a greater TH + fibers 
density in the STR (Supplementary Fig.3), as compared with controls. In 
addition, celastrol administration at the doses of 10 μg/kg in treatment 
courses for 7, 14, 21 days showed significant neuroprotective actions in 
MPTP-induced PD mouse model (Supplementary Fig. 4a,c, Supplemen
tary Fig. 5a, Supplementary Fig. 6). Celastrol alone had no obvious ef
fects on the TH immunoreactivity in the both SNc and STR and motor 
function (Supplementary Fig. 1c, e, Supplementary Fig. 2b, Supple
mentary Fig. 4b, d, and Supplementary Fig. 5b). Based on these obser
vations, we finally decided to initiate treatment with celastrol (10 μg/ 
kg) for 7 days in MPTP-induced PD mouse model.  

Table S1 
Antibodies used in this study.  

Antibodies Source/Cat. No. Host Dilution 

α-synuclein Abcam (ab138501) Rabbit 1:2,000 
(WB) 
1:500 (IHC, 
IF) 

p-α-synuclein 
Ser129 

Biolegend (825701) Mouse 1:500 (IHC, 
IF) 
1:2000(WB) 

Tyrosine Hydroxylase 
(TH) 

Millipore (AB152) 
Santa Cruz (sc-25269) 

Rabbit 
Mouse 

1:2,000 
(WB) 
1:500 (IHC, 
IF) 

Dopamine transporter 
(DAT) 

Bioss (bs-1714R) Rabbit 1:1,000 
(WB) 

NLRP3 Cell signaling technology 
(13158S) 

Rabbit 1:2,000 
(WB) 
1:500 (IHC, 
IF) 

Nrf2 Abcam (ab31163) 
Santa Cruz (sc-365949) 

Rabbit 
Mouse 

1:2000 (WB) 
1:500 (IHC, 
IF) 

P20 Caspase-1 Bioss (bs-10442R) Rabbit 1:500 (IHC, 
IF) 

ASC Bioss (bs-6741R) Rabbit 1:500 (IHC, 
IF) 

IL1β Bioss (bs-6319R) Rabbit 1:2000 (WB) 
GFAP Bioss (bs-0199R) 

Santa Cruz (sc-33673) 
Rabbit 
Mouse 

1:500 (WB) 
1:200 (IHC, 
IF) 

Iba1 Wako (019–19741) 
GeneTex (GTX632426-S) 

Rabbit 
Mouse 

1:500 (IHC) 
1:1,000 
(WB) 

β-actin Abcam (ab7817) Mouse 1:2000 (WB)  

Immunohistochemistry and immunofluorescence. Immunohisto
chemistry and immunofluorescence were performed on 30-μm thick serial 
brain sections. Primary antibodies and working dilutions are detailed in 
Table S1. Mice were perfused with PBS and 4% PFA, and brains were 
removed, followed by fixation in 4% PFA overnight and transferred to 20%– 
30% gradient sucrose for cryoprotection, and subsequently freezed in OCT 
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compound (Sakura FineTech, Tokyo). For histological studies, brain slices 
were blocked with 10% goat serum in PBS with 0.2% Triton X-100 and 
incubated with TH, GFAP or Iba1 antibodies. After washing with PBS three 
times, brain tissues were used appropriate biotin secondary antibody, fol
lowed by avidin-biotin complex and visualized with 3,3′-diaminobenzidine 
(DAB) peroxidase substrate, and photographed by light microscope (Leica 
DMI 4000B, Wetzlar, Germany). The number of TH-positive dopaminergic 
neurons, and the number of microglia and astrocytes in the SNc region, and 
the density of TH positive fibers in the STR were measured with ImageJ 
software. For immunofluorescent studies, dual-antigen immunofluores
cence was performed to detect the expression level of Nrf2, NLRP3 and 
Caspase-1 in dopaminergic neurons, astrocytes or microglia (TH, GFAP and 
Iba1). Sections were washed in PBS and incubated with a mixture of Alexa- 
fluor 488- and 594- conjugated secondary antibodies (1:500) at room tem
perature for 120 min. Sections were mounted with VectaShield medium 
(Vector Laboratories) and analyzed by detecting fluorescin using a fluores
cence microscope (Leica DMI 4000B, Wetzlar, Germany).The selected area 
in the signal intensity range of the threshold was measured using ImageJ 
software. In this study, the statistics of IHC-related experimental results (such 
as TH + neurons) were counted by an investigator who was blind to geno
types or treatment groups by using image processing software. The thickness 
of each SNc and STR brain slice is 30 μm, and every 5 slices in the coronal 
direction are taken for IHC staining, then the staining result of the SNc area 
was obtained by using a fluorescence microscope (Leica DMI 4000B, Wet
zlar, Germany). The total population estimate was calculated using optical 
fractionator estimates [74]. 

Total protein extraction and western analysis. SNc and STR were 
homogenized with a Polytron in ice-cold RIPA buffer [1% Trinton X 100; 10 
mM Na2HPO4 (Sodium phosphate); 150 mM NaCl (Sodium chloride); 1% 
DOC (Sodium deoxycholate or deoxycholic acid); 5 mM EDTA; 5 mM NaF 
(sodium Fluoride); 0.1% SDS] supplemented with protease and phosphatase 
inhibitors (catalog #P8340 and #P2850; Sigma), sonicated and cleared by 
centrifugation (10,000×g, 10 min, at 4 ◦C). Western procedure was previ
ously described [75]. Protein concentration in the supernatant was deter
mined by BCA assay (Aidlab; PP01). Protein (5 μg) in 1 × sample buffer [62.5 
mM Tris•Cl (pH 6.8), 2% (wt/vol) SDS, 5% glycerol, 0.05% (wt/vol) bro
mophenol blue] was denatured by boiling at 100 ◦C for 5 min and separated 
on 8% sodium dodecyl sulfate poly acrylamide (SDS-PAGE) gels and trans
ferred onto nitrocellulose membrane (Pall Corporation; T60327) by elec
trophoresis. Blots were blocked in 5% nonfat milk in Tris-buffered saline and 
Tween 20 (TBST) for 2 h at room temperature and probed with primary 
antibody in 5% BSA-TSBT overnight at 4 ◦C. After overnight incubation, the 
blots were washed three times in TBST for 15 min, followed by incubation 
with HRP-conjugated secondary antibody in TBST with 5% nonfat milk for 2 
h at room temperature. Following three cycles of 15 min washes with TBST, 
the blots were developed using an Enhanced Chemiluminescence assay 
(BIO-Rad). Densitometry analysis was performed on scanned Western blot 
images using the ImageJ software (NIH). 

Behavioral tests. To evaluate the beneficial effect of celastrol on 
behavioral deficits in MPTP-induced PD mouse model and AAV vectors- 
mediated human α-syn overexpression induced PD model, mice were 
assessed by beam traversal, pole test, rotarod test, hindlimb reflect scoring 
and gait test. Before pharmacological testing, mice were handled for a 
week by the same operator to reduce stress, and trained for behavioral 
tests as described below until their motor performance became repro
ducible. Motor function for all animals was tested between 10:00–16:00 in 
the lights-on cycle. All tests were performed similarly to previous studies 
[76–78]. Apparatus was cleaned with 75% ethanol after each trial. 

Beam traversal. A 1 m beam was constructed of four segments of 0.25 m 
in length. Each segment was of thinner widths 3.5 cm, 2.5 cm, 1.5 cm, and 0.5 
cm, with 1 cm overhangs placed 1 cm below the surface of the beam. The 
widest segment acted as a loading platform for the animals and the narrowest 
end placed into home cage. Animals had two days of training to traverse the 
length of the beam before testing. On the first day of training, animals 
received 1 trial with the home cage positioned close to the loading platform 
and guided the animals forward along the narrowing beam. Animals 

received two more trials with limited or no assistance to encourage forward 
movement and stability on the beam. On the second day of training, animals 
had three trials to traverse the beam and generally did not require assistance 
in forward movement. On the third day, animals were timed over three trials 
to traverse from the loading platform and to the home cage. Timing began 
when the animals placed their forelimbs onto the 2.5 cm segment and ended 
when one forelimb reached the home cage. 

4.2. Pole test 

Mice were acclimatized in the behavioral procedure room for at least 
30 min. A 75 cm long pole, 1 cm in diameter, wrapped with non- 
adhesive shelf liner to facilitate the animals grip, was placed into the 
home cage. Animals received two days of training to descend from the 
top of the pole and into the home cage. On the test day, animals were 
placed head-down on the top of the pole and timed to descend back into 
the home cage. Timing began when the experimenter released the ani
mal and ended when one hind-limb reached the home cage base. 

Rotarod test. Rotarod was performed by placing the mice on an 
accelerating rod (4–40 r.p.m. over the course of a 5-min trial, 3 trials/ 
day, 20-min inter-trial interval, for three days). All animals were trained 
3 days before rotarod test. Latency to fall were recorded. Motor test data 
were presented as the percentage of the mean duration (three trials) on 
the rotarod compared to the control. 

Hindlimb reflect scoring. Animals were gently lifted upward by the 
mid-section of the tail and observed over 5–10 s. Animals were assigned 
a score of 0, 1, 2, 3 based on the extent to which the hindlimbs clasped 
inward. 0, indicating no clasping, was given to animals that freely 
moved both their limbs and extended them outward. A score of 1 was 
assigned to animals which clasped one hindlimb inward for the duration 
of the restraint or if both legs exhibited partial inward clasping. A score 
of 2 was given if both legs clasped inward for the majority of the 
observation, but still exhibited some flexibility. A score of 3 was 
assigned if animals displayed complete paralysis of hindlimbs that 
immediately clasped inward and exhibited no signs of flexibility. 

4.3. Gait test 

The testing apparatus is made of a gray acrylic board (3 mm thick), 
and consists of a runway (10 cm width, 60 cm length, 12 cm height) with 
non-slippery white paper and a dark goal box (16 cm width, 10 cm 
length, 12 cm height). On the first training day, mice were habituated to 
the apparatus for 2 min, then their forepaws and hindpaws were painted 
red and black with non-toxic dyes and trained to run to the goal box 
(training trial). In test trials, mice were made to run the runway in the 
same manner (cut-off time 60 s maximum). The footprint patterns were 
analyzed for three parameters (stride length, stride width, and overlap), 
prints near the start and the goal being excluded because of the effects of 
acceleration or deceleration. Stride length was measured as the average 
distance between each forepaw and hindpaw footprint. Stride width was 
measured as the average distance between the right and left footprint of 
each forepaw and hindpaw. Overlap was measured as the average dis
tance between the center of forepaw and hindpaw footprints on the same 
side. At least four values were measured in each trial for each parameter. 

Quantitative real-time PCR. Total RNA was extracted from adipose 
tissues and hypothalamus using TRIzol reagent. Quantification and 
integrity analysis of total RNA was performed by running 1 μl of each 
sample on NanoDrop 5500 (Thermo). The cDNA was prepared by 
reverse transcription (TransScript one-step gDNA removel and cDNA 
synthesis Super MiX). The relative expression of mRNAs was determined 
by the SYBR Green PCR system (Bio-Rad). The relative expression of 
genes of interest was calculated by comparative Ct method and GAPDH 
was used as an endogenous control. GAPDH RNA was chosen as the 
housekeeping gene. Sequences of the primers used for real-time qPCR 
are available in table S2: Primers used in the present study.  
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Whole-genome sequencing analysis. Total RNA was extracted 
from SNc using TRIzol reagent. Quantification and integrity analysis of 
total RNA was performed by running 1 μl of each sample on NanoDrop 
5500 (Thermo). A total amount of 3 μg RNA per sample was used as 
input material for the RNA sample preparations. At least 20 million 
clean reads of sequencing depth were obtained for each sample. Dif
ferential expression analysis of two groups (two biological replicates per 
condition) was performed using the DESeq R package (1.10.1). DESeq 
provide statistical routines for determining differential expression in 
digital gene expression data using a model based on the negative bino
mial distribution. The resulting P-values were adjusted using the Ben
jamini and Hochberg’s approach for controlling the false discovery rate. 
Genes with an adjusted P-value <0.05 found by DESeq were assigned as 
differentially expressed. DEGs were defined as genes with FDR less than 
0.01 and log2 fold change larger than 1 (upregulation) or smaller than 
− 1 (downregulation). Gene Ontology (GO) and pathway annotation and 
enrichment analyses were based on the NCBI COG (https://www.ncbi. 
nlm.nih.gov/COG/), Gene Ontology Database (http://www.geneonto 
logy.org/) and KEGG pathway database (http://www.genome.jp/ke 
gg/), respectively. The software Cluster and Java Treeview were used 
for hierarchical cluster analysis of gene expression patterns. 

Adeno-associated virus induced overexpression of human 
alpha-synuclein. Recombinant AAVs (serotype 2 genome packaged in 
serotype 9 capsid) were used for the expression of human wild-type 
α-syn, GFP driven by the human synapsin-1 promoter and enhanced 
using a woodchuck hepatitis virus posttranscriptional regulatory 
element (WPRE) [50,79]. 

Stereotaxic injection. Vector solution was bilaterally injected 
within the SNc region using a 0.2 mm-gauge stainless steel injector 

connected to a 5 μl Hamilton syringe. In all experimental groups, the 
AAV was injected in a volume of 1 μl/side at a rate of 0.2 μl/min. The 
stereotaxic coordinates used (flat skull position) were: AP = − 3.2 mm; 
ML =± 1.2 mm, DV = − 4.6 mm relative to the bregma, according to the 
atlas of Paxinos and Franklin (2001). Only animals with correct injection 
placements, verified by analysing immunofluorescence staining of 
consecutive coronal brain sections, were included in the statistical 
analysis transgene expression of human wild type alpha-synuclein. 

Sample collection and tissue preparation. For collecting feces, 
mice were placed individually in empty autoclaved cages and allowed to 
defecate freely in the morning after the day of last treatment. Once feces 
were formed of each mouse, they were collected immediately in indi
vidual sterile EP tubes into liquid nitrogen and then stored at − 80 ◦C 
until next usage. 

Statistical analysis. Data are expressed as the mean ± s.e.m. with at 
least three biologically independent experiments. Representative 
morphological images were taken from at least three biologically inde
pendent experiments with similar results. Statistical significance was 
determined using an unpaired two-tailed Student t-test or a two-way 
ANOVAs followed by Tukey’s multiple comparisons test were used. All 
data were analyzed using the appropriate statistical analysis methods, as 
specified in the figure legends, with the SPSS software (version 19.0). 
The test was performed using SPSS. Significance was accepted at * P <
0.05, **P < 0.01 or ***P < 0.001. 

Ethics approval and consent to participate 

Not applicable. 

Table S2 
Primers used in this study.  

Primer Forward Primer 5′-3′ Reverse Primer 5′-3′

TNF-a GACGTGGAACTGGCAGAAGAG TTGGTGGTTTGTGAGTGTGAG 
IL-1beta GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG 
IL-6 TAGTCCTCCTACCCCAATT TTGGTCCTTAGCCACTCCTT 
IL-8 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG 
NF-kB AGAGGGGATTTCGATTCCGC CCTGTGGGTAGGATTTCTTGTTC 
iNOS AAGTCGGGGAGGAGTTTCACG GGAGCTTAACGGAGGCTTGGA 
GFAP CGGAGACGCATCACCTCTG TGGAGGAGTCATTCGAGACAA 
Iba-1 CTTGAAGCGAATGCTGGAGAA GGCAGCTCGGAGATAGCTTT 
PGC1a TCCACTGTCCACCTGATTGA TGGCATGTAGTCTGGAGCTG 
UCP2 ATATAAGCCCAACTGCAGGAAA GTCAAAGTCAGTGCGTTCAAAG 
MFN1 CCGGTCGATGCAACGAGTGATGAGG GCCTCCAGCTTGCATGATCTCCGG 
MFN2 TACGAAGTGGTCTGTGGGCAATCA TCAGCTTGTTGGACAGGGCTATCA 
Drp1 CCACAGGACAGTACAGGATG TCAAGTCGTGCTGAATAATACC 
OPA1 ATGGTGAAGCTGATCGAGAGC GGCATA TTCAGTAATAGAGGC 
PINK1 CGCCTATGAAATCTTTGGGC GCACTGCCTTGGCCATAGAA 
Tfam AAAAGTCGGGGTCTCTCTGAC CAGTCGGTCCAAAATTCTTGTGA 
Nrf1 GGACCCAGTCAGGTTGGTG TCCTGGTCTAAGCCGATTATCAT 
Fis1 ATGTGGCACTTTTATGTGACCA CCCCAGGTTCTTGTCGTCTTG 
Bcl-2 CCTGTGGATGACTGAGTACC CCCACTCGTAGCCCCTCT 
Bcl-xl TGCCCAAGCTCAACTTGAAGA TGGCCGTAGACGGTTGTCATA 
Bax GGCGAATTGGAGATGAAC CCGAAGTAGGAGAGGAGG 
Caspase3 CCCCTGTCATCTTTTGTCCCT AGCTGGCAGAATAGCTTATTGAG 
Caspase9 GGCTGTTAAACCCCTAGACCA TGACGGGTCCAGCTTCACTA 
PUMA CATGGGACTCCTCCCCTTAC CACCTAGTTGGGCTCCATTT 
CHOP AAGCCTGGTATGAGGATCTGC TTCCTGGGGATGAGATATAGGTG 
ATF6 TCGCCTTTTAGTCCGGTTCTT GGCTCCATAGGTCTGACTCC 
GRP78 ACTTGGGGACCACCTATTCCT GTTGCCCTGATCGTTGGCTA 
XBP1 AGCTTTTACGGGAGAAAACTCAC CCTCTGGAACCTCGTCAGGA 
ERN1 ACACTGCCTGAGACCTTGTTG GGAGCCCGTCCTCTTGCTA 
Nrf2 TTCTTTCAGCAGCATCCTCTCCAC ACAGCCTTCAATAGTCCCGTCCAG 
HO-1 CAAGCCGAGAATGCTGAGTTCATG GCAAGGGATGATTTCCTGCCAG 
NQO1 GCGAGAAGAGCCCTGATTGTACTG TCTCAAACCAGCCTTTCAGAATGG 
GCLC ACATCTACCACGCAGTCAAGGACC CTCAAGAACATCGCCTCCATTCAG 
GCLM GCCACCAGATTTGACTGCCTTTG TGCTCTTCACGATGACCGAGTACC 
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA   
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