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INTRODUCTION 
 

Parkinson's disease (PD) is the second most common 

neurodegenerative disease after Alzheimer’s disease. It 

is estimated that about 4.94 million patients suffer from 

PD in China, accounting for  half of the worldwide PD 

patients by 2030 [1]. PD patients always involve motor 

deficits including bradykinesia, resting tremor, muscle 

rigidity, impaired gait and neuropsychiatric 

disturbances [2, 3]. To date, although symptomatic 

treatments exist, no current therapies can effectively 

slow or prevent the progression of PD. Therefore, there 

is an urgent need to develop an anti-PD agent which  

not only ameliorates PD, but also has neuro-protective 

effects. Meanwhile, it is essential to understand the 

potential mechanisms of PD. 

 

PD is characterized by the accumulation of alpha-

synuclein (α-syn) into filamentous aggregates [4, 5]. In 

addition, the primary pathological feature of PD is the 

progressive loss of the dopaminergic neurons in the 

substantia nigra (SN) and striatum, which control motor 
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ABSTRACT 
 

Parkinson's disease (PD) is a common age-related neurodegenerative movement disorder, which is mainly due 
to the loss of dopaminergic neurons. Pyroptosis is a new programmed cell death characterized by NLR Family 
Pyrin Domain Containing 3 (NLRP3)-dependent, IL-1β, IL-18 and Gasdermin D. Salidroside (Sal) has been 
reported to have neuro-protective effect. However, the roles of pyroptosis and Sal on anti-pyroptosis in PD 
have not been elucidated. In this study, we tested underlying mechanisms of pyroptosis in PD and neuro-
protective effects of Sal. We established 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced 
C57BL/6J mice and C57BL/10ScNJ (TLR4-deficient mice) in vivo, MPTP-induced PC-12 and LPS-induced BV2 in 
vitro. We found that Sal could ameliorate MPTP-induced PD symptoms and reduce the levels of IL-1β, IL-18 and 
Gasdermin D, which are main hallmarks of pyroptosis. Further study indicated that Sal alleviated PD through 
inhibiting NLRP3-dependent pyroptosis. In conclusion, pyroptosis plays a key role in PD and Sal protects 
dopaminergic neurons by inhibiting NLRP3-dependent pyroptosis through: (1) indirectly reducing the 
production of NLRP3, pro-IL-1β and pro-IL-18 by inhibiting TLR4/MyD88/NF-κB signaling pathways, (2) directly 
suppressing pyroptosis through inhibiting TXNIP/NLRP3/caspase-1 signaling pathways. These results indicated 
that inhibiting pyroptosis or administration of Sal could be a novel therapeutic strategy for PD. 
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system [6–8]. Neuronal dopamine (DA) concentration is 

upregulated by intracellular DA biosynthesis and DA 

reuptake system. Tyrosine hydroxylase (TH), a key 

enzyme for DA biosynthesis, is decreased in PD, which 

is a hallmark in the progression of PD [9, 10]. 

Interestingly, it was reported that the loss of 

dopaminergic neurons resulted from apoptosis, necrosis 

and autophagy in PD [11–13]. However, there is no 

unified definite theory to explain the cause of loss of 

dopaminergic neurons. Recent studies have revealed 

other type of programmed cell death, pyroptosis, which 

is likely to participate in the process of loss of 

dopaminergic neurons [14–17]. Cells undergoing 

pyroptosis share some features with apoptotic cells such 

as nuclear condensation and chromatin DNA 

fragmentation [15, 18, 19]. However, the pro-

inflammatory nature distinguishes pyroptosis from 

apoptosis despite the dependency on caspase proteins 

[19, 20]. Similar to necrosis, pyroptosis is also executed 

by altering plasma membrane permeability, but 

pyroptosis exhibits no ion selectivity. The formation of 

pores during pyroptosis disrupts the balance of ion 

gradients on both sides of the membrane and leads to 

water inflow. Cell membrane were ruptured and 

released intracellular proinflammatory, including IL-1β, 

IL-18 and HMGB1, which are sufficient to cause a 

cascade of  inflammatory responses, thus pyroptosis is 

also known as inflammatory “necrosis” [15, 19, 21]. 

Pyroptosis, a specialized and pro-inflammatory form of 

programmed cell death, relies on the enzymatic activity 

of cysteine-dependent aspartate-specific protease 

(caspase) family [15–17]. Furthermore, as a new 

discovered pyroptosis executive protein, Gasdermin 

(GSDM) is a member of conserved proteins, including 

GSDMA, GSDMB, GSDMC, GSDMD, DFNA5 and 

DFNB59. Among them, GSDMD is essential in 

pyroptosis, whose gasdermin-N and -C domains can be 

cleaved by caspase family [22–24]. Pyroptosis is a 

critical response of innate immune system and initiated 

by inflammasome through inflammatory caspase 

proteins, such as caspase-1, 4, 5 (humans) and caspase-

1, 11(mice) [22]. As a part of immune system, 

inflammasome are multiprotein complexes assembled 

by pattern recognition receptors (PRRs). There are five 

types of inflammasome, such as NLRP1 inflammasome, 

NLRP3 inflammasome, NLRC4 inflammasome, IPAF 

inflammasome and AIM2 inflammasome. The most 

well-known inflammasome is the NOD (nucleotide 

binding oligomerization domain)-like receptors family 

pyrin domain containing 3 (NLRP3) inflammasome. 

NLRP3 inflammasome is mainly composed of NLRP3, 

the signaling adapter apoptosis-associated speck-like 

protein containing caspases recruitment domain (ASC) 

and caspaes-1 [25, 26]. Neuro-inflammation is common 

feature of neurodegenerative pathologies, for example 

PD  [27, 28]. Accumulating evidence suggest that the 

inflammatory cytokines such as interleukin 18 (IL-18), 

IL-1β and IL-6 play a vital role in the central nervous 

system [28, 29]. As reported, the levels of IL-1β and IL-

18 are significantly increased in PD patients [29]. 

Previous studies found that they are two main indicators 

in pyroptosis [26, 28]. Therefore, pyroptosis may be 

crucial for regulation of central nervous system (CNS) 

inflammation in PD. Activation of NLRP3 

inflammasome promotes the secretion of IL-1β, IL-18 

and the formation of GSDMD pore by activating 

caspase-1 [24, 29]. Thus, NLRP3-dependent pyroptosis 

is critical in PD. 

 

Salidroside (Sal, 2-(4-phydroxyphenethyl)ethyl-β-D-

glucopyranoside, C14H20O7, structure shown in Figure 

1A), one of the main bioactive compounds extracted 

from Rhodiola rosea L., has a wide spectrum of 

pharmacological effects, such as anti-inflammatory 

[27], anti-oxidant [30], anti-depressive [31], anti-

radiation [32], anti-cancer [33] and cardio-protective 

[34]. Notably, Sal may act as potential neuro-protective 

agent through regulating the ROS-NO-related 

mitochondrial pathways [35]. However, the neuro-

protective effects of Sal and its potential mechanisms 

have remained elusive. Therefore, this study aims to 

provide a potential new insight into the therapeutic 

effects of Sal in PD and attempts to explore its 

molecular mechanisms. 

 

RESULTS 
 

Sal improved MPTP-induced PD mice  

 

Pole test 
The mice were subjected to the pole test to evaluate 

bradykinesia. The results showed that MPTP 

significantly prolonged the time to orient downward 

(T1) and descend the pole (T2) in mice, which indicated 

MPTP induced mice bradykinesia. The mice treatment 

with Sal (40, 80 mg/kg,) significantly reversed the 

MPTP-induced prolongation of T1 and T2 (Figure 1B). 

 

Open-field test 
We conducted the open-field test to assess spontaneous 

exploration and emotional response in each group. The 

results showed the traces pattern of movement in the 

different experimental groups (Figure 1C). The MPTP 

group explored the center of the open-field arena 

significantly less than the control group. The Sal (80 

mg/kg) group, although not quite as active as the control 

group, showed obviously more movement than MPTP 

group. The MPTP (80 mg/kg) group significantly 

decreased the distance of locomotor activity and 

average velocity (P < 0.01). Furthermore, the MPTP 

mice tended to spend more time on rests during their 

exploration, compared with the control group. The mice 
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treatment with Sal (40, 80 mg/kg) significantly 

improved MPTP-induced abnormal spontaneous 

exploratory behavior. 

 

Sal improved MPTP-induced brain TH and α-syn 

expression 

TH is the rate-limiting enzyme in dopamine (DA) 

synthesis and α-syn is the main component of Lewy 

body, which are two main characteristic markers in PD 

patients [36]. To evaluate whether Sal could improve 

MPTP-induced PD mice, we detected TH and α-syn 

expression in the SN and striatum by western blotting 

and immunohistochemistry analysis. Sal up-regulated 

TH and down-regulated α-syn in PD mice, which was 

detected by western blotting (Figure 1D). Moreover, 

Immunohistochemical staining results showed that 

significant reduction of TH-positive cells in SN and 

striatum for MPTP group, and Sal significantly 

improved TH expression in SN and striatum (Figure 

2A). The level of α-syn was notably enhanced in MPTP

 

 
 

Figure 1. Sal improved MPTP-induced PD mice. (A) The structure of Sal. (B) The performance of Pole test in MPTP-induced mice. The 
time for mice to turn from upward to downward (T1) and to climb down the pole (T2) was determined (n = 10). (C) The track of mice treated 
with MPTP with or without Sal, 3 min total traveled distance (Distance/3 min) and average velocity (average velocity / 3 min) (n = 10). (D) 
Western blotting was performed to determine the expression of TH and α-syn in Substantia nigra (SN) and striatum of PD mice (n = 3). All 
data are represented as mean ± SD. # P < 0.05, ## P < 0.01 vs. control group, *P < 0.05, **P < 0.01 vs MPTP group. 
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group by immunohistochemistry, whereas these 

alterations were significantly inhibited by Sal (Figure 

2B). The above experiments confirmed that Sal could 

improve the symptoms of MPTP-induced PD mice. 

 

Sal alleviated pyroptosis in PD mice 
 

To verify the pyroptosis in PD mice, we detected the 

levels of the key pyroptosis indicators IL-1β and IL-18 

by enzyme-linked immunosorbent assay (ELISA) kits in 

PD mice. As expected, both factors notably increased in 

the brain of PD mice, which indicated that IL-1β and 

IL-18 may play an important role in the development of 

PD mice (Figure 3A). Sal remarkably decreased the 

levels of IL-1β, IL-18 in PD mice. The activated 

GSDMD could promote the secretion of IL-1β and IL-

18 [22], which can aggravate pyroptosis. In western 

blotting, IL-1β, IL-18 and cleaved GSDMD

 

 
 

Figure 2. Sal upregulated TH and downregulated α-syn in PD mice. Immunochemical staining of TH (A) and α-syn (B) in SN and 
striatum and the relative density of related protein in SN and striatum (n = 3). Original magnification: x200. TH neurons in SN and striatum 
were manually counted by Image J (Abnormal morphological cells were not counted). All data are represented as mean ± SD. # P < 0.05, ## P < 
0.01 vs. control group, *P < 0.05, **P < 0.01 vs MPTP group. 
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significantly increased in the brain of PD mice. 

Consistent with the ELISA results, Sal remarkably 

decreased the levels of IL-1β, IL-18 and cleaved 

GSDMD in PD mice (Figure 3B). These results 

demonstrated that pyroptosis was widespread in PD 

mice and Sal could ameliorate pyroptosis. 

 

Sal inhibited pyroptosis via inhibiting 

TLR4/MyD88/NF-κB and TXNIP/NLRP3/ Caspase-

1 signaling pathways in PD mice 
 

In order to investigate the pyroptosis mechanisms in PD 

and anti-pyroptosis of Sal, western blot and 

immunohistochemistry experiments were investigated 

(Figures 4, 5). In the western blotting analysis, the 

expressions of TLR4, MyD88, p-IкBα, p-NF-кB, 

TXNIP, NLRP3, ASC and cleaved Caspase-1 were 

significantly increased in MPTP-induced PD mice, 

while Sal significantly reversed these changes (Figures 

4A, 5A). Consistently above, the results of the 

immunohistochemistry experiment showed that Sal 

treatment significantly suppressed the expressions of 

TLR4 (Figure 4B) and TXNIP (Figure 5B) in PD mice. 

The above experiments verified that pyroptosis was 

associated with the TLR4/MyD88/NF-κB and 

TXNIP/NLRP3/Caspase-1 signaling pathways and Sal 

alleviated pyroptosis by inhibiting the above pathways. 

Sal prevented PC-12 cells pyroptosis though 

inhibiting the TLR4/MyD88/NF-κB and 

TXNIP/NLRP3/Caspase-1 signaling pathways  
 

To determine whether Sal effects cell viability, PC-12 

cells were exposed to Sal (2, 10, 50 μM) for 24 h. The 

results showed that Sal (2, 10, 50 μM) treatment did 

not affect the viability of PC-12 cells by CCK-8 assay. 

Subsequently, we investigated the effect of Sal on cell 

viability in MPTP-induced PC-12 cells. We found Sal 

could significantly reverse the viability of MPTP-

induced PC-12 cells (Figure 6A). Further studies found 

that MPTP (500 μM) obviously decreased TH and 

increased α-syn in PC-12 cells, which is consistent 

with the results in vivo, and Sal (2, 10, 50 μM) 

significantly restored these alterations (Figure 6B). 

These results showed Sal could prevent α-syn 

aggregation and increase TH in MPTP-induced PC-12 

cells. 

 

Consistently, we detected the levels of inflammatory 

factors IL-1β and IL-18 in the MPTP-induced PC-12 

cells (Figure 6C). The findings, consistent with the 

results in vivo, showed that levels of IL-1β and IL-18 in 

the MPTP treatment were significantly increased, while 

these changes could be reversed by Sal group. To 

investigate the anti-pyroptosis mechanism of Sal in

 

 
 

Figure 3. Sal alleviated pyroptosis in PD mice. (A) Sal inhibited MPTP-induced the increase of IL-1β and IL-18 in SN and striatum of PD 
mice by enzyme-linked immunosorbent assay (ELISA) kits (n = 6). (B) Sal inhibited the expression of cleaved GSDMD, IL-1β and IL-18 in SN and 
striatum of PD mice by Western blotting. (n = 3). All data are represented as mean ± SD. # P < 0.05, ## P < 0.01 vs. control group, *P < 0.05, **P 
< 0.01 vs MPTP group. 
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MPTP-induced PC-12 cells, we conducted western 

blotting and immunofluorescence. The results of 

western blotting demonstrated the up-regulation of 

TLR4, myD88, p-IκBα, p-NF-κB, TXNIP, NLRP3, 

ASC, cleaved Caspase-1, cleaved GSDMD, IL-1β and 

IL-18 in MPTP group, while the Sal treatment groups 

effectively inhibited these alterations (Figure 7A). In 

agreement with the above, the levels of TLR4 and 

TXNIP in Sal (50 μM) treatment group were 

significantly lower than those in MPTP group by 

immunofluorescence (Figure 7B). These results 

revealed that Sal suppressed pyroptosis by inhibiting the 

TLR4/MyD88/NF-κB and TXNIP/NLRP3/Caspase-1 

signaling pathways in MPTP-induced PC-12 cells. 

 

 
 

Figure 4. Sal inhibited pyroptosis via the TLR4/MyD88/NF-κB signaling pathways in PD mice. (A) Sal inhibited TLR4, MyD88, p-
IкBα and p-NF-κB in SN and striatum of PD mice by western blotting (n = 3). (B) Sal inhibited TLR4 in SN and striatum by 
immunohistochemical staining. Original magnification: x200. All data are represented as mean ± SD. # P < 0.05, ## P < 0.01 vs. control group, 
*P < 0.05, **P < 0.01 vs MPTP group.  
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TLR4 plays a vital role in MPTP-induced pyroptosis   
 

We further used C57BL/10ScNJ mice (a TLR4-

deficient mice, TLR4-Def) to investigate whether TLR4 

plays a vital role in pyroptosis in MPTP-induced PD 

mice. In TLR4-Def group displayed the increased 

number of TH-positive neurons in SN and striatum in 

MPTP-induced mice by immunohistochemistry (Figure 

8A). TLR4-Def group also increased TH protein and 

decreased α-syn in SN and striatum of PD mice (Figure 

8B). Preliminary results showed that TLR4 plays a key 

role in the pathogenesis of PD. Previous studies have 

shown that pyroptosis is crucial in PD, and we further 

verified the specific mechanisms in it. Our results 

demonstrated that TLR4 plays a vital role in MPTP-

induced pyroptosis. The main mechanisms inhibited 

MyD88, p-IκBα, and p-NF-κB protein expressions 

(Figure 9A). It was indicated that the production of

 

 
 

Figure 5. Sal inhibited pyroptosis via NLRP3/ASC/Caspase-1 signaling pathways in PD mice. (A) Sal inhibited TXNIP, NLRP3, 
ASC and cleaved Caspase-1 in SN and striatum of PD mice by western blotting (n = 3). (B) Sal inhibited TXNIP in SN and striatum by 
immunohistochemical staining. Original magnification: x200. All data are represented as mean ± SD. # P < 0.05, ## P < 0.01 vs. control 
group, *P < 0.05, **P < 0.01 vs MPTP group. 
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IL-1β, IL-18 and NLRP3 is inhibited by 

TLR4/MyD88/NF-κB signaling pathways. At the same 

time, we also detected NLRP3-depend pyroptosis-

related signaling pathway. It is interestingly that TLR4-

Def group also inhibited MPTP-induced increased of 

TXNIP, NLRP3, ASC, cleaved Caspase-1 and cleaved 

GSDMD protein expressions (Figure 9B). The result 

showed that TLR4-Def group inhibited MPTP-induced 

pyroptosis related indicators, including cleaved 

GSDMD, IL-1β and IL-18 in PD mice (Figure 9C). The 

above experiments further indicated that TLR4 plays a 

vital role in MPTP-induced pyroptosis. 

 

 
 

Figure 6. Sal improved MPTP- induced PC-12 cells. (A) Sal alone does not affect PC-12 cell viability but inhibits MPTP-induced the 
reduction of PC-12 cell viability. PC-12 cells (1 x 104 cells/well) were exposed to a series concentrations of Sal (2, 10, 50 μM) for 24 h to 
determined the toxicity of Sal. PC-12 cells were incubated with Sal (2, 10, 50 μM) for 2 h, and then exposed to 500 μM MPTP for 24 h to 
determined the protective of Sal. The cell viability was measured by cell counting kit-8 (CCK-8) assay. (B) Sal inhibited MPTP-induced 
decreased TH and increased α-syn in PC-12 cells by Western blotting. The cells were incubated with Sal (2, 10, 50 μM) for 2 h, followed by 
stimulation with MPTP (500 μM) for 24 h. (C) Sal inhibited MPTP-induced increased of IL-1β, IL-18 and cleaved GSDMD in PC12 cells. Cells 
were incubated with Sal (2, 10, 50 μM) for 2 h, followed by stimulation with MPTP (500 μM) for 24 h. The levels of IL-1β and IL-18 in the 
supernatant were determined by ELISA, and protein of IL-1β, IL-18 and cleaved GSDMD in cells were determined by Western blotting. All 
data are represented as mean ± SD. # P < 0.05, ## P < 0.01 vs. control group, *P < 0.05, **P < 0.01 vs MPTP group. 
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Figure 7. Sal prevented PC-12 cells pyroptosis through inhibiting the TLR4/MyD88/NF-κB and NLRP3/ASC/Caspase-1 
signaling pathways. (A) Sal inhibited MPTP-induced PC-12 cells pyroptosis through TLR4/MyD88/NF-кB and TXNIP/NLRP3/Caspase-1 
signaling pathways. Cells were incubated with Sal (2, 10, 50 μM) for 2 h, followed by stimulation with MPTP (500 μM) for 24 h. The protein 
expressions of TLR4, MyD88, p-IкBα, p-NF-кB, TXNIP, NLRP3, ASC and cleaved Caspase-1 in MPTP-induced PC-12 cells were determined by 
western blot. (B) Sal inhibited MPTP-induced increase of TLR4 and TXNIP by immunofluorescence. Original magnification: x200. All data are 
represented as mean ± SD. # P < 0.05, ## P < 0.01 vs. control group, *P < 0.05, **P < 0.01 vs MPTP group. 
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Sal inhibited LPS-induced BV2 cells inflammation 

response via TLR4/MyD88/ NF-κB signaling 

pathways 
 

Microglia cells are thought to link between the immune 

and central inflammation response [37]. To investigate 

the role of Sal on TLR4 in microglia cells, we used 

lipopolysaccharide (LPS, a TLR4 receptor agonist) to 

stimulate the BV2 cells. Firstly, we assessed 

cytotoxicity of Sal on BV2 cells. The results showed 

that Sal (2, 10, 50 μM) treatment did not affect the 

viability of BV2 cells (Figure 10A). The results 

demonstrated that TLR4 induced the increase of IL-1β 

and IL-18, and then we further tested whether Sal could 

improve LPS-induced BV2 cell inflammation response. 

Our results showed that Sal inhibited LPS-induced BV2 

cells increased IL-1β and IL-18 in the supernatant 

(Figure 10B). Sal also suppressed IL-1β and IL-18 

protein expression in BV2 cells (Figure 10C), and then 

Further suppressed IL-1β and IL-18-induced pyroptosis. 

TLR4 plays a vital role in PD mice, so we further 

verified whether Sal inhibited TLR4 related signaling 

pathways. The results showed that Sal inhibited the 

increase of TLR4, MyD88, p-IκBα and p-NF-κB in 

LPS-induced BV2 cell (Figure 10C). Further study 

indicated that Sal (50 μM) inhibited TLR4 in  

LPS-induced BV2 cells by immunofluorescence (Figure 

10D). As expected, these results suggested that

 

 
 

Figure 8. TLR4 plays a vital role in MPTP-induced pyroptosis. (A) TLR4-Def group inhibited MPTP-induced the reduction of TH-positive 
neurons in SN and striatum by immunochemical staining (n = 3). Original magnification: x200. (B) Western blotting was performed to 
determine the expressions of TH and α-syn in SN and striatum of TLR4-Def PD mice (n = 3). All data are represented as mean ± SD. # P < 0.05, 
## P < 0.01 vs. control group, *P < 0.05, **P < 0.01 vs MPTP group. 
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Sal suppressed inflammatory-related pyroptosis 

cytokines IL-1β and IL-18 by inhibiting the 

TLR4/MyD88/NF-κB signaling pathways. 

 

DISCUSSION  
 

Accumulating evidence suggests that Sal has many 

pharmacological activities. In particular, Sal exhibits 

anti-inflammatory and anti-oxidant, both in vitro and in 

vivo. In present study, we reveal that Sal partially 

inhibits DA neurons pyroptosis and its potential 

mechanisms. The new findings are as follows: (1) 

Pyroptosis plays an important role in the development 

of PD. (2) Sal ameliorates PD by inhibiting pyroptosis 

in vitro and in vivo. (3) Sal inhibits the pyroptosis by the 

following two aspects: 1) indirectly reducing the 

production of NLRP3, pro-IL-1β and pro-IL-18 by 

inhibiting TLR4/MyD88/NF-κB signaling pathways, 2) 

directly suppressing pyroptosis through inhibiting 

TXNIP/NLRP3/Caspase-1 signaling pathways, as 

illustrated in Figure 11. 

 

PD is a common age-related neurodegenerative disease 

and typically characterized by loss of dopaminergic 

neurons [6–8]. The number of DA neurons progressively 

reduced at least 50% of SN DA neurons and more than 

80% of striatum DA neurons in PD patients [38]. MPTP, 

a selective toxin for DA neurons, could induce

 

 
 

Figure 9. TLR4 aggravated pyroptosis by activating the TLR4/MyD88/NF-κB and NLRP3/ASC/Caspase-1 signaling pathways. 
(A–C) Western blotting was performed to determine the expressions of TLR4, MyD88, p-IкBα, p-NF-кB, TXNIP, NLRP3, ASC, cleaved caspase-1, 
cleaved GSDMD, IL-1β and IL-18 in SN and striatum of TLR4-Def PD mice (n = 3). All data are represented as mean ± SD. # P < 0.05, ## P < 0.01 
vs. control group, *P < 0.05, **P < 0.01 vs MPTP group. 
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Figure 10. Sal inhibited LPS-induced BV2 cells inflammation response via TLR4/MyD88/ NF-κB signaling pathways. (A) Effect of 
different doses of Sal on BV2 cell viability. BV2 cells (1 x 104 cells/well) were exposed to different concentrations of Sal (2, 10, 50 μM) for 24 h. 
The cell viability of BV2 was measured by CCK8 assay. (B) The levels of IL-1β and IL-18 in the supernatant of BV2 cells were determined by 
ELISA kits (n = 6). BV2 cell were treated with Sal (2, 10, 50 μM) for 2 h, followed by stimulation with LPS (100 ng/ml) for 24 h. (C) Western 
blotting was performed to determine the expressions of TLR4, MyD88, p-IкBα, p-NF-кB in LPS-induced BV2 cells. The cells were incubated 
with Sal (2, 10, 50 μM) for 2 h, followed by stimulation with LPS (100 ng/ml) for 30 min. Western blotting was performed to determine the 
expression of IL-1β and IL-18 in LPS-induced BV2 cells. The cells were incubated with Sal (2, 10, 50 μM) for 2 h, followed by stimulation with 
LPS (100 ng/ml) for 24 h. (D) Immunofluorescence staining of TLR4 in BV2 cells. The cells were incubated with Sal (50 μM) for 2 h, followed by 
stimulation with LPS (100 ng/ml) for 30 min. Original magnification: x200. All data are represented as mean ± SD. # P < 0.05, ## P < 0.01 vs. 
control group, *P < 0.05, **P < 0.01 vs LPS group. 
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humans and non-human primates to Parkinson 

symptoms [39]. Therefore, neurotoxin MPTP has been 

one of the most extensive recognized drugs to induce PD 

model in vivo and in vitro [39, 40]. PC-12 cells, derived 

from a pheochromocytoms of rat adrenal medulla, 

exposure to nerve growth factor (NGF) to induce 

neuronal differentiation [41]. PC-12 cells could 

differentiate to dopaminergic neuron-like cells, and then 

secret dopamine, norepinephrine and acetylcholine [41]. 

So it has been widely used as a PD model in vitro [41–

43]. Therefore, MPTP-induced dopaminergic neuron 

loss in C57BL/6 mice and MPTP-induced PC-12 cell 

injury were used as our experimental models in vitro and 

in vivo. The results showed that Sal effectively improved 

MPTP-induced behavioral disorder. TH is a rate-limiting 

enzyme in DA biosynthesis and is closely related to the 

development of PD. Our studies demonstrated that 

MPTP-treated mice showed a 54% decrease in TH-

positive neurons, which is consistent with previous 

studies [9, 44] and Sal could increase TH-positive cells 

in SN and striatum. In addition, the defects of protein 

degradation are common in neurodegenerative 

pathologies [45]. It is well known that the excessive 

accumulation of α-syn is another typical pathological 

features of PD [4, 5]. Previous study showed that α-syn 

aggregates might activate NLRP3 inflammasome 

through microglia endocytosis to participant in the 

pathogenesis of PD [46]. Our results indicated that Sal 

treatment significantly decreased α-syn accumulation in 
vivo and in vitro. These results suggested that Sal could 

be a promising agent for PD.  
 

Central nervous system (CNS) immune activation and 

then neuro-inflammation occur in various 

neurodegenerative diseases [47]. Although the precise 

pathogenesis of PD still remains elusive, many studies 

suggested that inflammation and oxidative stress are 

crucial in PD pathogenesis [11, 47]. As previously 

reported, inflammatory factors such as IL-6, IL-1β and 

IL-18 were notably increased in PD patients [28, 29]. 

Indeed, IL-1β and IL-18 are critically involved in the 

development of PD [29, 48]. Previous studies 

demonstrated that Sal plays a protective role in anti-

inflammatory in neurodegenerative diseases [49]. Our 

result showed that Sal significantly counteracted the 

MPTP-induced increase levels of IL-1β and IL-18 in 
vivo and in vitro. The secretion of IL-1β and IL-18 is 

mainly regulated by NLRP3 inflammasome [50]. As 

cytosolic multi-protein complexes, inflammasome can 

be divided into subtypes based on the different 

 

 
 

Figure 11. Schematic mechanism illustration of Sal ameliorates PD by inhibiting the NLRP3-dependent pyroptosis. The main 
mechanisms are as follows: (1) Sal indirectly reducing the production of NLRP3, pro-IL-1β and pro-IL-18 by inhibiting TLR4/MyD88/NF-κB 
signaling pathways; (2) Sal directly suppressing pyroptosis through inhibiting TXNIP/NLRP3/caspase-1 signaling pathways. These results 
indicated that inhibiting pyroptosis or administration of Sal could be a novel therapeutic strategy for PD. 
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combinations of molecules, and the main is NLRP3 

inflammasome. NLRP3 inflammasome, including 

NLRP3, ASC and Caspase-1, is currently the most fully 

characterized inflammasome [51]. NLRP3 inflammasome 

activation has been confirmed in neurodegenerative 

diseases, including PD and Alzheimer’s disease (AD) [52, 

53]. Moreover, NLRP3 KO mice exhibited the decrease 

of IL-1β protein in the brain and alleviated inflammation 

responses [54]. In addition, Oxidative stress is also a 

critical in the pathogenesis of PD [55]. Thioredoxin-

interacting protein (TXNIP), an endogenous inhibitor of 

thioreedoxin (TRX), is associated with activation of 

NLRP3 inflammasome [56, 57]. We found that Sal 

effectively reduced TXNIP in vivo and in vitro. The 

activation of NLRP3 can not only promote caspase-1 

maturation but also promote the  secretion of IL-1β and 

IL-18 and then induce pytoptosis [58]. As an 

inflammasome-mediated programmed cell death, 

pyroptosis plays a pivotal role in maintaining homeostasis 

and in removing unnecessary cells [59]. Actived NLRP3-

dependent pyroptosis can further increase the release of 

IL-1β and IL-18 and promote inflammatory responses 

[60]. The activity of caspase-1 is closely regulated by 

multi-protein complexes called ‘NLRP3 inflammasome’ 

and activated caspase-1 could regulate the cleavage of the 

inactive precursor pro-IL-1β and pro-IL-18 to active IL-

1β and IL-18 [61, 62]. As a pyroptosis executive protein, 

GSDMD oligomerization is initiated by caspase-1-

mediated removal of C-terminal inhibitory domain, which 

activates GSDMD [21]. The matured IL-1β and IL-18 are 

secreted extracellular by GSDMD pore [21, 30] to  

exert inflammatory effect, and further induce DA  

neurons damage. In our study, we found that Sal inhibited 

IL-1β, IL-18 and cleaved GSDMD levels in vivo and in 
vitro. Its main mechanism is directly inhibiting 

TXNIP/NLRP3/Caspase-1 dependent pyroptosis. 
 

TLR4, an important member of the TLRs family, is 

involved in various neurodegenerative diseases, 

including Alzheimer's disease (AD), Parkinson's disease 

(PD), Huntington's disease (HD), amyotrophic lateral 

sclerosis (ALS) and so on [63–65]. TLR4 combines 

myeloid differentiation primary response protein 88 

(MyD88) proteins, activates nuclear factor-κB (NF-κB) 

and then stimulates to cause a cascade of  inflammatory 

responses [66]. Activated NF-κB transported from 

cytoplasm to nucleus and then promoted the secretion of 

pro-IL-1β, pro-IL-18 and NLRP3, which are crucial for 

regulation of pyroptosis [67, 68]. Our results displayed 

that Sal significantly reduced the expressions of TLR4, 

MyD88, p-NF-κB in vitro and in vivo. To further study 

the role of TLR4 in NLRP3-dependent pyroptosis in 

PD, we used TLR4 deficient mice (C57BL/10ScNJ, 

TLR4-Def) to investigate it. The results showed that 

TLR4-Def mice reversed pathology in PD model, and 

reduced NLRP3 and α-syn aggregates, which preserved 

DA neurons loss and associated neurologic deficit. 

These results suggested TLR4 plays an important role in 

PD and increases NLRP3-dependent pyroptosis. 
 

Microglia, the first line of defense when injury or 

diseases occur, are the innate immune cells of the 

central nervous system [69, 70]. Microglia activation in 

the brain of PD patients results in non-autonomous cell 

processes and even DA neurons degeneration [71]. The 

activation of microglia can secrete many 

neurotransmitters and pro-inflammatory cytokines such 

as IL-1β and IL-18, which not only regulate the 

inflammatory response, but also directly and indirectly 

damage neurons [72]. Toll-like receptors (TLRs) have 

been regarded as the primary innate immune receptors 

that can be activated by endogenous danger factors and 

then induced inflammation responses in PD [73]. In this 

study, we explored the other potential mechanisms of 

neuro-inflammation in PD by LPS-stimulated BV2 

microglia cells. LPS can activate NF-κB to transport 

from cytoplasm to nucleus by TLR4/MyD88/NF-κB 

signaling pathways and then up-regulate downstream 

inflammatory factors and promote the secretion of IL-

1β and IL-18. Our results displayed that Sal could 

reduce the release of IL-1β and IL-18 by inhibiting the 

TLR4/MyD88/NF-κB signaling pathways. 

 

In conclusion, our data strongly support that pyroptosis 

plays an essential role in development of PD and Sal 

ameliorates DA neuronal damage by suppressing 

NLRP3-dependent pyroptosis. These findings indicated 

that inhibiting pyroptosis or administration of Sal could 

be a novel therapeutic strategy for PD.  

 

MATERIALS AND METHODS 
 

Main reagents and kits 
 

Salidroside was provided by the Second Medical 

University (Shanghai, China; purity > 99%). MPTP-

HCl was purchased from MedChemExpress (New 

Jersey, USA). Lipopolysaccharide (LPS) was purchased 

from Sigma Aldrich (St. Louis, USA). Enzyme-linked 

immunosorbent assay (ELISA) kits of interleukin (IL)-

18 and IL-1β were purchased from Elabscience 

(Wuhan, China). The primary antibodies against 

MyD88, p-IκBα, IκBα, NF-κB, ASC, cleaved-Caspase-

1, GSDMD, α-Synuclein, TH, TXNIP and GAPDH 

were purchased from Cell Signaling Technology 

(Danvers, MA, USA). The anti-p-NF-κB, TXNIP, 

NLRP3, IL-1β and IL-18 primary antibodies were 

produced by Abcam (Cambridge, UK). The anti-TLR4 

primary antibody was purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). The antibodies are 

listed in Supplementary Table 1 and the critical 

chemicals are listed in Supplementary Table 2.  
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Animals and experimental design 
 

Eight-week-old male C57BL/6 mice weighing 22-25g 

were supplied by the Jiangning Qinglongshan Animal 

Cultivation Farm (Nanjing, China) and were acclimated 

for 7 days prior to the experiments under a standard 

laboratory animal facility (25°C, 12 h light/dark cycle) 

with food and water ad libitum. Forty male mice were 

randomly assigned to four groups (ten mice per group): 

(1) Control group, (2) MPTP group, (3) MPTP + Sal (40 

mg/kg) group, (4) MPTP + Sal (80 mg/kg) group. The 

mice were injected with MPTP (30mg/kg, dissolved in 

normal saline, intraperitoneal i.p.) for 5 days, while the 

control group mice were injected with the same amount 

of normal saline (i.p.). Mice were given Sal (40 and 80 

mg/kg) at corresponding dose by daily intragastric 

gavage (i.g.), while the control group mice were given 

identical volumes of purity water. The mice were 

sacrificed for brain tissue after behavioral tests. 

 

Eight-week-old male C57BL/10ScNJ (TLR4-deficient) 

mice weighing 22-25g were supplied Model Animal 

Research Center of Nanjing University and were 

acclimated for 7 days prior to the experiments. The 

mice were assigned to three groups (ten mice per 

group): (1) Wild type (control) group, (2) MPTP group, 

(3) MPTP+TLR4-Def (TLR4-Def) group. The mice 

were injected with MPTP (30 mg/kg, dissolved in 

normal saline, intraperitoneal, i.p.) for 5 days, while the 

control group were injected with the same amount of 

normal saline (i.p.). 

 

Behavioral tests  
 

Pole test 

The pole test was performed according to previously 

published protocols [74]. Mice were adapted to the 

environment for 3 days prior to the testing and 

performed 1 day after treatments. During the test, mice 

whose heads faced upwards were placed on the top of a 

rough surfaced pole (1 cm in diameter and 55 cm in 

height) and climbed down the pole. The time required 

for mice to turn completely downwards (T1) and to 

climb down the pole (T2) were recorded. It is required 

for us to re-test when the mice stoped halfway or 

climbed reverse. The experiments were performed by 

examiners  blinded to each group.   

 

Open-field test 
Mice were placed in a white square arena(45×45×60 cm), 

and mice behavior on the arena were continuously 

recorded for 3 minutes with a video camera (Sony CCD 

IRIS; Sony, Tokyo, Japan) located above the arena. 

Results of the open-field test were analyzed with ANY-

Maze animal behavior analysis system (Zhongshidichuang 

Science and Technology Developmant Co., Ltd.). We 

monitored the tracks of mice, distance, average velocity,  

during 3-minute open-field test. The open-field arena was 

cleaned with 70% ethyl alcohol and was permitted to dry 

between tests. The experiments were performed by 

examiners blinded to each group. 

 

Cell culture 
 

Rat adrenal pheochromocytoma cell lines (PC-12) were 

obtained from the Cell Bank of the Chinese Academy of 

Sciences (Shanghai, China) and BV2 cell lines was 

purchased from the American Type Culture Collection. 

Both cultured in Dulbecco's modified Eagle's medium 

(DMEM, high glucose, NanJing KeyGen Biotech Co., 

Ltd.) containing 10 % fetal bovine serum (FBS, Gibco), 

penicillin (100 IU/ml) and streptomycin (100 μg/ml). 

Cells were cultured in a humidified incubator with 5% 

CO2 at 37°C and medium was replaced every 2-3 days.  

 

The PC-12 cells were adjusted to 2×105cell/well and 

were seeded in a 6-well plate. The cells were incubated 

with Sal (2, 10, 50 μM) for 2 h, followed by stimulating 

with MPTP (500 μM) for 24 h. Finally, all the cells 

were collected for the various analyses. 

 

The BV2 cells were seeded in a 6-well plate at a density 

of 2×105cell/well. Then, cells were incubated with Sal 

(2, 10, 50 μM) for 2 h, followed by stimulating with 

LPS (100 ng/ml) for 30 min. Finally, all the cells were 

then collected for the various analyses. 

 

Cell viability assay 
 

The PC-12 cells (1×104cells/well) and BV2 cells 

(1×104cells/well) were seeded in 96-well plates and cell 

viability was measured by the Cell Counting Kit-8 

(CCK-8, Beyotime Biotechnology, Nantong, China). 

The data were assessed as the percentage of the average 

absorbance to the control group. Cell viability (%) = (A 

Treat/A Control)×100 %. 

 

Inflammatory cytokines levels in brain and cell 

supernatant 
 

The concentrations of IL-1β and IL-18 in brain and cell 

supernatant were determined by enzyme-linked 

immunosorbent assay (ELISA) kits according to the 

manufacturer's instructions (Elabscience, China). 

 

Immunohistochemistry staining 
 

SNpc and striatum were processed for Immunohis-

tochemistry (IHC) analysis. IHC was performed as 

described in previous reports with minor modifications 

[53]. Briefly, the mice were perfused with 4% 

paraformaldehyde (PFA). Subsequently, we removed the 
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brains and fixed in 4% PFA for 48h and then embedded in 

paraffin and sliced into 5 μm thick sections. Three mice 

per group (one mice for two sections) for IHC, totally six 

section of SNpc and striatum was processed for IHC. The 

sections were were dewaxed by xylene and hydrated in 

graded ethanol, then micro-waved in sodium citrate 

buffer. The endogenous peroxidase was blocked with 3% 

hydrogen peroxide for 30 min. Each sample was blocked 

with 5% goat serum for 30 min and then treated with 

primary antibodies TH (Cell Signaling Technology, 

#5884, 1:300), α-syn (Cell Signaling Technology, #4179, 

1:200), TXNIP (Abcam, ab188865, 1:200) and TLR4 

(Santa cruz, sc-293072, 1:50) at 4°C overnight. On the 

second day, the sections were washed and incubated with 

the goat anti-rabbit IgG (the first three primary antibodies) 

and the goat anti-mouse IgG (the last primary antibodies) 

secondary antibodies for 30 min. Then, the sections were 

stained with 3,3- diaminobenzidine (DAB) and 

counterstained with hematoxylin. After dehydrating and 

drying, they were mounted with neutral gum. Images 

were collected using an inverted fluorescent microscope 

(Nikon, Ts2R, Japan). For the densitometric analyses, the 

percentage of positive staining (brown staining) was 

measured by Image J.  

 

Immunofluorescence staining 
 

The expressions of TLR4, TXNIP in the PC-12 cells 

and The expression of TLR4 in BV2 cells were 

evaluated by immunofluorescence. Briefly, the cells 

were fixed with 4% paraformaldehyde for 30 min and 

washed three times in PBS (5 min/time). Subsequently, 

the cells were punched with 0.3% Triton X100 for 15 

min and blocked with 5% BSA for 2 h, The primary 

antibodies TLR4 (Santa cruz, sc-293072, 1:50) and 

TXNIP (Cell Signaling Technology, #14715, 1:50) were 

incubated at 4°C overnight. After washing with 

phosphate buffer saline (PBS), the cells were incubated 

with a fluorescence-conjugated antibody (1:400) for 2 h 

at room temperature. After washing three times with 

PBS (5 min/time) and then with 4',6-diamidino-2-

phenylindole (DAPI) for 5 min. Cells were observed 

and captured with inverted fluorescent microscope 

(Nikon, Ts2R, Japan). 

 

Western blot 
 

Substantia nigra and striatum, PC-12 and BV2 cells were 

homogenate in an ice-cold RIPA buffer containing 1 

mM phenylmethyl- sulfonyl fluoride (PMSF). Lysates 

were incubated on ice for 20 min and then the samples 

were centrifuged at 12,000×g for 15 min at 4°C. The 

supernatant was collected and then the total protein was 

detected by BCA protein assay kit (Beyotime 

Biotechnology, Nantong, China). The proteins were 

separated by SDS-polyacrylamide gelelectrophoresis 

(SDS-PAGE) and transferred to polyvinylidene fluoride 

(PVDF) membranes. The membranes were incubated in 

5% skim dried milk for 2 h at room temperature, and 

then incubated with primary antibodies TH (Cell 

Signaling Technology, #5884,1:1000), α-syn (Cell 

Signaling Technology, #4179, 1:1000), TLR4 (Santa 

cruz, sc-293072, 1:200), MyD88 (Cell Signaling 

Technology, #4283, 1:1000), p-IκBα (Cell Signaling 

Technology, #2859, 1:1000), IκBα (Cell Signaling 

Technology, #4814, 1:1000), NF-κB (Cell Signaling 

Technology, #8242, 1:1000), p-NF-κB (Abcam, 

ab86299, 1:1000), TXNIP (Cell Signaling Technology, 

#14715, 1:1000), NLRP3 (Abcam, ab214185, 1:1000), 

ASC (Cell Signaling Technology, #67824, 1:1000), 

cleaved Caspase-1 (Cell Signaling Technology, #89332, 

1:1000), IL-1β (Abcam, ab9722, 1:1000), IL-18 

(Abcam, ab207323, ab191860, 1:1000) and GAPDH 

(Cell Signaling Technology, #2118, 1:1000) overnight at 

4°C. After washing with TBST for three times (5 

min/time), the membranes were incubated with the 

second antibodies (1:1000) at room temperature for 2 h. 

The membranes were washed and then visualized using 

an ECL advanced kit and detected with a gel imaging 

system (Tanon Science and Technology Co., Ltd., China). 

 

Statistical analysis 
 

All data are expressed as the mean ± standard deviation 

(SD). The differences between the different groups were 

analyzed by one-way analysis of variance (ANOVA), 

followed by Tukey's multiple comparison test. P <0.05 

was considered statistically significant. 

 

AUTHOR CONTRIBUTIONS 
 

X.Z., T.Y., F. B., and L.Z. conceived and designed the 

study. X.Z. and Y.Z. performed the experiments. X.Z. 

and R.L. analyzed the specimens. X.Z. and L.Z. wrote 

and prepared the original draft. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest. 

 

REFERENCES 
 

1. Li G, Ma J, Cui S, He Y, Xiao Q, Liu J, Chen S. Parkinson’s 
disease in China: a forty-year growing track of bedside 
work. Transl Neurodegener. 2019; 8:22. 

 https://doi.org/10.1186/s40035-019-0162-z 

 PMID:31384434 

2. Lang AE, Lozano AM. Parkinson’s disease. First of two 
parts. N Engl J Med. 1998; 339:1044–53. 

 https://doi.org/10.1056/NEJM199810083391506 

 PMID:9761807 

https://doi.org/10.1186/s40035-019-0162-z
https://pubmed.ncbi.nlm.nih.gov/31384434
https://doi.org/10.1056/NEJM199810083391506
https://pubmed.ncbi.nlm.nih.gov/9761807


 

www.aging-us.com 9421 AGING 

3. Lang AE, Lozano AM. Parkinson’s disease. Second of 
two parts. N Engl J Med. 1998; 339:1130–43. 

 https://doi.org/10.1056/NEJM199810153391607 

 PMID:9770561 

4. Dunnett SB, Björklund A. Prospects for new restorative 
and neuroprotective treatments in parkinson’s disease. 
Nature. 1999; 399:A32–9. 

 https://doi.org/10.1038/399a032 

 PMID:10392578 

5. Gasser T. Molecular pathogenesis of parkinson disease: 
insights from genetic studies. Expert Rev Mol Med. 
2009; 11:e22. 

 https://doi.org/10.1017/S1462399409001148 

 PMID:19631006 

6. Schapira AH, Bezard E, Brotchie J, Calon F, 
Collingridge GL, Ferger B, Hengerer B, Hirsch E, Jenner 
P, Le Novère N, Obeso JA, Schwarzschild MA, 
Spampinato U, Davidai G. Novel pharmacological 
targets for the treatment of parkinson’s disease. Nat 
Rev Drug Discov. 2006; 5:845–54. 

 https://doi.org/10.1038/nrd2087 

 PMID:17016425 

7. Burbulla LF, Song P, Mazzulli JR, Zampese E, Wong YC, 
Jeon S, Santos DP, Blanz J, Obermaier CD, Strojny C, 
Savas JN, Kiskinis E, Zhuang X, et al. Dopamine 
oxidation mediates mitochondrial and lysosomal 
dysfunction in parkinson’s disease. Science. 2017; 
357:1255–61. 

 https://doi.org/10.1126/science.aam9080 

 PMID:28882997 

8. Parnetti L, Gaetani L, Eusebi P, Paciotti S, Hansson O, 
El-Agnaf O, Mollenhauer B, Blennow K, Calabresi P. CSF 
and blood biomarkers for parkinson’s disease. Lancet 
Neurol. 2019; 18:573–86. 

 https://doi.org/10.1016/S1474-4422(19)30024-9 

 PMID:30981640 

9. Capitelli C, Sereniki A, Lima MM, Reksidler AB, Tufik S, 
Vital MA. Melatonin attenuates tyrosine hydroxylase 
loss and hypolocomotion in MPTP-lesioned rats. Eur J 
Pharmacol. 2008; 594:101–08. 

 https://doi.org/10.1016/j.ejphar.2008.07.022 

 PMID:18674531 

10. Sanberg PR, Borlongan CV, Othberg AI, Saporta S, 
Freeman TB, Cameron DF. Testis-derived sertoli cells 
have a trophic effect on dopamine neurons and 
alleviate hemiparkinsonism in rats. Nat Med. 1997; 
3:1129–32. 

 https://doi.org/10.1038/nm1097-1129 

 PMID:9334725 

11. Liu J, Liu W, Lu Y, Tian H, Duan C, Lu L, Gao G, Wu X, 
Wang X, Yang H. Piperlongumine restores the balance 
of autophagy and apoptosis by increasing BCL2 

phosphorylation in rotenone-induced parkinson 
disease models. Autophagy. 2018; 14:845–61. 

 https://doi.org/10.1080/15548627.2017.1390636 

 PMID:29433359 

12. Zhan S, Che P, Zhao XK, Li N, Ding Y, Liu J, Li S, Ding K, 
Han L, Huang Z, Wu L, Wang Y, Hu M, et al. Molecular 
mechanism of tumour necrosis factor alpha regulates 
hypocretin (Orexin) expression, sleep and behaviour. J 
Cell Mol Med. 2019; 23:6822–34. 

 https://doi.org/10.1111/jcmm.14566 

 PMID:31386303 

13. Ghavami S, Shojaei S, Yeganeh B, Ande SR, 
Jangamreddy JR, Mehrpour M, Christoffersson J, 
Chaabane W, Moghadam AR, Kashani HH, Hashemi M, 
Owji AA, Łos MJ. Autophagy and apoptosis dysfunction 
in neurodegenerative disorders. Prog Neurobiol. 2014; 
112:24–49. 

 https://doi.org/10.1016/j.pneurobio.2013.10.004 

 PMID:24211851 

14. Cookson BT, Brennan MA. Pro-inflammatory 
programmed cell death. Trends Microbiol. 2001; 
9:113–14. 

 https://doi.org/10.1016/s0966-842x(00)01936-3 

 PMID:11303500 

15. Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell 
death and inflammation. Nat Rev Microbiol. 2009; 
7:99–109. 

 https://doi.org/10.1038/nrmicro2070 

 PMID:19148178 

16. Gordon R, Albornoz EA, Christie DC, Langley MR, 
Kumar V, Mantovani S, Robertson AA, Butler MS, Rowe 
DB, O’Neill LA, Kanthasamy AG, Schroder K, Cooper 
MA, Woodruff TM. Inflammasome inhibition prevents 
α-synuclein pathology and dopaminergic 
neurodegeneration in mice. Sci Transl Med. 2018; 
10:eaah4066. 

 https://doi.org/10.1126/scitranslmed.aah4066 

 PMID:30381407 

17. Franchi L, Eigenbrod T, Muñoz-Planillo R, Nuñez G. The 
inflammasome: a caspase-1-activation platform that 
regulates immune responses and disease 
pathogenesis. Nat Immunol. 2009; 10:241–47. 

 https://doi.org/10.1038/ni.1703 

 PMID:19221555 

18. Jorgensen I, Rayamajhi M, Miao EA. Programmed cell 
death as a defence against infection. Nat Rev Immunol. 
2017; 17:151–64. 

 https://doi.org/10.1038/nri.2016.147 PMID:28138137 

19. Vande Walle L, Lamkanfi M. Pyroptosis. Curr Biol. 
2016; 26:R568–72. 

 https://doi.org/10.1016/j.cub.2016.02.019 

 PMID:27404251 

https://doi.org/10.1056/NEJM199810153391607
https://pubmed.ncbi.nlm.nih.gov/9770561
https://doi.org/10.1038/399a032
https://pubmed.ncbi.nlm.nih.gov/10392578
https://doi.org/10.1017/S1462399409001148
https://pubmed.ncbi.nlm.nih.gov/19631006
https://doi.org/10.1038/nrd2087
https://pubmed.ncbi.nlm.nih.gov/17016425
https://doi.org/10.1126/science.aam9080
https://pubmed.ncbi.nlm.nih.gov/28882997
https://doi.org/10.1016/S1474-4422(19)30024-9
https://pubmed.ncbi.nlm.nih.gov/30981640
https://doi.org/10.1016/j.ejphar.2008.07.022
https://pubmed.ncbi.nlm.nih.gov/18674531
https://doi.org/10.1038/nm1097-1129
https://pubmed.ncbi.nlm.nih.gov/9334725
https://doi.org/10.1080/15548627.2017.1390636
https://pubmed.ncbi.nlm.nih.gov/29433359
https://doi.org/10.1111/jcmm.14566
https://pubmed.ncbi.nlm.nih.gov/31386303
https://doi.org/10.1016/j.pneurobio.2013.10.004
https://pubmed.ncbi.nlm.nih.gov/24211851
https://doi.org/10.1016/s0966-842x(00)01936-3
https://pubmed.ncbi.nlm.nih.gov/11303500
https://doi.org/10.1038/nrmicro2070
https://pubmed.ncbi.nlm.nih.gov/19148178
https://doi.org/10.1126/scitranslmed.aah4066
https://pubmed.ncbi.nlm.nih.gov/30381407
https://doi.org/10.1038/ni.1703
https://pubmed.ncbi.nlm.nih.gov/19221555
https://doi.org/10.1038/nri.2016.147
https://pubmed.ncbi.nlm.nih.gov/28138137
https://doi.org/10.1016/j.cub.2016.02.019
https://pubmed.ncbi.nlm.nih.gov/27404251


 

www.aging-us.com 9422 AGING 

20. Jorgensen I, Miao EA. Pyroptotic cell death defends 
against intracellular pathogens. Immunol Rev. 2015; 
265:130–42. 

 https://doi.org/10.1111/imr.12287 

 PMID:25879289 

21. Chen X, He WT, Hu L, Li J, Fang Y, Wang X, Xu X, Wang 
Z, Huang K, Han J. Pyroptosis is driven by non-selective 
gasdermin-D pore and its morphology is different from 
MLKL channel-mediated necroptosis. Cell Res. 2016; 
26:1007–20. 

 https://doi.org/10.1038/cr.2016.100 

 PMID:27573174 

22. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, Zhuang 
Y, Cai T, Wang F, Shao F. Cleavage of GSDMD by 
inflammatory caspases determines pyroptotic cell 
death. Nature. 2015; 526:660–65. 

 https://doi.org/10.1038/nature15514 

 PMID:26375003 

23. Broz P. Immunology: caspase target drives pyroptosis. 
Nature. 2015; 526:642–43. 

 https://doi.org/10.1038/nature15632 

 PMID:26375000 

24. Kayagaki N, Stowe IB, Lee BL, O’Rourke K, Anderson K, 
Warming S, Cuellar T, Haley B, Roose-Girma M, Phung 
QT, Liu PS, Lill JR, Li H, et al. Caspase-11 cleaves 
gasdermin D for non-canonical inflammasome 
signalling. Nature. 2015; 526:666–71. 

 https://doi.org/10.1038/nature15541 

 PMID:26375259 

25. Agostini L, Martinon F, Burns K, McDermott MF, 
Hawkins PN, Tschopp J. NALP3 forms an IL-1beta-
processing inflammasome with increased activity in 
muckle-wells autoinflammatory disorder. Immunity. 
2004; 20:319–25. 

 https://doi.org/10.1016/s1074-7613(04)00046-9 

 PMID:15030775 

26. Kanneganti TD, Ozören N, Body-Malapel M, Amer A, 
Park JH, Franchi L, Whitfield J, Barchet W, Colonna M, 
Vandenabeele P, Bertin J, Coyle A, Grant EP, et al. 
Bacterial RNA and small antiviral compounds activate 
caspase-1 through cryopyrin/Nalp3. Nature. 2006; 
440:233–36. 

 https://doi.org/10.1038/nature04517 

 PMID:16407888 

27. Ransohoff RM. How neuroinflammation contributes to 
neurodegeneration. Science. 2016; 353:777–83. 

 https://doi.org/10.1126/science.aag2590 

 PMID:27540165 

28. Zhang H, Wu J, Shen FF, Yuan YS, Li X, Ji P, Zhu L, Sun L, 
Ding J, Niu Q, Zhang KZ. Activated schwann cells and 
increased inflammatory cytokines IL-1β, IL-6, and TNF-
α in patients’ sural nerve are lack of tight relationship 

with specific sensory disturbances in parkinson’s 
disease. CNS Neurosci Ther. 2020; 26:518–26. 

 https://doi.org/10.1111/cns.13282 PMID:31828965 

29. Rathinam VA, Zhao Y, Shao F. Innate immunity to 
intracellular LPS. Nat Immunol. 2019; 20:527–33. 

 https://doi.org/10.1038/s41590-019-0368-3 

 PMID:30962589 

30. Wu DM, Han XR, Wen X, Wang S, Fan SH, Zhuang J, 
Wang YJ, Zhang ZF, Li MQ, Hu B, Shan Q, Sun CH, Lu J, 
Zheng YL. Salidroside protection against oxidative 
stress injury through the Wnt/β-catenin signaling 
pathway in rats with parkinson’s disease. Cell Physiol 
Biochem. 2018; 46:1793–806. 

 https://doi.org/10.1159/000489365 PMID:29705802 

31. Zhu L, Wei T, Gao J, Chang X, He H, Miao M, Yan T. 
Salidroside attenuates lipopolysaccharide (LPS) 
induced serum cytokines and depressive-like behavior 
in mice. Neurosci Lett. 2015; 606:1–6. 

 https://doi.org/10.1016/j.neulet.2015.08.025 

 PMID:26300543 

32. Dong P, Wang Z, Sun H. Research progress of the anti-
radiation function of Rhodiola Rosea. Food Research 
and Development. 2013; 8:139–141. 

33. Fang DL, Chen Y, Xu B, Ren K, He ZY, He LL, Lei Y, Fan 
CM, Song XR. Development of lipid-shell and polymer 
core nanoparticles with water-soluble salidroside for 
anti-cancer therapy. Int J Mol Sci. 2014; 15:3373–88. 

 https://doi.org/10.3390/ijms15033373 

 PMID:24573250 

34. Xu ZW, Chen X, Jin XH, Meng XY, Zhou X, Fan FX, Mao 
SY, Wang Y, Zhang WC, Shan NN, Li YM, Xu RC. SILAC-
based proteomic analysis reveals that salidroside 
antagonizes cobalt chloride-induced hypoxic effects by 
restoring the tricarboxylic acid cycle in cardiomyocytes. 
J Proteomics. 2016; 130:211–20. 

 https://doi.org/10.1016/j.jprot.2015.09.028 

 PMID:26435418 

35. Wang S, He H, Chen L, Zhang W, Zhang X, Chen J. 
Protective effects of salidroside in the MPTP/MPP(+)-
induced model of parkinson’s disease through ROS-
NO-related mitochondrion pathway. Mol Neurobiol. 
2015; 51:718–28. 

 https://doi.org/10.1007/s12035-014-8755-0 

 PMID:24913834 

36. Peng C, Gathagan RJ, Lee VM. Distinct α-synuclein 
strains and implications for heterogeneity among α-
synucleinopathies. Neurobiol Dis. 2018; 109:209–18. 

 https://doi.org/10.1016/j.nbd.2017.07.018 

 PMID:28751258 

37. Carson MJ. Microglia as liaisons between the immune 
and central nervous systems: functional implications 
for multiple sclerosis. Glia. 2002; 40:218–31. 

https://doi.org/10.1111/imr.12287
https://pubmed.ncbi.nlm.nih.gov/25879289
https://doi.org/10.1038/cr.2016.100
https://pubmed.ncbi.nlm.nih.gov/27573174
https://doi.org/10.1038/nature15514
https://pubmed.ncbi.nlm.nih.gov/26375003
https://doi.org/10.1038/nature15632
https://pubmed.ncbi.nlm.nih.gov/26375000
https://doi.org/10.1038/nature15541
https://pubmed.ncbi.nlm.nih.gov/26375259
https://doi.org/10.1016/s1074-7613(04)00046-9
https://pubmed.ncbi.nlm.nih.gov/15030775
https://doi.org/10.1038/nature04517
https://pubmed.ncbi.nlm.nih.gov/16407888
https://doi.org/10.1126/science.aag2590
https://pubmed.ncbi.nlm.nih.gov/27540165
https://doi.org/10.1111/cns.13282
https://pubmed.ncbi.nlm.nih.gov/31828965
https://doi.org/10.1038/s41590-019-0368-3
https://pubmed.ncbi.nlm.nih.gov/30962589
https://doi.org/10.1159/000489365
https://pubmed.ncbi.nlm.nih.gov/29705802
https://doi.org/10.1016/j.neulet.2015.08.025
https://pubmed.ncbi.nlm.nih.gov/26300543
https://doi.org/10.3390/ijms15033373
https://pubmed.ncbi.nlm.nih.gov/24573250
https://doi.org/10.1016/j.jprot.2015.09.028
https://pubmed.ncbi.nlm.nih.gov/26435418
https://doi.org/10.1007/s12035-014-8755-0
https://pubmed.ncbi.nlm.nih.gov/24913834
https://doi.org/10.1016/j.nbd.2017.07.018
https://pubmed.ncbi.nlm.nih.gov/28751258


 

www.aging-us.com 9423 AGING 

 https://doi.org/10.1002/glia.10145 

 PMID:12379909 

38. Rite I, Argüelles S, Venero JL, García-Rodriguez S, Ayala 
A, Cano J, Machado A. Proteomic identification of 
biomarkers in the cerebrospinal fluid in a rat model of 
nigrostriatal dopaminergic degeneration. J Neurosci 
Res. 2007; 85:3607–18. 

 https://doi.org/10.1002/jnr.21452 

 PMID:17705290 

39. Langston JW, Irwin I, Langston EB, Forno LS. Pargyline 
prevents MPTP-induced parkinsonism in primates. 
Science. 1984; 225:1480–82. 

 https://doi.org/10.1126/science.6332378 

 PMID:6332378 

40. Hirsch E, Graybiel AM, Agid YA. Melanized 
dopaminergic neurons are differentially susceptible to 
degeneration in parkinson’s disease. Nature. 1988; 
334:345–48. 

 https://doi.org/10.1038/334345a0 

 PMID:2899295 

41. Milbrandt J. A nerve growth factor-induced gene 
encodes a possible transcriptional regulatory factor. 
Science. 1987; 238:797–99. 

 https://doi.org/10.1126/science.3672127 

 PMID:3672127 

42. Ogawa M, Ishikawa T, Irimajiri A. Adrenal chromaffin 
cells form functional cholinergic synapses in culture. 
Nature. 1984; 307:66–68. 

 https://doi.org/10.1038/307066a0 

 PMID:6690984 

43. Melo Z, Castillo X, Moreno-Carranza B, Ledesma-
Colunga MG, Arnold E, López-Casillas F, Ruíz-Herrera X, 
Clapp C, Martínez de la Escalera G. Vasoinhibin 
suppresses nerve growth factor-induced differentiation 
and survival of PC12 pheochromocytoma cells. 
Neuroendocrinology. 2019; 109:152–64. 

 https://doi.org/10.1159/000499507 

 PMID:31091528 

44. Healy-Stoffel M, Ahmad SO, Stanford JA, Levant B. A 
novel use of combined tyrosine hydroxylase and silver 
nucleolar staining to determine the effects of a 
unilateral intrastriatal 6-hydroxydopamine lesion in the 
substantia nigra: a stereological study. J Neurosci 
Methods. 2012; 210:187–94. 

 https://doi.org/10.1016/j.jneumeth.2012.07.013 

 PMID:22850559 

45. Hara T, Nakamura K, Matsui M, Yamamoto A, 
Nakahara Y, Suzuki-Migishima R, Yokoyama M, 
Mishima K, Saito I, Okano H, Mizushima N. Suppression 
of basal autophagy in neural cells causes 
neurodegenerative disease in mice. Nature. 2006; 
441:885–89. 

 https://doi.org/10.1038/nature04724 

 PMID:16625204 

46. Zhou Y, Lu M, Du RH, Qiao C, Jiang CY, Zhang KZ, Ding 
JH, Hu G. MicroRNA-7 targets nod-like receptor protein 
3 inflammasome to modulate neuroinflammation in 
the pathogenesis of parkinson’s disease. Mol 
Neurodegener. 2016; 11:28. 

 https://doi.org/10.1186/s13024-016-0094-3 

 PMID:27084336 

47. Stephenson J, Nutma E, van der Valk P, Amor S. 
Inflammation in CNS neurodegenerative diseases. 
Immunology. 2018; 154:204–19. 

 https://doi.org/10.1111/imm.12922 

 PMID:29513402 

48. Zhang P, Shao XY, Qi GJ, Chen Q, Bu LL, Chen LJ, Shi J, 
Ming J, Tian B. Cdk5-dependent activation of neuronal 
inflammasomes in parkinson’s disease. Mov Disord. 
2016; 31:366–76. 

 https://doi.org/10.1002/mds.26488 

 PMID:26853432 

49. Sun P, Song SZ, Jiang S, Li X, Yao YL, Wu YL, Lian LH, 
Nan JX. Salidroside regulates inflammatory response in 
raw 264.7 macrophages via TLR4/TAK1 and 
ameliorates inflammation in alcohol binge drinking-
induced liver injury. Molecules. 2016; 21:1490. 

 https://doi.org/10.3390/molecules21111490 

 PMID:27834881 

50. Hanamsagar R, Torres V, Kielian T. Inflammasome 
activation and IL-1β/IL-18 processing are influenced by 
distinct pathways in microglia. J Neurochem. 2011; 
119:736–48. 

 https://doi.org/10.1111/j.1471-4159.2011.07481.x 

 PMID:21913925 

51. Inoue M, Shinohara ML. NLRP3 inflammasome and 
MS/EAE. Autoimmune Dis. 2013; 2013:859145. 

 https://doi.org/10.1155/2013/859145 

 PMID:23365725 

52. Panicker N, Sarkar S, Harischandra DS, Neal M, Kam TI, 
Jin H, Saminathan H, Langley M, Charli A, Samidurai M, 
Rokad D, Ghaisas S, Pletnikova O, et al. Fyn kinase 
regulates misfolded α-synuclein uptake and NLRP3 
inflammasome activation in microglia. J Exp Med. 
2019; 216:1411–30. 

 https://doi.org/10.1084/jem.20182191 

 PMID:31036561 

53. Heneka MT, Kummer MP, Latz E. Innate immune 
activation in neurodegenerative disease. Nat Rev 
Immunol. 2014; 14:463–77. 

 https://doi.org/10.1038/nri3705 

 PMID:24962261 

54. Itani S, Watanabe T, Nadatani Y, Sugimura N, Shimada 
S, Takeda S, Otani K, Hosomi S, Nagami Y, Tanaka F, 

https://doi.org/10.1002/glia.10145
https://pubmed.ncbi.nlm.nih.gov/12379909
https://doi.org/10.1002/jnr.21452
https://pubmed.ncbi.nlm.nih.gov/17705290
https://doi.org/10.1126/science.6332378
https://pubmed.ncbi.nlm.nih.gov/6332378
https://doi.org/10.1038/334345a0
https://pubmed.ncbi.nlm.nih.gov/2899295
https://doi.org/10.1126/science.3672127
https://pubmed.ncbi.nlm.nih.gov/3672127
https://doi.org/10.1038/307066a0
https://pubmed.ncbi.nlm.nih.gov/6690984
https://doi.org/10.1159/000499507
https://pubmed.ncbi.nlm.nih.gov/31091528
https://doi.org/10.1016/j.jneumeth.2012.07.013
https://pubmed.ncbi.nlm.nih.gov/22850559
https://doi.org/10.1038/nature04724
https://pubmed.ncbi.nlm.nih.gov/16625204
https://doi.org/10.1186/s13024-016-0094-3
https://pubmed.ncbi.nlm.nih.gov/27084336
https://doi.org/10.1111/imm.12922
https://pubmed.ncbi.nlm.nih.gov/29513402
https://doi.org/10.1002/mds.26488
https://pubmed.ncbi.nlm.nih.gov/26853432
https://doi.org/10.3390/molecules21111490
https://pubmed.ncbi.nlm.nih.gov/27834881
https://doi.org/10.1111/j.1471-4159.2011.07481.x
https://pubmed.ncbi.nlm.nih.gov/21913925
https://doi.org/10.1155/2013/859145
https://pubmed.ncbi.nlm.nih.gov/23365725
https://doi.org/10.1084/jem.20182191
https://pubmed.ncbi.nlm.nih.gov/31036561
https://doi.org/10.1038/nri3705
https://pubmed.ncbi.nlm.nih.gov/24962261


 

www.aging-us.com 9424 AGING 

Kamata N, Yamagami H, Tanigawa T, et al. NLRP3 
inflammasome has a protective effect against 
oxazolone-induced colitis: a possible role in ulcerative 
colitis. Sci Rep. 2016; 6:39075. 

 https://doi.org/10.1038/srep39075 

 PMID:27966619 

55. Goldberg JA, Guzman JN, Estep CM, Ilijic E, Kondapalli 
J, Sanchez-Padilla J, Surmeier DJ. Calcium entry induces 
mitochondrial oxidant stress in vagal neurons at risk in 
parkinson’s disease. Nat Neurosci. 2012; 15:1414–21. 

 https://doi.org/10.1038/nn.3209 

 PMID:22941107 

56. Papadia S, Soriano FX, Léveillé F, Martel MA, Dakin KA, 
Hansen HH, Kaindl A, Sifringer M, Fowler J, Stefovska V, 
McKenzie G, Craigon M, Corriveau R, et al. Synaptic 
NMDA receptor activity boosts intrinsic antioxidant 
defenses. Nat Neurosci. 2008; 11:476–87. 

 https://doi.org/10.1038/nn2071 

 PMID:18344994 

57. Cao Z, Fang Y, Lu Y, Tan D, Du C, Li Y, Ma Q, Yu J, Chen 
M, Zhou C, Pei L, Zhang L, Ran H, et al. Melatonin 
alleviates cadmium-induced liver injury by inhibiting 
the TXNIP-NLRP3 inflammasome. J Pineal Res. 2017; 
62:e12389. 

 https://doi.org/10.1111/jpi.12389 

 PMID:28099758 

58. Zhao D, Wu Y, Zhuang J, Xu C, Zhang F. Activation of 
NLRP1 and NLRP3 inflammasomes contributed to cyclic 
stretch-induced pyroptosis and release of IL-1β in 
human periodontal ligament cells. Oncotarget. 2016; 
7:68292–302. 

 https://doi.org/10.18632/oncotarget.11944 

 PMID:27626170 

59. Miao EA, Rajan JV, Aderem A. Caspase-1-induced 
pyroptotic cell death. Immunol Rev. 2011; 243:206–14. 

 https://doi.org/10.1111/j.1600-065X.2011.01044.x 

 PMID:21884178 

60. Schmidt RL, Lenz LL. Distinct licensing of IL-18 and IL-1β 
secretion in response to NLRP3 inflammasome 
activation. PLoS One. 2012; 7:e45186. 

 https://doi.org/10.1371/journal.pone.0045186 

 PMID:23028835 

61. Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai 
M, Kim D, D’Agostino D, Planavsky N, Lupfer C, 
Kanneganti TD, Kang S, Horvath TL, Fahmy TM, et al. 
The ketone metabolite β-hydroxybutyrate blocks 
NLRP3 inflammasome-mediated inflammatory disease. 
Nat Med. 2015; 21:263–69. 

 https://doi.org/10.1038/nm.3804 

 PMID:25686106 

62. Sanchez-Lopez E, Zhong Z, Stubelius A, Sweeney SR, 
Booshehri LM, Antonucci L, Liu-Bryan R, Lodi A, 

Terkeltaub R, Lacal JC, Murphy AN, Hoffman HM, 
Tiziani S, et al. Choline uptake and metabolism 
modulate macrophage IL-1β and IL-18 production. Cell 
Metab. 2019; 29:1350–1362.e7. 

 https://doi.org/10.1016/j.cmet.2019.03.011 

 PMID:30982734 

63. Rosciszewski G, Cadena V, Murta V, Lukin J, Villarreal A, 
Roger T, Ramos AJ. Toll-like receptor 4 (TLR4) and 
triggering receptor expressed on myeloid cells-2 
(TREM-2) activation balance astrocyte polarization into 
a proinflammatory phenotype. Mol Neurobiol. 2018; 
55:3875–88. 

 https://doi.org/10.1007/s12035-017-0618-z 

 PMID:28547529 

64. Yang YL, Cheng X, Li WH, Liu M, Wang YH, Du GH. 
Kaempferol attenuates LPS-induced striatum injury in 
mice involving anti-neuroinflammation, maintaining 
BBB integrity, and down-regulating the HMGB1/TLR4 
pathway. Int J Mol Sci. 2019; 20:491. 

 https://doi.org/10.3390/ijms20030491 

 PMID:30678325 

65. Gugliandolo A, Giacoppo S, Bramanti P, Mazzon E. 
NLRP3 inflammasome activation in a transgenic 
amyotrophic lateral sclerosis model. Inflammation. 
2018; 41:93–103. 

 https://doi.org/10.1007/s10753-017-0667-5 

 PMID:28936769 

66. Liu FY, Cai J, Wang C, Ruan W, Guan GP, Pan HZ, Li JR, 
Qian C, Chen JS, Wang L, Chen G. Fluoxetine attenuates 
neuroinflammation in early brain injury after 
subarachnoid hemorrhage: a possible role for the 
regulation of TLR4/MyD88/NF-κB signaling pathway. J 
Neuroinflammation. 2018; 15:347. 

 https://doi.org/10.1186/s12974-018-1388-x 

 PMID:30572907 

67. Shrivastava S, Mukherjee A, Ray R, Ray RB. Hepatitis C 
virus induces interleukin-1β (IL-1β)/IL-18 in circulatory 
and resident liver macrophages. J Virol. 2013; 
87:12284–90. 

 https://doi.org/10.1128/JVI.01962-13 

 PMID:24006444 

68. Li Z, Chen D, Jia Y, Feng Y, Wang C, Tong Y, Cui R, Qu K, 
Liu C, Zhang J. Methane-rich saline counteracts 
cholestasis-induced liver damage via regulating the 
TLR4/NF- κ B/NLRP3 inflammasome pathway. Oxid 
Med Cell Longev. 2019; 2019:6565283. 

 https://doi.org/10.1155/2019/6565283 

 PMID:31827690 

69. Butovsky O, Weiner HL. Microglial signatures and their 
role in health and disease. Nat Rev Neurosci. 2018; 
19:622–35. 

 https://doi.org/10.1038/s41583-018-0057-5 

 PMID:30206328 

https://doi.org/10.1038/srep39075
https://pubmed.ncbi.nlm.nih.gov/27966619
https://doi.org/10.1038/nn.3209
https://pubmed.ncbi.nlm.nih.gov/22941107
https://doi.org/10.1038/nn2071
https://pubmed.ncbi.nlm.nih.gov/18344994
https://doi.org/10.1111/jpi.12389
https://pubmed.ncbi.nlm.nih.gov/28099758
https://doi.org/10.18632/oncotarget.11944
https://pubmed.ncbi.nlm.nih.gov/27626170
https://doi.org/10.1111/j.1600-065X.2011.01044.x
https://pubmed.ncbi.nlm.nih.gov/21884178
https://doi.org/10.1371/journal.pone.0045186
https://pubmed.ncbi.nlm.nih.gov/23028835
https://doi.org/10.1038/nm.3804
https://pubmed.ncbi.nlm.nih.gov/25686106
https://doi.org/10.1016/j.cmet.2019.03.011
https://pubmed.ncbi.nlm.nih.gov/30982734
https://doi.org/10.1007/s12035-017-0618-z
https://pubmed.ncbi.nlm.nih.gov/28547529
https://doi.org/10.3390/ijms20030491
https://pubmed.ncbi.nlm.nih.gov/30678325
https://doi.org/10.1007/s10753-017-0667-5
https://pubmed.ncbi.nlm.nih.gov/28936769
https://doi.org/10.1186/s12974-018-1388-x
https://pubmed.ncbi.nlm.nih.gov/30572907
https://doi.org/10.1128/JVI.01962-13
https://pubmed.ncbi.nlm.nih.gov/24006444
https://doi.org/10.1155/2019/6565283
https://pubmed.ncbi.nlm.nih.gov/31827690
https://doi.org/10.1038/s41583-018-0057-5
https://pubmed.ncbi.nlm.nih.gov/30206328


 

www.aging-us.com 9425 AGING 

70. Saijo K, Glass CK. Microglial cell origin and 
phenotypes in health and disease. Nat Rev Immunol. 
2011; 11:775–87. 

 https://doi.org/10.1038/nri3086 

 PMID:22025055 

71. Dawson TM. Non-autonomous cell death in 
parkinson’s disease. Lancet Neurol. 2008; 7:474–75. 

 https://doi.org/10.1016/S1474-4422(08)70099-1 

 PMID:18485311 

72. White CS, Lawrence CB, Brough D, Rivers-Auty J. 
Inflammasomes as therapeutic targets for alzheimer’s 
disease. Brain Pathol. 2017; 27:223–34. 

 https://doi.org/10.1111/bpa.12478 

 PMID:28009077 

73. Perez-Pardo P, Dodiya HB, Engen PA, Forsyth CB, 
Huschens AM, Shaikh M, Voigt RM, Naqib A, Green SJ, 

Kordower JH, Shannon KM, Garssen J, Kraneveld AD, 
Keshavarzian A. Role of TLR4 in the gut-brain axis in 
parkinson’s disease: a translational study from men to 
mice. Gut. 2019; 68:829–43. 

 https://doi.org/10.1136/gutjnl-2018-316844 

 PMID:30554160 

74. Zhang Y, Wu Q, Zhang L, Wang Q, Yang Z, Liu J, Feng L. 
Caffeic acid reduces A53T α-synuclein by activating 
JNK/Bcl-2-mediated autophagy in vitro and improves 
behaviour and protects dopaminergic neurons in a 
mouse model of parkinson’s disease. Pharmacol Res. 
2019; 150:104538. 

 https://doi.org/10.1016/j.phrs.2019.104538 

 PMID:31707034 

https://doi.org/10.1038/nri3086
https://pubmed.ncbi.nlm.nih.gov/22025055
https://doi.org/10.1016/S1474-4422(08)70099-1
https://pubmed.ncbi.nlm.nih.gov/18485311
https://doi.org/10.1111/bpa.12478
https://pubmed.ncbi.nlm.nih.gov/28009077
https://doi.org/10.1136/gutjnl-2018-316844
https://pubmed.ncbi.nlm.nih.gov/30554160
https://doi.org/10.1016/j.phrs.2019.104538
https://pubmed.ncbi.nlm.nih.gov/31707034


 

www.aging-us.com 9426 AGING 
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Supplementary Table 1. Antibodies. 

Protein name Company Identifier 

Mouse monoclonal anti-TLR4 Santa cruz sc-293072 

Rabbit monoclonal anti- MyD88 Cell Signaling Technology #4283 

Rabbit monoclonal anti- p- IκBα Cell Signaling Technology #2859 

Mouse monoclonal anti- IκBα Cell Signaling Technology #4814 

Rabbit monoclonal anti- NF-κB p65 Cell Signaling Technology #8242 

Rabbit monoclonal anti-ASC Cell Signaling Technology #67824 

Rabbit monoclonal anti-Cleaved- caspase-1 Cell Signaling Technology #89332 

Rabbit polyclonal anti- Gasdermin D Cell Signaling Technology #93709 

Rabbit monoclonal anti- Tyrosine Hydroxylase Cell Signaling Technology #58844 

Rabbit monoclonal anti- Alpha-Synuclein Cell Signaling Technology #4179 

Rabbit monoclonal anti-TXNIP Cell Signaling Technology #14715 

Rabbit polyclonal anti- p-NF-κB p65 Abcam ab86299 

Rabbit polyclonal anti-NLRP3 Abcam ab214185 

Rabbit polyclonal anti- IL-1β Abcam ab9722 

Rabbit polyclonal anti-IL-18 Abcam ab191860 

Rabbit monoclonal anti-IL-18 Abcam ab207323 

Rabbit monoclonal anti-TXNIP Abcam ab188865 

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology #7074 

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Technology #7076 

Anti-mouse IgG (H+L) Alexa Fluor(R) 488 Cell Signaling Technology #4408 

Anti- rabbit IgG (H+L) Alexa Fluor(R) 488 Thermo Fisher Scientific A11008 

 

Supplementary Table 2. Critical chemicals and commercial assays. 

Reagents Source Identifier 

MPTP hydrochloride MedChem Express 23007-85-4 

Lipopolysaccharide Sigma-Aldrich L2880 

Dulbecco's modified Eagle medium 

(High Glucose) 

NanJing KeyGen KGM12800-500 

Fetal bovine serum Gibco 1600044 

Trypsin-EDTA (0.25 %) Gibco 25200072 

Enhanced Cell Counting Kit-8 Beyotime Biotechnology C0042 

Mouse IL-1β Elisa Kit Elabscience E-EL-M0037 

Rat IL-1β Elisa Kit Elabscience E-EL-R0012 

Mouse IL-18 Elisa Kit Elabscience E-EL-M0730 

Rat IL-18 Elisa Kit Elabscience E-EL-R0567 

 
 

 


