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Abstract  Manganese (Mn) is a neurotoxin that has 
been etiologically linked to the development of neu-
rodegenerative diseases in the case of overexposure. 
It is widely accepted that overexposure to Mn leads 
to manganism, which has clinical symptoms similar 
to Parkinson’s disease (PD), and is referred to as par-
kinsonism. Astrocytes have been reported to scavenge 
and degrade extracellular α-synuclein (α-Syn) in the 
brain. However, the mechanisms of Mn-induced neu-
rotoxicity associated with PD remain unclear. Serpi-
na3n is highly expressed in astrocytes and has been 

implicated in several neuropathologies. The role Ser-
pina3n plays in Mn neurotoxicity and PD pathogen-
esis is still unknown. Here, we used wild-type and 
Serpina3n knockout (KO) C57BL/6  J mice with i.p. 
injection of 32.5 mg/kg MnCl2 once a day for 6 weeks 
to elucidate the role of Serpina3n in Mn-caused neu-
rotoxicity regarding parkinsonism pathogenesis. 
We performed behavioral tests (open field, suspen-
sion and pole-climbing tests) to observe Mn-induced 
motor changes, immunohistochemistry to detect 
Mn-induced midbrain changes, and Western blot to 
detect Mn-induced changes of protein expression. It 
was found that Serpina3n KO markedly alleviated 
Mn neurotoxicity in mice by attenuating midbrain Supplementary Information  The online version 

contains supplementary material available at https://​doi.​
org/​10.​1007/​s10565-​025-​09989-3.
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dopaminergic neuron damage and ameliorating motor 
deficits. Furthermore, using immunofluorescence 
colocalization analysis, Western blot and quantitative 
real-time PCR on Mn-treated C8-D1A cells, we found 
that Serpina3n KO significantly improved astrocytic 
α-Syn clearance by suppressing Mn-induced lyso-
somal dysfunction. Reduced transcription factor EB 
(TFEB)-v/p-ATPase signaling is responsible for the 
impairment of the lysosomal acidic environment. 
These novel findings highlight Serpina3n as a detri-
mental factor in Mn neurotoxicity associated with 
parkinsonism, capture the novel role of Serpina3n in 
regulating lysosomal function, and provide a potential 
target for antagonizing Mn neurotoxicity and curing 
parkinsonism in humans.

Keywords  Manganese · Neurotoxicity · 
Parkinsonism · Serpina3n · Lysosomal dysfunction

Abbreviations 
α-Syn	� α-Synuclein
ATP6V1A	� ATPase H + Transporting V1 Subunit 

A
ATP6V1B2	� ATPase, H + transporting, lysosomal 

VI subunit B, isoform 2
ATP6V1C1	� V-type ATPase protein subunit C1
ATP6V1D	� ATPase H + Transporting V1 Subunit 

D
ATP6V1E1	� ATPase H + Transporting V1 Subunit 

E1
ATP6V1H	� H subunit of V-ATPase
ATP6V1G1	� ATPase H + Transporting V1 Subunit 

G1
ATP6V13A2	� ATPase H + Transporting V0 Subunit 

A2
CTSB	� Cathepsin B
CTSD	� Cathepsin D
Gabarap	� GABA Type A Receptor-Associated 

Protein
Gba	� Glucocerebrosidase
GFAP	� Glial Fibrillary Acidic Protein
GNS	� Glucosamine (N-Acetyl)-6-Sulfatase
Gusb	� Beta-glucuronidase
Lamp1	� Lysosome-associated membrane 

protein 1
Lamp2	� Lysosome-associated membrane 

protein 2
Mn	� Manganese
Pak1	� P21-regulated kinase 1

PD	� Parkinson’s disease
P-ATPases	� P-type ATPases
Rac1	� Ras-related C3 botulinum toxin sub-

strate 1
Sgsh	� N-Sulfoglucosamine Sulfohydrolase
Snca	� Synuclein Alpha
SNpc	� Substantia nigra compacta
TFEB	� Transcription Factor EB
TPP1	� Tripeptidyl Peptidase 1
Uvrag	� UV Radiation Resistance Associated
V-ATPases	� Vacuolar-type, proton-translocating 

ATPases

Introduction

Manganese (Mn), a vital trace element, is important 
for human health and is involved in many physiologi-
cal processes. Mn is widely distributed in the envi-
ronment and is used in various industrial fields such 
as steel smelting, dry cell manufacturing, etc. Com-
bustion of gasoline containing MMT also releases Mn 
compounds into the air. In recent years, Mn contami-
nation of air, soil and water has become a matter of 
great public concern worldwide (O’Neal and Zheng 
2015; Vollet et  al. 2016). For instance, the average 
airborne Mn concentration at a ferro-Mn alloy plant 
during the rainy season was 3 times higher than the 
US EPA criteria (0.05  µg/m3) (Menezes-Filho et  al. 
2009). In addition, Mn concentration in well water in 
North Carolina have reached 4 mg/L (> 2 times above 
the health limit), posing a serious threat to those who 
rely on private well water for their livelihood (Gil-
lispie et al. 2016). Occupational cases of manganism 
have already been reported in many countries (Jiang 
et al. 2006; Lucchini et al. 2018). It has been assumed 
that Mn-associated neurotoxicity is similar to, but 
not identical with, parkinsonism (Calne et al. 1994). 
However, a large number of studies have consistently 
reported a correlation between exposure to Mn in 
both environmental and occupational settings and the 
development of neurodegenerative diseases with Par-
kinson-like symptoms, which manifest as motor defi-
cits and cognitive impairment (Andruska and Racette 
2015; Karri et al. 2016).

Parkinson’s disease (PD) refers to the neurode-
generative disease that is traditionally been identi-
fied by specific motor deficits, substantial nigral 
neuronal loss and the pathological presence of α-Syn 
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aggregates in neurons (Ye et  al. 2023). Typically, 
immunoreactive cytoplasmic inclusions of α-Syn 
in neurons appear to be a hallmark of parkinson-
ism (Mor et al. 2019). The recognition of the central 
role of α-Syn in PD has been of great importance in 
understanding the degenerative process that occurs in 
this disease. Recently, it has become widely accepted 
that exposure to environmental risk factors is criti-
cal in the etiology of human PD (Harischandra et al. 
2019; Ma et al. 2020; Morello et al. 2008). In addi-
tion, excessive Mn uptake is preferentially deposited 
in astrocytes and promotes α-Syn aggregation in 
the midbrain. Generally, astrocytes rarely generate 
α-Syn but scavenge misfolded α-Syn released from 
surrounding neurons to maintain brain homeosta-
sis (Booth et  al. 2017; Lee et  al. 2008). Extracellu-
lar pathological α-Syn could be rapidly taken up by 
astrocytes for subsequent degradation (Lindstrom 
et  al. 2017). A previous study suggested that the 
TLR-4 mediated inflammatory response of astro-
cytes may ultimately exacerbate α-Syn accumulation 
(Fellner et al. 2013; Rannikko et al. 2015). While the 
endogenous lysosomal degradation machinery is a 
central pathway for the degradation of α-Syn aggre-
gates (Jiang et  al. 2024). Numerous studies have 
shown that lysosomal dysfunction is linked with 
α-Syn pathogenicity and contributes to the initiation 
and progression of PD (Wang et  al. 2020). Notably, 
excessive Mn exposure has been suggested to cause 
astrocytic defects in lysosomal function and cytotox-
icity (Fan et  al. 2010). Zhang et  al. found that Mn 
reduced nuclear localization of TFEB and disrupted 
autophagic-lysosomal degradation of mitochondria in 
mouse striatum astrocytes (Zhang et al. 2020a). How-
ever, it remains unclear whether lysosomal dysfunc-
tion is involved in Mn-induced astrocytic toxicity and 
inability to clear α-Syn.

Serpina3n is a secretory serine protease inhibi-
tor that is highly abundant in brain astrocytes and 
participates in various physiological functions and 
pathologies (Aslam and Yuan 2020). Elevated levels 
of Serpina3n were detected in the cerebrospinal fluid 
and brains tissues of individuals suffering from neu-
rodegenerative conditions (Porcellini et al. 2008). As 
reported, there may be a potential link between Serpi-
na3n upregulation and amyloid beta peptide aggrega-
tion in Alzheimer’s disease, based on single-nucleus 
transcriptomics of the mouse brain (Zhou et al. 2020). 
In parallel, Serpina3n-mediated axonal injury and 

neuronal death through inhibition of granzyme B 
activity has also been documented in animal models 
(Haile et  al. 2015). Increased expression of Serpi-
na3n in the dorsal root ganglia has also been found 
after nerve injury, which attenuates neuropathic pain 
by inhibiting leukocyte elastase (Vicuna et al. 2015). 
In our recent research, we uncovered that Serpina3n 
has a pivotal role in trimethyltin-caused neurotoxic 
astrocytic activation and memory deficits in mice (Xi 
et al. 2019). Therefore, we speculated that Serpina3n 
may be a specific functional target for environmen-
tal chemical-induced neurotoxicity. Serpina3n may 
also exert a vital influence on Mn neurotoxicity, and 
engage in pathogenesis of Mn-induced parkinsonism-
like symptoms.

To this end, we first investigated the effects of Ser-
pina3n knockout (KO) on Mn-induced pathological 
changes and neurobehaviour in mice. To determine 
the astrocytic clearance capacity of α-Syn, C8-D1A 
cells were used as an in vitro model for the determi-
nation of neurotoxicity and lysosomal impairment. 
Lysosomal acidic environment, cathepsin B (CTSB) 
and cathepsin D (CTSD) activity, expression of v/p-
ATPases were measured. The Serpina3n KO C8-D1A 
cell line was also established to verify the role of 
Serpina3n in regulating TFEB-mediated lysosomal 
function and α-Syn degradation in relation to Mn-
induced parkinsonism-like symptoms. Our results 
demonstrate that Serpina3n KO attenuated Mn-
induced α-Syn accumulation by preserving lysosomal 
function in astrocytes. Mn exposure leads to Serpi-
na3n-mediated lysosomal dysfunction in astrocytes 
attributed to TFEB-v/p-ATPases signaling, thereby 
inducing α-Syn accumulation. Taken together, this 
study provides new mechanistic insights into Mn-
induced parkinsonism-like symptoms, identifies Ser-
pina3n as a potent detrimental factor for lysosomal 
function, and highlights the possibility of targeting 
Serpina3n to antagonize Mn neurotoxicity concerning 
parkinsonism.

Materials and methods

Generation of Serpina3n KO mice and animal 
treatments

Serpina3n KO (Serpina3n−/−) mice were produced 
by using CRISPR/Cas9 system to delete Serpina3n 
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exon 2–5 (Gempharmatech. Co., Ltd, China) (Zhang 
et al. 2020b). sgRNA/Cas9 expression plasmid was 
designed and constructed. A selection of four sgR-
NAs, each with optimal cleavage efficacy, were 
used to target the specified regions. These sgRNA 
transcripts were then precisely microinjected along 
with Cas9 mRNA into individual fertilized eggs of 
the C57BL/6 J strain, resulting in the generation of 
the baseline F0 mouse. These F0 mice were then 
mated with C57BL/6  J mice to generate the sub-
sequent F1 generation. DNA sequencing and PCR 
were employed to evaluate the genotype of mice. 
The genotyping primers were shown in Table  S1. 
The PCR amplification outcomes differentiated 
between the WT allele (454 bp), and the KO allele 
(~ ~ 700 bp).

Eight-week old C57BL/6 J mice, both wild-type 
(WT) and genetically modified Serpina3n−/− (KO) 
mice, were maintained under standardized condi-
tions with a 12-h light/dark cycle and unrestricted 
access to food and water. Following a one-week 
acclimatization, the animals were systematically 
allocated into four groups (14 mice each, with a sex 
ratio of 1 female to 1 male): the WT-control group 
(WT-Con), the KO-control group (KO-Con), the 
WT-Mn group (WT-Mn) and the KO-Mn group 
(KO-Mn). Mice in WT-Mn and KO-Mn groups 
received intraperitoneal injection of 32.5  mg/kg 
MnCl2 (Sigma-Aldrich, 203,734, USA) dissolved in 
saline once a day for 6 weeks (8 a.m. to 9 a.m.). The 
dose of Mn exposure was chosen based on previous 
studies and our preliminary results (data not shown) 
(Deng et  al. 2015; Qi et  al. 2020b). Mice in WT-
Control and KO-Control groups mice were intra-
peritoneally injected with the same volume of saline 
solution. After 6 weeks, neurobehavioral tests were 
conducted in all mice of different groups. Upon 
completion of the study, the mice were humanely 
euthanized through CO2 asphyxiation, adhering 
to ethical guidelines. The midbrain tissues of the 
mice were promptly separated and stored at − 80 °C 
for subsequent study. The entire animal study was 
conducted under the approval of the Zhejiang Uni-
versity Ethnics Committee of Animal Care and 
Research, with the approval number RN 2019–771-
1. All procedures followed the National Institutes of 
Health’s Guide for the Care and Use of Laboratory 
Animals.

Neurobehavioural tests

The neurobehavioral tests employed in the study were 
conducted as previously reported (Chen et al. 2015). 
Open field test was performed a day after the final 
injection. Suspension test and pole-climbing test were 
carried out the next day after open field test to esti-
mate motor function. The averaged values of score 
and time were then utilized for statistical analyses. 
All mice were allowed to acclimatize environment for 
30 min in advance.

Open field test was performed to measure explora-
tory activity (Kim et  al. 2019; Masini and Kiehn 
2022; Ommati et  al. 2020). In the experimental 
setup, each mouse was gently placed in the center 
of the box. The box is white plastic and measures 
45  cm × 45  cm × 45  cm. A video camera was used 
to monitor the movement of each animal for 10 min 
(Any-maze, Stoelting, USA). Immobile time, loco-
motory speed, traveled distance and center time were 
recorded.

The suspension test was employed to evaluate the 
coordination of the mouse’s limb movements, mice 
were suspended by their forepaws from a horizon-
tal wire in an open box, and their performance was 
observed (30  s). Mice performance was rated based 
on a scheme, ranging from 0–5 (Tong et  al. 2022). 
0: subject mice fell off the wire. 1: subject mice two 
forepaws grasped the wire. 2: in addition to 1, subject 
mice tried to use their hind paws to climb onto the 
wire. 3: Two front paws and one or two back paws 
of the subject mice were suspended from the wire. 4: 
subject mice hung from the wire with all four paws, 
tail wrapping around wire. 5: subject mice escaped.

The pole-climbing test was also used to determine 
the motor coordination ability of mice (Ma et  al. 
2016). Mice were placed on a soft rubber plug, which 
is on the top of a wooden pole. The pole was 50 cm 
high and had a diameter of 0.5 cm. Time (s) for mice 
climbing down without interference was measured.

TH immunohistochemistry analysis

Mice were sacrificed and perfused with 0.9% saline. 
The brains were then removed and fixed in 4% para-
formaldehyde. Following fixation, the brains were 
dehydrated through a series of increasing concentra-
tions of sucrose solution (20% and 30%) for 48  h, 
respectively. Dehydrated brains were then embedded 
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in paraffin. Substantia nigra compacta (SNpc) and 
striatum sections were defined based on anatomical 
landmarks and all TH-stained sections were obtained 
from the same anatomical region of the SNpc. The 
brain paraffin blocks were cut into Sects. (5 μm). Tis-
sue slices were subjected to treatment with the TH 
primary antibody (Abcam, ab112, UK) and incu-
bated at 4  °C overnight in a wet box. Brain slides 
were washed using PBS, and secondary antibody was 
added. After one-hour incubation in room tempera-
ture avoiding light, the light microscope (Zeiss, LSM 
880, Germany) was used for image acquisition. Areas 
of the midbrain from 4 mice (sex ratio 1 female to 1 
male) were assigned for semi-quantification analysis 
using Image J. As previously described, IHC Profiler 
plugin was used to calculate the average optical den-
sity (AOD) and percentage of TH positive neurons 
(Crowe and Yue 2019).

Cell culture and treatment

C8-D1A cells belong to a mouse astrocytic type I 
cell line clone expressing GFAP. The C8-D1A cell 
line was purchased from Procell Company (Wuhan, 
China). CRISPR/Cas9 system was employed to gen-
erate Serpina3n KO C8-D1A astrocyte cell line by 
deleting Serpina3n exon 2–5 (Cyagen Biosciences 
Inc., Guangzhou, China) as previously described 
(Leonard et  al. 2017). A selection of four sgRNAs, 
each with optimal cleavage efficacy, were used to tar-
get the specified regions. Successful establishment of 
Serpina3n KO cell line was confirmed by the mRNA 
level determination of Serpina3n in cells.

WT and Serpina3n KO cells were cultured in 
DMEM (Gibco, USA) supplemented with 10% FBS 
(PAN, Germany), penicillin and streptomycin (Gibco, 
USA). Cells were cultured in an environment with 5% 
CO2 humidification and maintained at 37 °C. MnCl2 
(Sigma-Aldrich, 203,734, USA) were diluted with 
distilled deionized water. 0.8  μg/mL mouse α-Syn 
protein (Abcam, ab246002, UK) was used to deter-
mine the astrocytic α-Syn clearance capacity (Lee 
et al. 2008).

Cell viability analysis

To assess cell viability, we used CCK-8 kit (DON-
JINDO, CK04, Japan). Firstly, C8-D1A cells were 
seeded and cultured in 96-well plates. After described 

treatments, the original medium was replaced with 
the fresh medium mixed with 10% CCK-8 reagents. 
Plates were incubated at 37 °C for 1 h. OD value at 
the absorbance of 450  nm was determined via the 
microplate reader (Thermo, Varioskan LUX, USA).

Total RNA extraction and quantitative real‑time PCR 
analysis

To quantify the expression of target genes, WT, Ser-
pina3n KO C8-D1A cells and brain tissues follow-
ing the described treatment were mixed with RNAiso 
Plus (TaKaRa, 9109, Japan). The spectrophotom-
eter (Thermo Scientific, NanoDrop 2000, USA) was 
employed to assess RNA concentration. Extracted 
RNA (1  μg) was transcribed into cDNA using the 
corresponding kit (TaKaRa, RR820A, Japan). The 
expression of the targeted cDNA was quantified using 
the real-time qPCR instrument (Roche, LightCy-
cler™ 480 II, Switzerland). We have listed the used 
primers in Table. S2. The specificity of qPCR was 
verified through melting curves for each trial. The sta-
tistical analysis was calculated using the Eq. 2−ΔΔCp.

Western blot

The cells or tissue samples were lysed in RIPA solu-
tion (Beyotime, P0013B, China) with cOmplete 
Protease Inhibitor (Roche, 4,693,132,001, Switzer-
land) and PhosSTOP Phosphatase Inhibitor Cocktail 
(Roche, 4,906,837,001, Switzerland). After protein 
quantification using a BCA kit (Beyotime, P0011, 
China), 25  μg of protein was subjected to electro-
phoretic separation by SDS-PAGE (12–20%). After 
transferring to PVDF membranes (0.2  μm), mem-
brane blocking was conducted in 5% nonfat powdered 
milk for 2 h. The blocked membranes were then incu-
bated with antibodies against α-Syn (BD Bioscience, 
610,787, USA), Serpina3n (R&D, AF4709, USA), 
LAMP1 (Invitrogen, PA1-654, USA), LAMP2 (Inv-
itrogen, PA1-655, USA) and GAPDH (Proteintech, 
10,494–1-AP, USA) overnight at 4 °C. After 3 washes 
with TBST, membranes were incubated with cor-
responding second antibodies for 1  h. Protein bands 
were visualized after the last 3 washes with TBST. 
Targeted protein expression was evaluated by ImageJ 
software (NIH, USA).
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Immunofluorescence analysis

In immunofluorescence analysis for brain tissues, 
mice were sacrificed and perfused with 0.9% saline. 
The brains were then removed and fixed in 4% para-
formaldehyde. Following fixation, the brains were 
dehydrated through the sucrose solution (30%) at 
4 °C overnight. Frozen block of the brains was sliced 
into Sects. (20 μm) utilizing Cryostat (Thermo, Cry-
oStar NX50, USA). Tissue slices were treated with 
0.5% TritonX-100/PBS solution for 10  min and 
then incubated with antibodies targeting Serpina3n 
(R&D, AF4709, USA), GAFP (Abcam, ab7260 or 
ab279290, UK), α-Syn (Abcam, ab1903, UK) or 
LAMP1(Abcam, ab24170, UK) overnight, respec-
tively. After washing with 0.5% TritonX-100/PBS, 
tissue sections were incubated with corresponding 
secondary antibodies for 2  h. Alexa FluorTM Plus 
488 or 567 (Invitrogen, A32814, A21202, A10037, 
A21206 and A10042, USA) conjugated with fluo-
rophores. DAPI working solution was employed for 
visualizing nuclei. A research slide scanner (OLYM-
PUS, VS200, Japan) was used for image acquisition.

In immunofluorescence analysis for cells, WT and 
Serpina3n KO cells seeded on coverslips were treated 
as described and fixed with immunofixative solution. 
After blockage using sheep serum (working solution) 
(ZSGB-BIO, ZLI-9056, China), primary antibodies 
targeting TFEB (Protein tech, 13,372–1-AP, China), 
GAFP (Abcam, ab7260 or ab279290, UK) and α-Syn 
(Abcam, ab1903, UK) were added in slides, respec-
tively, and incubated at 4  °C overnight away from 
light. After 3 washes with PBS, slides were incubated 
with second antibody (Beyotime, A0453, China) for 
1 h. DAPI working Solution was used for nucleus vis-
ualization. Zeiss confocal laser scanning microscope 
was used for images capturing (Zeiss, LSM880, Ger-
many). For immunofluorescence quantification, 8 
non-overlapping areas of the midbrain of 4 mice (sex 
ratio 1:1) were assigned colocalization coefficients. 
Coloc 2 analysis was conducted to calculate colocali-
zation coefficient using Fiji based on Pearson’s cor-
relation coefficient (Dunn et al. 2011).

Determination of lysosomal functions

The LysoSensor Green DND-189 dye was used to 
detect lysosomal pH (Invitrogen, L7535, USA). 
C8-D1A cells plated on a 96-well plate were loaded 

with 1 μmol/L LysoSensor Green DND-189 at a con-
dition of 37 °C for 5 min. A multi-function microplate 
reader (Biotek, SynergyMx M5, USA) was employed 
to read the fluorescence intensity at excitation/emis-
sion wave of 485/530 nm.

The catalytic activities of CTSB and CTSD were 
measured to indicate lysosomal function by using 
CTSB (BioVision, K140-100, USA) and CTSD (Bio-
Vision, K143-100, USA) activity assay kits based on 
previously described method (Li et al. 2016).

Statistical analysis

Statistical analyses were performed by either t-test 
for two-groups comparison or one-way ANOVA fol-
lowed by Tukey’s post hoc analysis for four-group 
comparison using GraphPad Prism (GraphPad Soft-
ware, 8.0.1, USA). Semi-quantification of optical den-
sity (OD) for immunohistochemistry was performed 
using ImageJ software (NIH, USA). The co-localisa-
tion analysis for immunofluorescence was conducted 
using Fiji software (NIH, USA) with the plugin Coloc 
2, based on Pearson’s correlation coefficient. Differ-
ences were considered significant at P < 0.05.

Results

Serpina3n KO mitigated Mn induced 
parkinsonism‑like symptoms in mice

Serpina3n plays a critical role in astrocyte-mediated 
neuroinflammation (Xi et  al. 2019). Since neuroin-
flammation is generally accepted as the key patho-
logical event in parkinsonism, we hypothesized that 
Serpina3n might exert a detrimental effect in Mn 
neurotoxicity in relation to parkinsonism. To verify 
our hypothesis, we first deleted Serpina3n gene in 
C57BL/6  J mice using the CRISPR/cas9 technique 
to generate Serpina3n KO mice (Fig. S1A). WT and 
Serpina3n KO mice were treated with intraperito-
neal injection of 32.5 mg/kg MnCl2 (once a day) for 
6 weeks to determine changes in the locomotor activi-
ties of the mice. Serpina3n KO did not induce any 
detectable effect on the health and the body weight 
in mice during the experiment (Fig. S1B). The Open 
field test indicated that mice in WT-Mn group showed 
a decreased total distance traveled, decreased speed 
of movement, a shorten residence time in the center 
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area, as well as increased time spent immobile com-
pared to the WT-Con group (Fig. 1A-E; all P < 0.001 
vs WT-Con). The pole-climbing and the suspension 

tests showed an elevation in trial time and a reduc-
tion in trial scores, respectively, compared to the WT-
Con group, (Fig.  1F-G; all P < 0.001 vs WT-Con). 

Fig. 1   Serpina3n KO mitigated Mn induced parkinsonism-like 
symptoms in mice. Wild type and Serpina3n KO mice were 
treated with MnCl2 (32.5 mg/kg, i.p.) once a day for 6 weeks. 
A-E: Open field test. (A) diagram showing mice movement in 
the central or peripheral regions, (B) distance traveled (m), (C) 

locomotory speed (cm/s), (D) immobile time (s). (E) center 
time (s). F: Pole-climbing test. G: Suspension test. n = 8. The 
values are presented as means ± SEM. *p < 0.05, ** p < 0.01, 
***p < 0.001
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As speculated, Serpina3n KO significantly amelio-
rated Mn-induced locomotor abnormalities (Fig. 1A-
E, G; P < 0.001; Fig. 1F, P < 0.05). Thus, Serpina3n 
deletion mitigated Mn induced parkinsonism-like 
symptoms.

Serpina3n KO ameliorated Mn‑induced α‑Syn 
accumulation in mice midbrain

Parkinsonism is a neurodegenerative condition rec-
ognized by distinctive motor deficits and substantia 
nigral neuronal loss (Moors et  al. 2016). As shown 
in Fig.  2A and Fig.  S2A, Mn resulted in marked 
dopaminergic neuronal loss, characterized by fewer 
TH+ neurons, in the SNpc and striatum, which was 
attenuated by Serpina3n deletion in mice (Fig. 2B-C 
and Fig.  S2B). Clinicopathological and neuroimag-
ing studies strongly indicated that α-Syn generated 
from neurons contribute to initial motor manifesta-
tions of parkinsonism and the preceding neuronal loss 
(Ma et al. 2020; Mor et al. 2019). Hence, we investi-
gated the consequence of Serpina3n deletion on Mn-
induced α-Syn accumulation. First of all, Mn mark-
edly elevated the protein level of Serpina3n in mice 
midbrain. (Fig.  2D-E). Meanwhile, Serpina3n KO 
induced an obvious decrease in α-Syn protein level 
in the midbrain in KO-Mn group in comparison to 
WT-Mn group (Fig.  2F, P < 0.05). Interestingly, the 
mRNA level of Snca gene encoding α-Syn was not 
changed after Mn exposure (Fig.  2G), suggesting 
that Mn does not affect α-Syn biosynthesis but inter-
feres with α-Syn clearance, leading to α-Syn accu-
mulation in the midbrain. It is widely acknowledged 
that astrocytes play a critical role in the clearance of 
α-Syn (Booth et al. 2017). More importantly, our pre-
vious study demonstrated that Serpina3n is primarily 
located in astrocytes (Xi et  al. 2019). To investigate 
a possible functional relationship between Serpina3n 
and astrocytic α-Syn clearance, we performed immu-
nofluorescence co-localization analysis of α-Syn and 
GFAP proteins in astrocytes. α-Syn was found in 
GFAP-labelled astrocytes, indicating that astrocytes 
take up extracellular α-Syn. Serpina3n deletion sig-
nificantly mitigated Mn-induced increase in α-Syn 
immunofluorescence in striatal astrocytes (Fig. 2H-I), 
suggesting a protective clearance of α-Syn in astro-
cytes. Taken together, our data show that deletion of 
Serpina3n ameliorated Mn-induced α-Syn accumula-
tion in the mouse midbrain.

Mn induced cytotoxicity and disrupted 
Serpina3n‑mediated α‑Syn clearance in C8‑D1A 
cells

As the most abundant glial cells in the brain, astro-
cytes are indispensable mediators of α-Syn toxic-
ity because of their capacity to internalize α-Syn 
released from dysfunctional neurons. In parallel, 
astrocytic activation and dysfunction are also impor-
tant contributors to the development of parkinsonism. 
Thus, C8-D1A cells were treated with indicated con-
centrations of MnCl2 for a period of 24  h to verify 
the detrimental impacts of Mn on astrocytes in vitro. 
The result showed that Mn at 50  μmol/L induced a 
significant reduction in cell viability in C8-D1A 
cells (P < 0.01 compared to Con group; Fig.  3A). 
Meanwhile, the mRNA levels of astrocytic activa-
tion marker Gfap was increased (P < 0.05 compared 
to Con group in 50  μmol/L; Fig.  3B). Meanwhile, 
Mn induced a dose-dependent downregulation of the 
mRNA expression of Pak1 and Rac1, which are nega-
tive regulators of astrocyte activation (Fig. 3C-D). As 
anticipated, Mn resulted in a dose-dependent eleva-
tion in the protein level of Serpina3n (Fig.  3E-F). 
Therefore, we established a Serpina3n KO C8D-1A 
cell line to determine whether Serpina3n is involved 
in the process of astrocytic α-Syn clearance. We used 
CRISPR to KO Serpina3n in the C8-D1A cells, and 
the efficacy of the KO was confirmed by the qPCR 
analysis compared with the WT C8-D1A cells treated 
with Mn (Fig.  3G). Next, mouse α-Syn protein 
(0.8  μg/mL) was added to the cultures to determine 
the clearance ability of α-Syn in C8D-1A cells with 
or without Mn treatment (50  μmol/L) for 24  h. Our 
preliminary data showed that 0.8 μg/mL alpha-synu-
clein had no toxic effects on C8-D1A cells (data not 
shown). It was suggested that Mn treatment signifi-
cantly promoted α-Syn accumulation and suppressed 
α-Syn clearance in astrocytes, whereas Serpina3n KO 
reversed these effects (Fig.  3H-I). Our data showed 
that Mn induced cytotoxicity and disrupted Serpi-
na3n-mediated α-Syn clearance in C8-D1A cells.

Mn impaired lysosome function in C8‑D1A cells

Lysosomal dysfunction is increasingly recognized as 
a central event in the pathophysiology of PD, as lyso-
somal dysfunction may contribute to α-Syn aggrega-
tion (Moors et al. 2016). Recent reports suggest that 
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lysosomal PH defects occur in a growing number of 
neurodegenerative diseases (Colacurcio and Nixon 
2016). To verify whether lysosomal dysfunction is 

involved in Mn-induced astrocytic toxicity, Lysosen-
sor™ Green DND-189 reagents were used to indi-
cate changes in lysosomal H+ concentration after Mn 

Fig. 2   Serpina3n KO ameliorated Mn-induced α-Syn accu-
mulation in the mouse midbrain. A: Histopathological changes 
indicated by tyrosine hydroxylase staining in mouse midbrain. 
B-C: Semi-quantitative analysis of TH positive neurons (n = 4). 
D-F: The protein level of α-Syn and Serpina3n in mice mid-
brain and their semi-quantification (n = 6). G: The mRNA 
level of Snca in mice midbrain (n = 6). H: Immunofluorescent 

co-localization of GFAP with α-Syn and semi-quantification 
analysis in mice striatum. Scale bar: 50  μm. I: 8 non-over-
lapping areas of the midbrain of 4 mice (sex ratio 1:1) were 
assigned for semi-quantitative analysis. The values are pre-
sented as means ± SEM. N.A. means not available. * p < 0.05, 
** p < 0.01
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Fig. 3   Mn induced cytotoxicity and disrupted α-Syn clearance 
in C8-D1A cells. A: Dose-dependent change of cell viability 
measured at 24 h after treatment with different concentrations 
of MnCl2 (0, 12.5, 25, 50 μmol/L). B-D: The mRNA levels of 
Gfap, Pak1 and Rac1 were determined after different concen-
trations of Mn treatment at 24 h. E–F: The protein level and 
semi-quantitative analysis of Serpina3n after Mn exposure 
for 24 h. G: The mRNA expression of Serpina3n in WT and 

Serpina3n KO C8-D1A cells treated with indicated concentra-
tions of Mn for 24 h. H-I: Immunofluorescence co-localization 
analysis of intracellular α-Syn (red) with GFAP (green) after 
Mn exposure (50 μmol/L) in the absence or presence of 0.8 μg/
mL α-Syn for 24 h in WT and Serpina3n KO C8-D1A cells. 
Scale bar: 50 μm. The values are presented as means ± SEM. 
Each experiment was employed at least three times. *p < 0.05, 
**p < 0.01, ***p < 0.001 vs control
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treatment. As shown in Fig.  4A, Mn at 50  μmol/L 
for 24  h induced a significant reduction in H+ con-
centration (P < 0.05). Meanwhile, the catalytic activ-
ity of CTSB in the lysosome was dose-dependently 
decreased (P < 0.01; Fig. 4B), while the CTSD activ-
ity was significantly increased after Mn exposure for 
24 h (P < 0.001 at 50 μmol/L; Fig. 4C). The mRNA 
expression of genes encoding lysosomal enzymes 
(Gba and Gusb) and genes regulating lysosomal 
acidification homeostasis (V/P-ATPases) were also 
determined (Colacurcio and Nixon 2016; Fujii et  al. 
2023). Our data suggested that Mn induced a sub-
stantial decrease in the mRNA expression of Gba, 
Gusb, ATP6v1b2, ATP6v1c1, ATP6v1d, ATP6v1h and 
ATP6v13a2 (Fig.  4E-G). These results clearly indi-
cated that Mn induced lysosomal acidification defects 
in C8-D1A cells.

Serpina3n KO alleviated Mn‑induced reduction of 
Lamp1 and Lamp2 in astrocytes and mouse midbrain

Lysosome-associated membrane proteins (LAMP-1 
and LAMP-2) are essential for keeping a highly acidic 
PH in lysosome and are widely recognized as lysoso-
mal markers (Zhang et  al. 2023). Having confirmed 
that Serpina3n plays an important role in Mn-induced 
neurotoxicity, we then examined the protein levels of 
Lamp1 and Lamp2 in Serpina3n KO C8-D1A cell 
after Mn exposure. We found that Serpina3n KO 
apparently attenuated the reduced protein expres-
sion of Lamp1 and Lamp2 caused by Mn (Fig.  5A-
C). In parallel, Mn led to a significant reduction of 
Lamp1 and Lamp2 in the mouse midbrain, while 
the reduction of Lamp2 was also attenuated by Ser-
pina3n deletion in mice (Fig.  5D-F). To dissect the 

Fig. 4   Mn impaired lysosome function in C8-D1A cells. 
C8-D1A cells were treated with different concentrations of 
MnCl2 (0, 12.5, 25, 50  μmol/L). A: Lysosomal acidic envi-
ronment was measured by LysoSensor DND-189 fluorescence 
intensity. B-C: CTSB and CTSD activities were detected using 
corresponding assay kits. D-E: Changes of mRNA expression 

of Gba and Gusb. F: The mRNA levels of H+ transporting 
ATPase in C8-D1A cells after Mn exposure (50  μmol/L) for 
24 h. The values are presented as means ± SEM. Each experi-
ment was employed at least three times. *p < 0.05, **p < 0.01, 
***p < 0.001 vs control
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Fig. 5   Serpina3n KO alleviated Mn-induced reduction of 
Lamp1 and Lamp2 in astrocytes and mouse midbrain. A: The 
protein level of Lamp1 (n = 5) and Lamp2 (n = 4) in WT and 
Serpina3n KO C8-D1A cells treated with 50  μM MnCl2 for 
24  h. B-C: Semi-quantitative analysis. D: The protein level 
of Lamp1 and Lamp2 in mice midbrain after Mn exposure for 
6  weeks. E–F: Semi-quantitative analysis (n = 6). G: Immu-

nofluorescent co-localization analysis of Lamp1 (green) with 
α-Syn (red) and semi-quantitative analysis in the striatum of 
mice. Scale bar: 50 μm. H: 8 non-overlapping areas of the mid-
brain of 4 mice (sex ratio 1:1) were assigned for semi-quan-
titative analysis. The values are presented as means ± SEM. * 
p < 0.05, ** p < 0.01
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correlation between lysosomal dysfunction and α-Syn 
aggregation in vivo, immunofluorescence co-locali-
zation analysis of α-Syn with Lamp1 was performed 
in mouse midbrain. It was shown that Serpina3n KO 
apparently reversed Mn-induced Lamp1 immunofluo-
rescence decrease and α-Syn immunofluorescence 
increase (Fig.  5G-H). Therefore, our results showed 
that Serpina3n KO alleviated the Mn-induced reduc-
tion of Lamp1 and Lamp2 in astrocytes and mouse 
midbrain.

TFEB‑v/p ATPases signaling was involved in the 
Serpina3n‑mediated antagonism for Mn‑induced 
lysosome dysfunction in C8‑D1A cells

Lysosomes are multifunctional signaling hubs that 
integrate environmental cues and are tightly regulated 
by several transcription factors, in particular TFEB 
(Hesketh et al. 2018). Recent literature reported that 
TFEB-vacuolar ATPase signaling is essential for 
lysosomal acidification (Wang et  al. 2024). To fur-
ther dissect how Mn exposure disrupts lysosomal 
function via Serpina3n, the TFEB nuclear translo-
cation was examined. Our data showed that Serpi-
na3n KO abrogated Mn-induced nuclear TFEB loss 
in C8-D1A cells (Fig. 6A-B). In addition, Serpina3n 
KO also ameliorated the Mn-induced downregula-
tion of the mRNA expression of TFEB-targeted genes 
GNS, TPP1, Sgsh, Uvrag and Gabarap (Fig.  6C) in 
C8-D1A cells, which are responsible for coordinating 
lysosomal biogenesis (Settembre et  al. 2011; Zhang 
et  al. 2020a). We then determined the expression of 
genes encoding V/P-ATPases, which are involved in 
regulating the acidic environment of the lysosomes. 
Mn induced reduction of ATP13A2, ATP6v1b2, 
ATP6v1c1, ATP6v1d and ATP6v1h mRNA levels 
was significantly mitigated by Serpina3n deletion 
in C8-D1A cells (Fig.  6D). Furthermore, Serpina3n 
deletion reversed the Mn-induced suppression of 
LysoSensor Green DND-189 fluorescence intensity 
in C8-D1A cells (Fig.  6E). We then determined the 
effects of Serpina3n KO on cysteine proteinases. 
Serpina3n KO attenuated the Mn-induced inhibi-
tion of CTSB activity, but had no effect on the Mn-
induced increase in CTSD activity (Fig. 6F-G). These 
data indicated that TFEB-v/p ATPases signaling was 
involved in the Serpina3n-mediated counteraction 
against Mn-induced disruption of lysosomal acidic 
environment in C8-D1A cells.

Collectively, our study demonstrated that Serpi-
na3n deletion attenuates Mn-induced neurotoxicity 
and alleviates parkinsonism-like symptoms by pro-
tecting the astrocytic capacity of α-Syn clearance 
and preserving lysosomal function mediated by the 
TFEB-v/p ATPases signaling pathway (Fig. 7).

Discussion

Our present investigation is the first to illuminate that 
Serpina3n KO alleviates Mn-induced parkinsonism-
like symptoms by maintaining the lysosomal acidic 
environment via TFEB-v/p-ATPase signaling to 
enhance α-Syn clearance in astrocytes. Detrimental 
effects of Serpina3n in Mn neurotoxicity as evidenced 
by the facts:

	 (i)	 Serpina3n deletion attenuates Mn induced 
locomotor abnormalities and midbrain DA neu-
ronal loss in mice.

	(ii)	 Serpina3n KO ameliorates Mn-induced astro-
cytic α-Syn clearance defects both in vivo and 
in vitro.

	(iii)	 Serpina3n KO preserves lysosomal function in 
astrocytes, which is attributed to the TFEB-v/p-
ATPases signaling pathway.

These results highlight the central role of Serpina3n 
in Mn neurotoxicity associated with parkinsonism.

Mn is an essential dietary mineral and a key 
component bound to several enzymes in the brain. 
The tolerable upper intake level of Mn set by the 
EFSA and the US IOM is 11  mg/day for adults. 
Occupational welding studies indicated that the res-
pirable Mn at 100–140 μg/m3 would result in brain 
deposition of < 1.2  μg/g Mn (Bailey et  al. 2018). 
There is a debate as to whether excessive Mn expo-
sure leads to damage to the nigrostriatal dopamin-
ergic system identical to PD, or whether it causes a 
pathology distinct from PD, known as manganism 
(Racette et  al. 2012). Because studies in humans 
and non-human primates have reported that parkin-
sonism-like manifestations induced by excessive 
Mn deposition are not attributed to dopaminergic 
dysfunction or dopamine terminal loss in the stria-
tum (Olanow 2004; Pal et al. 1999). In recent years, 
this argument has been solved based on a plenty of 
epidemiological and experimental-based studies 
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Fig. 6   TFEB-v/p-ATPases signaling was involved in the Ser-
pina3n-mediated counteraction against Mn-induced lysosome 
dysfunction in C8-D1A cells. Wild type and Serpina3n KO 
C8-D1A cells were treated with 50 μM MnCl2 for 24 h. A-B: 
Immunofluorescence analysis of TFEB staining and its semi-
quantification. Scale bar: 5 μm. C: Changes in mRNA expres-

sions of TFEB target genes. D: Changes in mRNA expressions 
of v/p-ATPases genes. E: LysoSensor DND-189 fluorescence 
intensity. F-G: CTSB (F) and CTSD (G) activities. All experi-
ments were repeated at least 3 times. The values are presented 
as means ± SEM. * p < 0.05, ** p < 0.01
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(Andruska and Racette 2015; Budinger et al. 2021). 
It was reported that intraperitoneal injections of 
25–100  mg/kg/d MnCl2·4H2O for 1–8  weeks have 
been widely used to assess neurotoxicity in mice 
(Ghaisas et al. 2021; Song et al. 2016; Taylor et al. 
2020). For example, mice exposed to 50  mg/kg 
MnCl2·4H2O (i.p.) for 2  weeks exhibited impaired 
motor function and DA neurodegeneration (Deng 
et  al. 2015; Qi et  al. 2020a). While mice treated 
with 100  mg/kg MnCl2·4H2O (i.p.) for 8  weeks 
displayed significant motor defects and decreased 
midbrain DA content (Liu et al. 2006). In our study, 
mice were treated with 32.5  mg/kg MnCl2 (i.p.) 
for 6 weeks and a phenotype related to the clinical 
manifestation of PD and typical loss of TH-positive 
neurons in the SNpc was observed, which is con-
sistent with the above study (Deng et  al. 2015). 
This study helps to establish a causal link between 

excessive exposure to essential trace elements and 
the development of PD-like symptoms.

Despite the genetic, environmental, aging and 
other factors, α-Syn pathology is widely accepted as 
a crucial mechanism underlying the etiology of PD 
(Collaborators 2018; Poewe et  al. 2017). Of note, 
astrocytes have attracted much attention for their abil-
ity to clear deleterious α-Syn aggregates. It has been 
reported that astrocytes can ingest α-Syn released 
from injured neurons and elicit inflammation (Wang 
et  al. 2024). Subsequently, the ingested α-Syn is 
eliminated by the ubiquitin–proteasome, lysosomal 
machinery, tunneling nanotubes, etc. (Lopes da Fon-
seca et al. 2015; Scheiblich et al. 2021). Our present 
study found that Mn induced reduction of lysosomal 
CTSB activity, downregulation of v/p-ATPase expres-
sion and inhibition of lysosomal acidification, lead-
ing to lysosomal dysfunction. Consistently, Zhang 

Fig. 7   Graphical abstract. 
A detrimental role of 
Serpina3n in Mn-induced 
Parkinsonism-like symp-
toms. Serpina3n deletion 
attenuated Mn-induced 
neurotoxicity and allevi-
ated Parkinsonism-like 
symptoms by protecting the 
astrocytic capacity of α-Syn 
clearance and preserving 
lysosomal function medi-
ated by TFEB-v/p-ATPases 
signaling pathway
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et  al. also reported that Mn decreased the nuclear 
localization of TFEB and induced lysosomal dys-
function (Zhang et al. 2020a). However, a significant 
increase in CTSD activity was also observed in the 
study, which may be a compensatory response to the 
reduction in CTSB activity. Nevertheless, previously 
described molecular mechanisms of Mn neurotoxicity 
are mainly attributed to oxidative stress, neuroinflam-
mation, mitochondrial dysfunction and excitotoxicity 
(Nyarko-Danquah et  al. 2020). Our study is the first 
to focus on the role of lysosomal impairment in α-Syn 
pathology and parkinsonism development.

The lysosome has traditionally been considered 
as a static organelle responsible for degrading the 
cellular protein aggregates, macromolecules, and 
other organelles. Recent discoveries underscore the 
significance of impaired lysosomal homeostasis in 
contributing to the progression of several neurode-
generative diseases, including PD, AD and fronto-
temporal degeneration (Udayar et  al. 2022). TFEB 
is a well-known master controller of the lysosomal 
pathway, responding to lysosomal pH and content 
by shuttling between the cytoplasm and nucleus, and 
eliciting its function via engaging with the expres-
sion of the coordinated lysosomal genes within the 
nucleus (Franco-Juarez et  al. 2022; Martini-Stoica 
et  al. 2016). Our study indicated that Mn induced 
nuclear TFEB loss in astrocytes and inhibited the 
expression of lysosomal acidic environment related 
v/p-ATPases. TFEB is a master transcriptional regu-
lator of lysosomal biogenesis (Li et al. 2022). While 
the lysosomal behaviour is influenced by its intracel-
lular pH, which is coordinated by proton pumps, the 
vacuolar ATPase (v-ATPase) and the p-ATPase (Abu-
Remaileh et al. 2017; Jewell et al. 2013). It has been 
suggested that lysosomal deacidification and dys-
function are common factors in genetic, sporadic and 
toxin-induced parkinsonism (Colacurcio and Nixon 
2016). Of interest, recent literature has demonstrated 
the physiological significance of TFEB-v-ATPase 
signaling in microglia via preserving lysosomal 
homeostasis and modulating immune response (Wang 
et al. 2024). The p-ATPase ATP13A2 is a lysosomal 
polyamine exporter whose mutation results in lyso-
somal dysfunction and is associated with PD (Lopes 
da Fonseca et al. 2015). The v-ATPase, on the other 
hand, is a multisubunit complex that performs ATP 
hydrolysis and affects the lysosomal phenotype (Abu-
Remaileh et  al. 2017). However, how Mn interferes 

with TFEB-v/p-ATPase signaling has not been thor-
oughly investigated in our study. There is still a lack 
of knowledge about the connections between the 
genetic alterations of different v/p-ATPase subunits 
and the aetiology of PD.

Recent studies have considered Serpina3n as a 
potential therapeutic approach based on its reported 
implications in CNS insults (Zhu et al. 2024). Clini-
cally, Serpina3n dysregulation is observed in brain 
cells, plasma and cerebrospinal fluid during various 
neurological conditions (Zhu et  al. 2024). In addi-
tion, Serpina3n is considered as a reliable biomarker 
of astrocytic activation in the unconditioned CNS 
(Clarke et  al. 2018; Kenigsbuch et  al. 2022). The 
therapeutic role of Serpina3n in reducing neuro-
pathic pain by inhibiting leukocyte elastase has also 
been discovered (Vicuna et al. 2015). Single-nucleus 
transcriptomics of glial cells from mouse models 
of AD revealed upregulation of Serpina3n, sug-
gesting its participation in the pathogenesis of AD 
(Zhou et al. 2020). In our study, we found that Ser-
pina3n KO attenuated Mn-induced motor defects, 
DA neuronal loss and α-Syn accumulation in mice. 
Meanwhile, Mn-induced lysosomal dysfunction 
via TFEB-v/p-ATPase signaling was also mitigated 
by Serpina3n deletion, which protected against the 
accumulation of α-Syn aggregates. These novel find-
ings not only demonstrated the detrimental role of 
Serpina3n in Mn neurotoxicity, but also captured 
the biological functions of Serpina3n in regulating 
astrocytic α-Syn metabolism and lysosomal homeo-
stasis, emphasizing the possibility of Serpina3n as 
a pharmacological target for clinical intervention of 
parkinsonism.

Our study has several limitations. First, the inter-
val between the pole-climbing and suspension tests 
is not more than 48 h to ensure that the mice have 
sufficient time to rest, which could affect their per-
formance due to fatigue, thus reducing the reliability 
and validity of the neurobehavioural tests. As pre-
viously reported, aSyn undergoes a phosphoryla-
tion modification such as Ser129 to adopt a toxic 
β-sheet conformation capable of aggregation (Ye 
et al. 2023). The second limitation is that the phos-
phorylated Ser129 α-Syn and toxic α-Syn were not 
further dissected to further confirm the link between 
astrocyte α-Syn clearance and the role of Serpina3n 
in respect of parkinsonism-like motor dysfunc-
tion. Thirdly, the in  situ lysosomal function and 
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consequent changes in autophagy flux have not been 
fully investigated. Autophagy is a functional path-
way delivering intracytoplasmic contents to the lys-
osome and is triggered as an important pathogenic 
process in the neurodegenerative disease, particu-
larly parkinsonism (Menzies et  al. 2017). Whether 
autophagy is involved in Serpina3n-mediated Mn-
induced neurotoxicity requires further investigation 
in the future. Finally, the study did not investigate 
Mn levels and its metabolism, which is a potential 
mechanism of Serpina3n-mediated antagonization 
of Mn-induced neurotoxicity.

Conclusion

In conclusion, the present study unravels an unap-
preciated role of Serpina3n as a detrimental factor 
in both Mn neurotoxicity and parkinsonism patho-
genesis. Serpina3n deletion attenuates Mn neuro-
toxicity and alleviates parkinsonism-like symp-
toms by protecting the astrocytic capacity of α-Syn 
clearance and preserving lysosomal functions via 
the TFEB-v/p-ATPase signaling pathway. These 
results provide new insights into the causal link 
between Mn neurotoxicity and the development 
of parkinsonism and identify the Serpina3n as a 
potential target for antagonizing Mn neurotoxicity 
in parkinsonism.
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