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A B S T R A C T

Excessive long-term manganese intake can inflict irreversible damage to the nervous system, with a predominant 
effect on the substantia nigra-striatum pathway. Through a mouse model simulating manganese exposure, we 
delved into its implications on the central nervous motor system, uncovering autophagy-lysosome dysfunction as 
a pivotal factor in manganese-induced neurotoxicity. Our research illuminated the molecular mechanisms behind 
TFEB’s role in manganese-triggered neuronal autophagy dysfunction, offering insights into the cellular and 
molecular mechanisms of manganese-induced abnormal protein accumulation. This study lays a significant 
theoretical foundation for future endeavors aimed at safeguarding against manganese neurotoxicity. Further-
more, TFEB emerges as a potential early molecular biomarker for manganese exposure, providing a solid basis for 
preemptive protection and clinical treatment for populations exposed to manganese.

1. Introduction

Manganese is a naturally occurring mineral and one of the most 
abundant metal elements in mammalian tissues. However, long-term 
excessive manganese exposure can lead to toxicity in the body, pri-
marily affecting the central nervous system (Erikson and Aschner, 2019; 
Mezzaroba et al., 2019). Neurological symptoms of manganese toxicity 
resemble Parkinson’s disease and include gait imbalance, rigidity, 
tremors, and bradykinesia (Martins et al., 2019). Manganese neurotox-
icity poses significant risks to occupational manganese-exposed workers 
(Lee et al., 2019; Dlamini et al., 2020). The mechanisms underlying this 
neurotoxicity remain unclear, with recent research focusing on dopa-
mine depletion, the role of free radicals, mitochondrial damage, calcium 
homeostasis disruption (Ijomone et al., 2019), and abnormal protein 
accumulation (Tinkov et al., 2021; Yan and Xu, 2020). Increasing 
environmental pollution highlights the importance of studying chronic 
manganese toxicity, underscoring the widespread public interest and its 
implications for public health.

Autophagy is a critical cellular mechanism for preserving cell sur-
vival by clearing damaged or harmful cellular components, thus 

maintaining cellular homeostasis (Cao et al., 2021). During autophagy, 
target materials are engulfed by autophagosomes, which fuse with ly-
sosomes to form mature autolysosomal structures, facilitating degrada-
tion by lysosomal proteases. Dysfunctional autophagy is associated with 
various diseases, including lung, liver, heart diseases, neurodegenera-
tive disorders, myopathies, cancer, aging, and metabolic diseases 
(Levine and Kroemer, 2019). Dysregulated autophagy occurs in man-
ganese neurotoxicity and plays a significant role (Ma et al., 2020) in the 
neurotoxic process (Yan and Xu, 2020). This is mainly because, in 
addition to the ubiquitin–proteasome system, the degradation of 
disease-associated mutant proteins heavily relies on the clearance 
function of autophagy (Vargas et al., 2023). Manganese exposure in-
duces the oligomerization of alpha-synuclein continuously accumu-
lating in the brain (Yan et al., 2019). Autophagic activation can protect 
neurons, delay, or ameliorate manganese neurotoxicity, although the 
specific mechanisms remain unclear (Zhang et al., 2020).

Lysosomes are organelles responsible for the degradation of large 
molecules within cells. They contain over 50 hydrolytic enzymes that 
degrade various cellular components, including proteins (Ballabio and 
Bonifacino, 2020; Zhang et al., 2021). Transcription factor EB (TFEB) is 

* Corresponding authors.
E-mail addresses: dearyatt@yeah.net (D. Wang), zjbin777@fmmu.edu.cn (J. Zhang). 

1 Jiaqiao Lu and Peng Su contributed equally to this work.

Contents lists available at ScienceDirect

Current Research in Toxicology

journal homepage: www.journals.elsevier.com/current-research-in-toxicology

https://doi.org/10.1016/j.crtox.2024.100193
Received 13 June 2024; Received in revised form 30 August 2024; Accepted 6 September 2024  

Current Research in Toxicology 7 (2024) 100193 

Available online 11 September 2024 
2666-027X/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:dearyatt@yeah.net
mailto:zjbin777@fmmu.edu.cn
www.sciencedirect.com/science/journal/2666027X
https://www.journals.elsevier.com/current-research-in-toxicology
https://doi.org/10.1016/j.crtox.2024.100193
https://doi.org/10.1016/j.crtox.2024.100193
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


a major regulator of lysosomal biogenesis (Franco-Juárez et al., 2022). 
Studies have shown that TFEB overexpression enhances lysosomal and 
mitochondrial function, significantly reduces high-fat diet-induced he-
patic steatosis in mice (Yan, 2022), and is closely associated with 
alcohol-induced hepatocyte death in a chronic alcoholism mouse model 
(Park et al., 2021). During manganese exposure, TFEB expression and its 
regulation of lysosomal function may also play a critical role in man-
ganese neurotoxicity (Pajarillo et al., 2022).

The aim of this study was to investigate the role and mechanisms of 
TFEB-mediated autophagy-lysosome dysfunction in neuronal protein 
accumulation following manganese exposure. We found that manganese 
exposure led to decreased TFEB expression, disrupted autophagy- 
lysosome function, increased abnormal accumulation of alpha- 
synuclein, and enhanced Tau phosphorylation. Dysregulated auto-
phagy mediated by TFEB may be a key factor in manganese-induced 
neuronal damage.

2. Materials and methods

2.1. Experimental animals, treatment, SN tissue collection

The Institutional Animal Care & Use Committee of the Fourth Mili-
tary Medical University (FMMU) approved all experiments involving 
animals. Mice were housed in groups of up to 5 animals per cage with 
food and water provided ad libitum on a 12-hour light/dark cycle. 
Throughout the study we used C57/BL6 male mice weighting 20 ± 1 g. 
Mice were injected subcutaneously with manganese (II) chloride tetra-
hydrate (MnCl2 4H2O) in a subacute treatment based on a published 
protocol. Briefly, animals were randomly assigned to 2 treatment groups 
and injected with either 0.1 mL of MnCl2 (100 mg/kg, in saline) and 
saline (0.9 % NaCl). This treatment was repeated every third day for a 
week, for a total of 3 treatments on 1, 4, and 7 d. The number of mice in 
each time point group was 12, and all mice used were male.

For SN (Substantia nigra) tissue collection following behavioral 
testing, the mice were killed by rapid cervical dislocation and brains 
were immediately removed and placed onto a chilled glass petri dish 
atop a bed of crushed ice. The brain was kept moist with phosphate- 
buffered saline (PBS; Sigma, P5493). The SN was dissected using 
microforceps and stored at − 80 ◦C in 0.1 M PBS (pH 7.4).

2.2. Quantification of behavioral tests

Pole climbing test: Motor coordination was evaluated by crawling 

time of mice. A 2.5 cm diameter plastic ball is fixed on the top of a 
50 cm × 1 cm cylindrical metal pole, and gauze is wrapped around the 
ball and metal pole to prevent slipping. The time required for mice to top 
down was recorded, tested 3 times, and the average was taken.

Open field experiment: The total distance and average speed of 
mouse activity reflected the autonomous motor ability. The tested mice 
were placed in the reaction box for 5 min, and their activities were 
collected using the tracking analysis system.

2.3. Manganese concentration analysis

At the end of the behavioral study, blood samples (0.1 ml) and brain 
samples (0.2 g) were collected from mice after decapitation in each 
group. The blood samples (0.1 ml/mouse) for measuring blood man-
ganese levels were collected from the left ventricle. Manganese was 
extracted from brain tissues by drying them and digesting them with 
organic solubilizers. Manganese levels were measured in duplicate using 
a graphic furnace and an atomic absorption spectrometer (AAS) (Per-
kinElmer 600, USA).

2.4. Stereotaxic injection

A volume of 5 × 109 viral particles suspended in less than 250 nl of 
PBS was administered into the left SNc region using a stereotaxic 
apparatus (Stoelting, Wood Dale, IL) equipped with a pulled glass 
capillary needle (tip diameter < 50 µm) at the specified coordinates: AP: 
− 3.2 mm, ML: − 1.3 mm, and DV: − 4.45 mm (Geibl et al., 2023). The 
injection was performed using a digital nanoinjector (Stoelting) con-
nected to a mineral oil-filled 5-μl gas-tight syringe (Hamilton) over a 
duration of 5 min, with the syringe remaining in place for an additional 
5 min post-injection. Subsequently, the syringe was removed, and the 
incision site was closed using cyanoacrylate glue (Vetbond, 3 M). The 
mice were administered ketoprofen for analgesia and monitored for 
signs of distress over a 48-hour period. This was followed by two days of 
convalescence, after which manganese treatment was initiated.

2.5. Transmission electron microscopy (TEM)

SNc tissues were immediately fixed in 2.5 % glutaraldehyde and 
dehydrated in ethanol. Processed tissues were then embedded in epoxy 
resin and sliced into 70 nm sections using an ultrathin slicer. After 
staining with uranyl acetate and lead citrate, morphological changes 
were captured and examined by a transmission electron microscope 
(Joel, JEM-2000EX, Tokyo, Japan).

2.6. Western blotting

Tissue lysates for western blotting were prepared as previously 
described. Briefly, lysis buffer was used to lyse brain tissue. Protein 
concentrations were measured using the bicinchoninic acid (BCA) pro-
tein assay kit (#P0010, Beyotime, China). Proteins were separated by 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene fluoride membranes. After blocking membranes 
in skim milk, they were incubated overnight at 4 ◦C with primary an-
tibodies. The following day, washed membranes were incubated with 
secondary antibodies. Protein bands were observed using enhanced 
chemiluminescent luminol and a chemiluminescence detector. Primary 
antibodies were: Tau-5 (21773-1-AP, Proteintech, 1:7,000), p-Tau396 
(27260-1-AP, Proteintech, 1:3,000), α-syn(13050-1-AP, Proteintech, 
1:5,000), Caspase 3 (66535-1-Ig, Proteintech, 1:4,000), Cathepsin D 
(3045S, Cell Signaling, 1:3,000), Cathepsin B (19655-1-AP, Proteintech, 
1:5,000), β-actin (66009-1-Ig, Proteintech, 1:10,000), TFEB (12987-1- 
AP, Proteintech, 1:5,000). Beclin1(12987-1-AP, Proteintech, 1:5,000) 
and LC3 (12987-1-AP, Proteintech, 1:5,000).

Fig. 1. Mn exposure leads to neurotoxicity. (A, B) Mn concentration in blood 
(A) and in brain (B) were determined by an atomic absorption spectropho-
tometer. Pole climbing test was used to measure the effect of Mn exposure on 
Motor coordination capacity in mice (C, D). The data were expressed as 
means ± SE of three independent experiments. **p < 0.01, compared with 
control group.
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2.7. Statistical analysis

A minimum of three experiments were performed, and the results 
were expressed as means ± SEM. Post-hoc analysis was conducted using 
a two-way ANOVA followed by the Turkey test. Differences with p- 
values <0.05 were considered statistically significant. All analyses were 
performed using the Statistical Package for the Social Sciences (SPSS) 
22.0 software (SPSS Inc. IL, USA). The specific indices of statistical 
significance were indicated in individual figure legends.

3. Results

3.1. Manganese exposure induces the accumulation of alpha-synuclein 
and phosphorylation of Tau protein

We established a subacute manganese exposure model by subcuta-
neously injecting MnCl2. One week after MnCl2 subcutaneous injections, 
blood and brain manganese levels significantly increased compared to 
the control group (Fig. 1A, B). Manganese exposure led to abnormal 
brain motor function in mice, as assessed by the pole-climbing test. 
Results showed that mice exposed to manganese spent significantly 
more time at the top and took longer to climb down compared to the 
control group (Fig. 1C, D). Manganese exposure affected mouse motor 
function. Western blot analysis of protein expression in dopaminergic 
neurons of the substantia nigra pars compacta revealed that manganese 
exposure increased Tau protein phosphorylation levels and alpha- 
synuclein expression levels compared to the control group (Fig. 2A).

Fig. 2. Mn exposure leads to accumulation of abnormal proteins. The amounts of proteins (p-Tau396, Tau5, α-syn, and Actin) were monitored via Western blot 
analysis using the specified antibodies (A). Relative amounts of p-Tau396 (B) and α-syn (C) in panel. The data were expressed as means ± SE of three independent 
experiments. **p < 0.01, compared with control group.

Fig. 3. Mn exposure could induce the accumulation of autolysosomes. After Mn exposure, autophagy body morphology in mice was observed under a high-resolution 
electron microscope (A). The amounts of proteins (Beclin 1, LC3 and Actin) were monitored via Western blot analysis using the specified antibodies (B). Relative 
amounts of Beclin 1 (B) and LC3 (C) in panel. **p < 0.01, compared with control group.

Fig. 4. Mn exposure leads to reduce the function of lysosomal. Protein 
expression of lysosomal function related proteins were examined by western 
blot (A). Relative amounts of Cathepsin D (B), Cathepsin B (C) and TFEB (D) in 
panel. The data were expressed as means ± SE of three independent experi-
ments. **p < 0.01, compared with control group.
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3.2. Manganese exposure impairs autophagic function

Transmission electron microscopy was used to observe changes in 
autophagosomes in dopaminergic neurons of the substantia nigra. Re-
sults showed that manganese exposure increased the number of auto-
phagic vesicles within neurons, and lysosome degradation was impaired 
(Fig. 3A). Western blot analysis of autophagy-related proteins revealed 
that manganese exposure promoted the expression of Beclin 1 and LC3II, 
indicating enhanced autophagy formation (Fig. 3B). However, auto-
phagosomes remained in an undegraded state.

3.3. Manganese exposure suppresses TFEB expression and lysosomal 
degradation function

TFEB is a crucial regulator of lysosome biogenesis and maintenance 
of its function. Manganese exposure inhibited TFEB expression in nigral 
neurons (Fig. 4A). Manganese exposure suppressed lysosome biogenesis 
and normal function. Western blot analysis of lysosomal proteases D and 
B revealed that manganese exposure inhibited the expression of lyso-
somal proteases (Fig. 4A). The number and function of lysosomes were 
both affected by manganese exposure.

3.4. TFEB overexpression alleviates autophagy-lysosome dysfunction

We constructed an adeno-associated virus (AAV) expressing TFEB 
and stereotaxically injected it into the substantia nigra of mice. Exper-
imental verification showed that AAV viral injection increased TFEB 
protein expression in the substantia nigra. After TFEB overexpression, 
manganese exposure improved lysosomal protease expression (Fig. 5B), 
increased lysosome generation, and enhanced lysosomal function. The 
number of autophagosomes in neurons significantly decreased after 
TFEB overexpression, effectively alleviating manganese-induced auto-
phagy-lysosome dysfunction.Fig. 6.

3.5. TFEB overexpression reduces manganese-induced Tau protein over 
phosphorylation and abnormal accumulation of alpha-synuclein

Western blot analysis of the substantia nigra showed that TFEB 
overexpression effectively suppressed manganese-induced Tau protein 
phosphorylation and alpha-synuclein accumulation. TFEB may regulate 
abnormal protein accumulation in neurons by modulating autophagy- 
lysosome function. Furthermore, we conducted pole-climbing behav-
ioral experiments on mice with TFEB overexpression following manga-
nese exposure. Results indicated that TFEB overexpression shortened the 
time spent at the top and the overall time for mice to climb down 
compared to the control group. TFEB alleviated the impact of manga-
nese exposure on mouse motor function.

Fig. 5. Overexpression of TFEB can promote the function of autolysosome. C57BL6 mice were pretreated with AAV, promoting the expression of TFEB, and then 
exposed to Mn. Protein expression of lysosomal function related proteins were examined by western blot (A). Relative amounts of TFEB D (B), Cathepsin B (C), 
Cathepsin D (D), LC3 II (E) and Beclin 1 (F) in panel. Autophagy body in mice was observed under a high-resolution electron microscope (G). The data were expressed 
as means ± SE of three independent experiments. **p < 0.01, compared with control group, #p < 0.05, compared with Mn-treating group.

Fig. 6. Over expression of TFEB can reduce the abnormal protein folding and 
accumulation in neurons. The amounts of proteins (p-Tau396, Tau5, α-syn, 
Caspase 3 and Actin) were monitored via Western blot analysis using the 
specified antibodies (A). Relative amounts of p-Tau396 (B) α-syn (C) and Cas-
pase 3(D) in panel. The data were expressed as means ± SE of three indepen-
dent experiments. **p < 0.01, compared with control group, #p < 0.05, 
compared with Mn-treating group.
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4. Discussion

The central nervous system is a crucial target organ for manganese 
exposure, considered an important environmental factor in neurode-
generative diseases (Fernandes et al., 2019; Soto-Verdugo and Ortega, 
2021). Recent research has revealed the critical role of abnormal protein 
accumulation in the process of manganese-induced neurological damage 
(Nyarko-Danquah et al., 2020), particularly the severe impact of 
excessive accumulation of alpha-synuclein (Ma et al., 2023) and Tau 
protein (Liu et al., 2022) on neuronal survival.

The nigrostriatal pathway is intimately connected to the coordina-
tion of the motor system. Dopaminergic neurons produce the dopamine 
neurotransmitter, which regulates the motor function of the limbs. The 
substantia nigra is divided into two parts: the dense part and the retic-
ular part. The dense part primarily consists of the cell bodies of dopa-
minergic neurons, while the reticular part comprises the axons and 
dendrites of these neurons. Research has indicated that exposure to 
manganese can lead to damage in dopaminergic neurons. Consequently, 
to establish a mouse model for manganese exposure, we administered 
manganese chloride into the dense part of the substantia nigra.

Tau protein is a microtubule-associated protein and a member of the 
microtubule protein family (Ukmar-Godec et al., 2020). It is primarily 
found in neurons and plays a crucial role as an essential protein for 
maintaining the stability of microtubules within axons (Brunello et al., 
2020; Liang et al., 2022). Tau hyperphosphorylation leads to microtu-
bule instability and axonal transport dysfunction (Hu et al., 2023). 
Hyperphosphorylated Tau protein can self-aggregate into insoluble 
fibrillary structures, leading to the formation of neurofibrillary tangles, a 
characteristic pathological feature of Alzheimer’s disease (Hamano 
et al., 2021). Our research demonstrates that manganese exposure 
significantly elevates Tau protein phosphorylation levels in dopami-
nergic neurons of the substantia nigra, suggesting that Tau hyper-
phosphorylation may constitute a critical mechanism underlying 
manganese-induced neurological damage.

Alpha-synuclein is a soluble protein primarily expressed in presyn-
aptic terminals of neurons. Its normal function remains unclear, but it is 
closely related to the pathogenesis of Parkinson’s disease (Du et al., 
2020; Henderson et al., 2019). Alpha-synuclein aggregates into insol-
uble fibrils and forms Lewy bodies, a hallmark of Parkinson’s disease 
(Mehra et al., 2019). Our results show that manganese exposure 
significantly increases alpha-synuclein expression levels in dopami-
nergic neurons of the substantia nigra. Manganese-induced alpha-syn-
uclein aggregation may play a crucial role in neuronal damage.

Autophagy is a vital cellular process that maintains intracellular 
homeostasis by removing damaged organelles and proteins (D’Arcy, 
2019). Dysregulated autophagy contributes to the accumulation of 
pathological proteins in neurodegenerative diseases (Lou et al., 2020; 
Rusmini et al., 2019). In our study, manganese exposure increased the 
number of autophagosomes in dopaminergic neurons, indicating 
enhanced autophagy formation. However, autophagic flux was dis-
rupted, and autophagosomes remained undegraded. This suggests that 
autophagy-lysosome dysfunction may be a key factor in manganese- 
induced neuronal damage.

TFEB is a master regulator of lysosomal biogenesis and function (Li 
et al., 2022). It controls the expression of genes involved in lysosomal 
biogenesis, autophagy, and lysosomal acidification (Wang et al., 2020; 
Yang et al., 2022; Zhang et al., 2022). In our study, manganese exposure 
suppressed TFEB expression in dopaminergic neurons, resulting in 
impaired lysosomal function. Notably, overexpression of TFEB mitigated 
manganese-induced autophagy-lysosome dysfunction, decreased 
abnormal protein accumulation, and improved motor function in mice.

In conclusion, our study provides novel insights into the mechanisms 
of manganese neurotoxicity, highlighting the crucial role of autophagy- 
lysosome dysfunction in the accumulation of pathological proteins. 
TFEB-mediated restoration of autophagy-lysosome function may repre-
sent a promising therapeutic strategy for manganese-induced 

neurotoxicity and related neurodegenerative diseases. Additionally, 
TFEB holds potential as an early molecular biomarker for manganese 
exposure, facilitating early protection and clinical management of 
manganese-exposed populations. Further research is needed to explore 
the translational potential of these findings for human health and safety.
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