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Abstract

Manganese (Mn), the third most abundant transition metal in the earth’s crust, has widespread applications in the
emerging field of organometallic catalysis and traditional industries. Excessive Mn exposure causes neurological
syndrome resembling Parkinson’s disease (PD). The pathogenesis of PD is thought to involve microglia-mediated
neuroinflammatory injury, with mitochondrial dysfunction playing a role in aberrant microglial activation. In

the early stages of PD, PINK1/Parkin-mediated mitophagy contributes to the microglial inflammatory response

via the cGAS/STING signaling pathway. Suppression of PINK1/Parkin-mediated mitophagy due to excessive Mn
exposure exacerbates neuronal injury. Moreover, excessive Mn exposure leads to neuroinflammatory damage

via the microglial cGAS-STING pathway. However, the precise role of microglial mitophagy in modulating
neuroinflammation in Mn-induced parkinsonism and its underlying molecular mechanism remains unclear. Here,
we observed that Mn-exposed mice exhibited neurobehavioral abnormalities and detrimental microglial activation,
along with increased apoptosis of nerve cells, proinflammatory cytokines, and intracellular ROS. Furthermore, in
vivo and in vitro experiments showed that excessive Mn exposure resulted in microglial mitochondrial dysfunction,
manifested by increased mitochondrial ROS, decreased mitochondrial mass, and membrane potential. Additionally,
with the escalating Mn dose, PINK1/Parkin-mediated mitophagy changed from activation to suppression. This was
evidenced by decreased levels of LC3-Il, PINK1, p-Parkin/Parkin, and increased levels of p62 protein expression level,
as well as the colocalization between ATPB and LC3B due to excessive Mn exposure. Upregulation of mitophagy by
urolithin A could mitigate Mn-induced mitochondrial dysfunction, as indicated by decreased mitochondrial ROS,
increased mitochondrial mass, and membrane potential, along with improvements in neurobehavioral deficits and
attenuated detrimental microglial activation. Using single-nucleus RNA-sequencing (snRNA-seq) analysis in the
Mn-exposed mouse model, we identified the microglial cGAS-STING signaling pathway as a potential mechanism
underlying Mn-induced neuroinflammation. This pathway is associated with an increase in cytosolic mtDNA levels,
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which activate STING signaling. These findings point to the induction of microglial mitophagy as a viable strategy
to alleviate Mn-induced neuroinflammation through mtDNA-STING signaling.
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Introduction

Parkinson’s disease (PD), the second most prevalent neu-
rodegenerative disorder, is characterized by the degen-
eration of dopaminergic (DA) neurons in the substantia
nigra, leading to motor impairments such as bradykine-
sia, tremor, rigidity, and various non-motor symptoms
[1]. The global prevalence of PD is on a rapid rise, with
estimates exceeding 6 million cases [2, 3]. The environ-
mental pollutant manganese (Mn) has been recognized
as a risk factor for sporadic PD and other neurodegen-
erative diseases [4, 5]. Since the initial documentation

of Mn-induced parkinsonism in 1837, numerous experi-
mental and epidemiological studies have been conducted
to elucidate this association [6-11]. Notably, in Mn-
induced Parkinsonism, dopaminergic neuronal loss in the
substantia nigra is minimal, whereas toxicity predomi-
nantly affects medium spiny neurons in the striatum. This
pathological pattern diverges from idiopathic Parkinson’s
disease (PD), which is distinguished by significant dopa-
minergic neuron degeneration in the substantia nigra
pars compacta, progressive deterioration of nigrostriatal
connections, Lewy body formation, and preservation of
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the pallidum [4, 6, 12]. As the third most abundant tran-
sition metal in the earth’s crust, Mn is extensively utilized
in diverse applications, including as an additive in gaso-
line (methylcyclopentadienyl manganese tricarbonyl),
pesticides (manganese ethylene-bis-dithiocarbamate), an
adjuvant in medical imaging and antineoplastic therapy
(manganese porphyrins), in drug addicts (potassium per-
manganate), as manganese violet in paints and cosmetics,
and in lithium manganate batteries [13—15]. This has led
to an increasing public awareness concerning the neuro-
toxic repercussions linked to Mn exposure.

Mn is a vital trace element essential for regulating key
physiological processes such as amino acid and lipid
metabolism, protein synthesis, neurotransmitter syn-
thesis, and immune function [16]. However, excessive
exposure to Mn can have toxic effects on humans, with
notable accumulation in the globus pallidus, striatum,
substantia nigra, and frontal cortex occurring through
facilitated diffusion, active transport across the blood-
brain barrier, or passive transport, ultimately causing
irreversible damage to dopaminergic neurons [16—18].
Apart from Parkinson’s-like disease, increasing evidence
reveals that Mn may also be a risk factor for several other
neurodegenerative disorders, including Alzheimer’s dis-
ease (AD), dementia, amyotrophic lateral sclerosis (ALS),
and Huntington’s disease (HD), depression [10, 18]. Mn
neurotoxicity involves multiple mechanisms, including
mitochondrial dysfunction, disruption of neurotrans-
mitter metabolism, oxidative stress, neuroinflammation,
iron imbalance, and proteotoxicity [6, 18]. Developing
effective intervention strategies to prevent Mn-related
neurological disorders remains an urgent research pri-
ority. Neuroinflammation is considered a pivotal media-
tor in the mechanism underlying the neurodegenerative
process [6, 19-22]. Recent findings have observed a det-
rimental inflammation in response to Mn overexposure
and related disorders, accompanied by elevated inflam-
matory cytokines such as TNF-qa, iNOS, and IL-6, which
contribute to its neurotoxic effects [21-23]. Multiple
compromised homeostatic mechanisms can indepen-
dently contribute to nerve cell damage, ultimately con-
verging to produce an aberrant inflammatory state that
drives neurodegeneration [6, 21, 24—26]. The attenua-
tion of microglia-mediated inflammation has emerged
as a common mechanism through which interventions,
including pharmacological ones, exert beneficial effects
on neurodegenerative processes.

Microglia, an important component of the innate
immune system in the central nervous system (CNS),
respond to a broad range of pathogen-associated and
danger-associated molecular patterns (DAMPs) [19].
Microglial immune response is also known to be con-
trolled by mitochondrial homeostasis. Mitochondria-
derived DAMP molecules, such as ROS and DNA,
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contribute to the perpetuation of neuroinflammation
by sustaining microglial activation and causing neuro-
toxic damage in the neuropathology of PD and other
neurodegenerative diseases [20, 27]. The mitochondria
are the primary organelle responsible for the accumula-
tion of Mn via mitochondrial Ca?* uniporter [6]. Exces-
sive exposure to Mn increases ROS and mitochondrial
ROS (mtROS) production, inhibits ATP production, and
perturbs mitochondrial quality control, exacerbating the
oxidative stress and nerve cell damage [28—30]. However,
the exact mechanisms of Mn-induced mitochondrial dys-
function in microglial function and activation remain
unclear and need to be investigated.

Malfunctioning mitochondria have been implicated in
several neurodegenerative diseases such as Alzheimer’s
disease (AD) and PD [1, 31-34]. Mitophagy pathways
play a crucial role in maintaining cellular homeostasis
by degrading defective or damaged mitochondria [35].
Dysregulation of mitophagy is associated with various
pathological processes, including neuroinflammation,
apoptosis, and cell differentiation, which can exacerbate
AD and PD (35, 36]. Emerging evidence suggests that the
PTEN-induced putative kinase 1 (PINK1)/parkin RBR E3
ubiquitin-protein ligase (Parkin)-mediated mitophagy
pathway regulates the microglial inflammatory response
through the mtDNA/cyclic GMP-AMP synthase (cGAS)-
interferon gene stimulator (STING/TMEM173) signal-
ing, contributing to the progression of early-onset PD
[37]. In terms of innate immune responses, Mn has been
considered as the second cGAS activator, apart from
exogenous double-stranded DNA, to activate the cGAS-
STING pathway for potential therapeutic interventions
in infectious diseases and malignant tumors [38—40]. In
regards to neurotoxicity, recent studies have shown that
Mn exposure induces neuronal mitochondrial dysfunc-
tion by impairing mitochondrial biogenesis and repress-
ing PINK1/Parkin-mediated mitophagy, exacerbating
nerve cell damage [28, 30]. Additionally, excessive Mn
exposure activates the microglial cGAS-STING pathway,
contributing to neuroinflammatory damage [22]. How-
ever, the role of microglial mitophagy in Mn-induced
neuroinflammation and its potential involvement in the
mtDNA-STING pathway requires further investigation.

In this study, we conducted in vivo and in vitro experi-
ments to investigate the impact of Mn on microglial
mitophagy and neuroinflammation. We utilized the
mitophagy activator, urolithin A (UA), to assess the
neuroprotective effects of microglial mitophagy in
Mn-induced neuroinflammation. By employing single-
nucleus RNA sequencing (scRNA-seq) technology, we
elucidated the molecular mechanism by which microg-
lial mitophagy regulates neuroinflammation through
the mtDNA-STING pathway under Mn neurotoxic
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conditions. Our findings offer novel insights into the
understanding of Mn neurotoxicity.

Materials and methods

Antibodies and reagents

MnCl,-4 H,O was acquired from Sigma Chemical Co.
(St. Louis, MO, USA). Urolithin A (UA) was purchased
from MedChemExpress (HY-100599). Dulbecco’s modi-
fied Eagle medium (DMEM) and fetal bovine serum
(FBS) were purchased from Gibco (Grand Island, USA).
Primary antibodies, including Rabbit anti-p62 (#A11247),
anti-LC3B (#A7198), anti-IBA1 (#A19776), and anti-p-
actin (#AC026), along with secondary antibodies, were
purchased from Abclonal Biotechnology Co. Ltd. (Shang-
hai, China). Rabbit anti-phospho-STING (#72971S),

anti-STING  (#13647), anti-phospho-IRF3 (#29047),
anti-IRF3  (#4302S), anti-phospho-TBK1  (#5483),
anti-TBK1 (#3504S), Vinculin (#13901) and VDAC

(#4661) were purchased from Cell Signaling Technol-
ogy (Beverly, MA, USA). Rabbit anti-phospho-Parkin
(#PA5-114616), anti-Parkin (#702785), and anti-PINK1
(#PA1-16604) were purchased from Invitrogen Co. Ltd.
(Jiangsu, China). Anti-ATPB antibody (#ab14730) was
purchased from Abcam. Anti-DNA mouse monoclonal
antibody (#690014) was obtained from Progen biotech-
nology Inc (Heidelberg, Germany). Bicinchoninic acid
reagent (BCA, #23227), Reactive Oxygen Species Assay
Kit (#S0033M), Mitochondrial membrane potential
assay kit with JC-1 (#C2006), Enhanced ATP Assay Kit
(#S0027), TUNEL Apoptosis Assay Kit (#C1098), Mito-
Tracker Green (#C1048), and Mitochondrial Superoxide
Assay Kit with MitoSOX Red (S0061M) were purchased
from Beyotime Biotechnology (China). Nonyl acri-
dine orange (NAO) was obtained from Sigma-Aldrich
(#A7847, USA). ELISA kits were purchased from Shang-
hai Enzyme-linked Biotechnology Co., Ltd (Shanghai,
China). DNA Isolation Mini Kit-BOX (Cat.DC102-01)
and ChamQ Universal SYBR qPCR Master Mix (Code.
Q711-02) were purchased from Vazyme Biotech Co., Ltd
(Nanjing, China).

Animals and treatments

Eighty male C57BL/6 mice, aged 6—8 weeks and weighing
22-25 g, were procured from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. Following a one-week
acclimatization period in a controlled environment with
a 12-hour light/dark cycle at 22+2 °C and ad libitum
access to food and water, the mice (n=10 per group)
were allocated into distinct groups: control (saline solu-
tion), varying doses of Mn-exposed groups (50, 100, 200
umol/kg Mn), a UA control group (2.3 mg/kg UA), and
a UA-pretreated group (2.3 mg/kg UA+200 pmol/kg
Mn). The Mn and UA dosages and administration meth-
ods adhered to established protocols [23, 29, 41-43].
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Mn-exposed mice received intraperitoneal Mn injections
for 5 consecutive days per week, while UA-pretreated
mice were administered UA intraperitoneally 2 h prior
to Mn treatment for 3 consecutive days within the same
timeframe. Regular neurobehavioral assessments were
conducted to monitor changes in locomotor function.
Striatal tissue samples were collected to evaluate relevant
indicators until 80% of Mn-treated mice displayed abnor-
mal neurobehavioral performance six weeks post-Mn
exposure. The in vivo experimental schedule is detailed
in Supplementary Material Figure S1. The experimental
procedures and ethical considerations were approved by
the Animal Research Committee at Jinzhou Medical Uni-
versity in Jinzhou, China under ethical approval number
240,079.

BV2 cell culture

BV2 murine microglial cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin in T25 flasks at 37 °C with
5% CO, until reaching 90% confluency. The study com-
prised two phases: initially, cells were exposed to varying
concentrations of Mn (0, 200, 400, and 600 pM) for 24 h.
Subsequently, cells were treated with either 600 uM Mn
alone or pre-treated with 10 uM UA for 2 h followed by
Mn exposure according to the previous reports [23, 44,
45]. After 24 h of co-culture, relevant parameters were
assessed.

Gait analysis

Each mouse traversed the glass walkway three times,
while a high-speed camera captured their footprints.
Parameters including such as footprint timing, footfall
patterns, stance(s), stride length(cm), and step cycle(s)
were automatically documented utilizing the Catwalk
Gait Analysis System (VisuGait, XR-XFP101, Shanghai).

Open-field test

Each mouse was placed directly into the middle of the
white floor of the apparatus (50 cm x 50 cm x 40 cm).
The movement of each mouse within 5 min was recorded
with a high-speed camera. During the trial, the open field
device was wiped with 75% alcohol to remove odor cues.
Parameters including total distance, average velocity,
and immobility time were automatically calculated using
Tracking Master software.

Mn content assessment

Approximately 25 mg of striatal tissue was pretreated
with 5 mL digestion solution (HNO,: 30% H,O,=4:1).
After the sample was completely dissolved by pro-
grammed heating, heated to evaporate to the last drop.
Subsequently, deionized water was added to 6 mlL.
A standard curve of Mn was made to quantify the



Lu et al. Journal of Neuroinflammation (2025) 22:55

concentration of Mn in different striatal tissues using
ICP-MS (SUPEC 7000, Hangzhou). Data were analyzed
by calculation of pg Mn/ g tissue wet weight.

Enzyme-linked immunosorbent assay (ELISA) assay

Levels of TNF-qa, IFN-y, iNOS, and IL-6 in the superna-
tant of fresh striatal tissue were detected using ELISA
kits following the manufacturer’s instructions. The absor-
bance at 450 nm was measured on a microplate reader
respectively. The total protein concentrations were deter-
mined for standardized analysis. The contents of TNF-
a, IFN-y, iNOS, and IL-6 were normalized by the total
protein.

Terminal Deoxynucleotidyl Transferase-mediated dUTP
Nick-End labeling (TUNEL) assay

Brain tissue paraffin Sect. (5 pum-thick) were deparaf-
finized in xylene and hydrated through graded concentra-
tions of ethanol. The fragmented DNA was labeled on the
sections using components of the Colorimetric TUNEL
Apoptosis Assay Kit according to the supplier’s instruc-
tions kit. Then the brain sections were counterstained by
immersing the slides in hematoxylin. Photos were taken
by microscopy and analyzed by Image J.

Immunohistochemical (IHC) analysis

Brain tissue paraffin sections (5 pm thick) were depar-
affinized in xylene, hydrated in a series of ethanol con-
centrations, and subjected to antigen retrieval in citrate
buffer using a microwave pressure cooker. Following
cooling to room temperature, the sections underwent
blocking for endogenous peroxidase and nonspecific
binding, then were incubated with the primary antibody
IBA-1 (1: 200) overnight at 4 °C. Subsequently, the sec-
tions were treated with anti-rabbit IgG for 2 h at 37 °C,
followed by staining with 3,3-diaminobenzidine (DAB)
for 5 min. After dehydration in ethanol, the sections were
mounted with neutral gum. Microscopic images were
captured and analyzed using Image J.

Flow cytometry

Single-cell suspension of striatum tissue were prepared
as previously described and incubated with DCFH-DA,
MitoSOX™, nonyl acridine orange (NAO) or JC-1 dye.
The specific staining working concentration and condi-
tion were performed according to the instructions of
reactive oxygen species (ROS) assay kit, mitochondrial
superoxide (mtROS) assay kit, mitochondrial mass assay,
and mitochondrial membrane potential (MMP) assay kit.
Cell suspensions were analyzed using a flow cytometer
(EasyCell, Wellgrow Technology, China), and data were
analyzed using FlowJo software.
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Immunofluorescence analysis

Fixed BV2 cells, mouse brain paraffin Sect. (5-um thick)
were permeabilized with 0.1% Triton X-100 and incu-
bated with 5% goat serum albumin for 30 min to block
a nonspecific binding. Samples then were incubated
with mouse ATPB (1:200), rabbit LC3B (1:200), or
mouse DNA primary antibodies overnight at 4 °C. Cy3-
labeled or FITC-labeled fluorescent secondary antibodies
(#A0516, #A0568, Beyotime) were used to immunostain
before mounting in fluoroshield with DAPI (#P0131, Bey-
otime). For the detection of mtROS, BV2 cells were co-
incubated with Mito-Tracker Green probe and MitoSOX
Red probe at 37 ‘C for 20 min in the dark. For the detec-
tion of MMP, BV2 cells were stained with the JC-1 probe
at 37 ‘C for 20 min in the dark using an MMP assay Kkit.
The fluorescence signal image was captured by confocal
microscopy and analyzed by Image J.

ATP assay

The ATP concentration in BV2 cells was measured using
the Enhanced ATP Assay Kit according to the manufac-
turer’s protocol. The luminescent signal was detected by
an Enzyme-linked immunoassay analyzer (Feyond-A300,
ALLSHENG, China).

Western blotting analysis

Striatum tissues or BV2 cells were dissolved in RIPA buf-
fer with 1% PMSF. Total proteins were determined and
quantified at 2 pg/pl using BCA assay. Equal quantities
of protein were separated by SDS-PAGE gels and subse-
quently transferred to PVDF membranes. After blocking
the PVDF membrane with 5% BSA for 2 h at room tem-
perature, the membranes were probed with the primary
antibodies including Parkin, p-Parkin, LC3B, p62, PINKI1,
STING, p-STING, TBK-1, p-TBK-1, IRF-3 (1:1000),
p-IRE-3, VDAC, Vinculin, and B-actin at 4 °C overnight.
Membranes were incubated with rabbit secondary anti-
body for 2 h, and the expression of target bands was visu-
alized using the ECL chemiluminescent system. Finally,
the relative protein expression level was assessed by
Image ] software to measure the band integrated density.

Mitochondrial DNA copy number (mtDNA) measurement

Genomic DNA was isolated from BV2 cells using the
DNA Isolation Mini Kit (Cat.DC102-01, Vazyme). The
mtDNA was detected by quantitative PCR (qPCR) to
determine the mitochondrial DNA marker Cox! /nuclear
DNA marker Ndufvl ratio. The qPCR was performed
using SYBR green dye (Code.Q711-02, Vazyme) in the
ABI 7500 qPCR system (Applied Biosystems). The fol-
lowing primer sequences were used: CoxI: 5'-TGC TAG
CCG CAG CAT TAC-3' (forward), 5'-GGG TGC CCA
AAG AAT CAG AAC-3’ (reverse); Ndufvl: 5'-CTT CCC
CACTGG CCT CAA G-3' (forward), 5'-CCA AAA CCC
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AGT GAT CCA GC-3’ (reverse). The data were normal-
ized and analyzed using the 224" method.

Single-nucleus RNA-sequencing (snRNA-seq) and
bioinformatic analysis

SnRNA-seq was conducted by Scale Biomedicine Tech-
nology Co., LTD (Beijing, China). After preparing cell
nucleus suspensions from fresh striatal tissue samples of
Mn-treated mice and control mice, nuclear capture and
cDNA library amplification were performed according to
the operating manual of the 10x Genomics Chromium
Next GEM Single Cell 3" Reagent Kits v3.1 (1000268).
The 10x Genomics Chromium Library Construction Kit
(1000190) was then used for library construction, follow-
ing the operating manual.

Raw sequencing data generated from the single-cell
RNA sequencing experiment were first processed using
Cell Ranger (v7.0.0) provided by 10x Genomics. Cell
Ranger was employed to demultiplex the sequencing
reads, align them to the reference genome (mm1l0 for
mouse), and generate a gene-barcode matrix. The matrix
contains the UMI (Unique Molecular Identifier) counts
per gene for each cell.

After obtaining the gene expression matrix, the data
were imported into Seurat (v4.3.0) for further analysis
[46]. To ensure high-quality single-cell data for down-
stream analysis, stringent filtering criteria was applied to
remove low quality cells and doublets. To filter out cells
with an extremely high or low number of detected genes
or UMI counts, the nFeature. RNA and nCount_ RNA
metrics, representing the number of expressed genes and
the total UMI counts per cell, were filtered to retain only
those cells within the 2.5th to 97.5th percentile range.
Cells with over 10% mitochondrial gene expression (per-
cent. mt>10%) were considered as dead or dying cells
and were filtered out. Additionally, the DoubletFinder
package (version 2.0.3) was applied to identify potential
doublets [47].

After applying these QC criteria, individual datasets
were merged using the merge function. The combined
object was normalized using the NormalizeData func-
tion with the LogNormalize method and a scale fac-
tor of 10,000. Two thousand highly variable genes were
identified using the FindVariableFeatures function with
the variance-stabilizing transformation (VST) method.
The data was scaled using the ScaleData function with
default parameters. Principal component analysis (PCA)
was performed with the RunPCA function to reduce
dimensionality. The first several PCs (40) were selected
based on their contribution to the variance in the data-
set, evaluated through an elbow plot or JackStraw plot.
To address batch effects, the Harmony algorithm was
applied using the RunHarmony function [48]. After batch
correction, a neighbor graph of the cells was constructed
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using the FindNeighbors function with the first (40) prin-
cipal components. Clustering was then performed using
the FindClusters function to partition the cells into dis-
tinct groups, with the resolution parameter set to 0.5
adjusted to control the granularity of clustering. Non-lin-
ear dimensionality reduction was conducted using uni-
form manifold approximation and projection (UMAP)
and t-distributed stochastic neighbor embedding (t-SNE)
by applying RunUMAP and RunTSNE on the Harmony-
aligned components, focusing on the first (40) principal
components.

To assign cell type labels to each cluster, marker genes
were discerned by contrasting gene expression within
clusters against other cells using the FindMarkers func-
tion with the Wilcoxon rank sum test. Reference-based
cell type annotation was performed using SingleR pack-
age (version 1.8.1) [49].

The differentially expressed genes (DEGs) between
experimental treatment sample groups were discerned
by contrasting gene expression within one sample group
against the other group using the FindMarkers function
with the Wilcoxon rank sum test method. To explore
functional enrichment of DEGs, the Gene Set Enrich-
ment Analysis (GSEA) was conducted by the clusterPro-
filer package (version 4.8.0) [50]. Utilizing the genes of
the cGAS-STING signaling pathway in the KEGG data-
base as gene sets, the cGAS-STING activity score was
calculated by the Viper algorithm (version 1.38.0) in the
irGSEA package (version 3.3.2) [51]. ISG analysis and
interferon type classification were conducted using Inter-
ferome 2.0 [52]. All analyses and visualizations were con-
ducted using R (version 4.4.1).

Statistical analysis

All statistical tests were performed with SPSS 25.0 soft-
ware (SPSS Co. Ltd, Aromonk, NY, USA). Data represent
the mean of at least three independent experiments, and
error bars denote the standard deviation unless specified
otherwise. If data conformed to normality and variance
homogeneity, significance was performed by a one-way
ANOVA followed by the SNK-q test for multiple com-
parisons. The difference was considered statistically sig-
nificant at P<0.05.

Results

Mn overexposure induced abnormal neurobehavioral
performance and neuroinflammation damage in mice
Following Mn treatment, catwalk gait analysis and open
field tests were conducted to evaluate the impact of
Mn neurotoxicity in mice. Mn-treated mice exhibited
irregular swinging cycles, abnormal step sequences,
and impaired gait performance compared to the control
group, as evidenced by increased stand time and step
cycle, and decreased stride length (Fig. 1A and B). In
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Fig. 1 Excessive Mn exposure induces neurobehavioral impairments and microglial activation. (A, B) Catwalk gait analysis reveals impaired motor coordi-
nation in Mn-treated mice, as indicated by increased stand time and step cycle and decreased stride length (n=6 mice). (C, D) The open-field test shows
reduced locomotor activity, as evidenced by reduced total distance, velocity, and increased immobility time (n=6 mice). (E) Mn accumulation in the stria-
tum was dose-dependent, and quantified by ICP-MS (n=4 mice). (F) TUNEL assay demonstrates increased nerve cell apoptosis in the Mn-treated group
(n=4mice). (G, H) Iba-1 immunostaining reveals amoeboid microglial morphology in Mn-treated mice, with shorter branches and fewer endpoints (1=3
mice). (I) Flow cytometry shows elevated ROS levels in the striatum (n=4 mice). (J) ELISA results indicate increased inflammatory cytokines (iNOS, TNF-q,
IL-6, IFN-y) in Mn-treated mice (n=4 mice). Data are presented as mean + SD; significance is denoted as ‘P<0.05, "P<0.01,” P<0.001

the open field tests, a gradual decrease in total distance
and average velocity, along with an increase in immobil-
ity time, was observed with higher Mn concentrations
(Fig. 1C and D). The accumulation of Mn in the striatum
region also increased with elevated Mn exposure doses
(Fig. 1E). Pathological changes in nerve cells in the stria-
tum region of Mn-treated mice were observed, with the
TUNEL assay revealing a significant increase in nerve
cell apoptosis with higher Mn concentrations (Fig. 1F).
Immunohistochemical analysis showed morphological
alterations in microglia labeled by Iba-1, characterized by
enlarged cell bodies and shortened branches, displaying
a decrease in endpoints and process length in the Mn-
treated group compared to the control group (Fig. 1G
and H). Flow cytometry results demonstrated varying
levels of increased intracellular reactive oxygen species
(ROS) following Mn exposure (Fig. 1I). ELISA assay find-
ings indicated a substantial increase in the expression of
inflammatory cytokines (iNOS, TNF-a, IL-6, and IFN-y)
due to Mn exposure (Fig. 1]J). These results suggested that
microglia-mediated neuroinflammatory damage may
play a significant role in the neurobehavioral dysfunction
induced by Mn exposure.

Mn overexposure impairs microglial mitochondrial
function in vivo and in vitro

Mitochondria play a critical role in the pathogenesis of
Parkinson’s disease (PD), with mitochondrial dysfunction
closely associated with neuroinflammatory damage. To
investigate the impact of Mn on mitochondrial function,
we evaluated mitochondrial mass, mitochondrial ROS
levels, and mitochondrial membrane potential (MMP) in
the striatum of Mn-treated mice. Flow cytometry analy-
sis using NAO dye demonstrated a significant decrease
in mitochondrial mass following Mn exposure (Fig. 2A).
Furthermore, Mn exposure increased mtROS levels
(Fig. 2B). The flow cytometry assay revealed a significant
reduction in MMP after Mn exposure, as evidenced by
the decreased ratio of JC-1 aggregated formation (red
fluorescent signal) to JC-1 monomer formation (green
fluorescent signal) (Fig. 2C). To explore the connection
between mitochondrial function and microglia-medi-
ated neuroinflammation in response to Mn exposure, we
also assessed the mtROS and MMP levels in BV2 cells
treated with an Mn dose of 200-600 uM. This dose was
chosen based on our previous findings that inflamma-
tory activation of BV2 cells contributes to Mn-induced

neuroinflammatory damage [23]. Immunofluorescence
analysis showed a significant increase in mtROS levels
in Mn-treated BV2 cells compared to the control group
(Fig. 2D). Furthermore, JC-1 staining demonstrated a
decrease in the red/green fluorescent intensity ratio
in Mn-treated BV2 cells, indicative of reduced MMP
(Fig. 2E). Additionally, the adenosine triphosphate (ATP)
levels were significantly lower in Mn-treated BV2 cells
than that in the control group (Fig. 2F). These findings
suggest that Mn-induced mitochondrial dysfunction may
drive microglia-mediated neuroinflammatory damage.

Mn overexposure suppresses microglial mitophagy

Mitophagy is essential for maintaining cellular homeo-
stasis by eliminating damaged or dysfunctional mito-
chondria, thus preventing the onset of inflammatory
responses [33, 41, 53]. In this research, we assessed
mitophagy using immunofluorescence staining and west-
ern blot methods. Our findings, as shown in Fig. 3A-B,
indicate a notable rise in the colocalization between the
mitochondrial marker ATPB and the autophagosomal
marker LC3B in the brain sections of mice exposed to
Mn, suggesting increased mitophagosomes formation
following Mn exposure. However, in 200 umol/kg Mn-
treated group, the colocalization signal decreased by
52% compared to the 100 pmol/kg Mn treated group.
Corresponding to our in vivo results, the colocalization
between ATPB and LC3B in BV2 cells demonstrated a
transition from enhancement to reduction with escalat-
ing Mn concentrations. Specifically, the BV2 cells treated
with 600 pM Mn exhibited a 62% decrease in the colo-
calization between ATPB and LC3B in comparison to the
400 uM Mn treatment (Fig. 3C and D). We also assessed
changes in expression levels of mitophagy-related pro-
teins (PINK1, Parkin, LC3-1I, p62) in BV2 cells treated
with Mn. The levels of PINKI, p-Parkin/Parkin, and
LC3-II proteins increased, while p62 decreased after 200
and 400 uM Mn treatment (Fig. 3E-H), indicating activa-
tion of mitophagy in response to Mn-induced aberrant
mitochondrial stress. However, it is worth noting that
treatment with 600 uM Mn resulted in suppression of
mitophagy, as indicated by a decrease in p-Parkin/Par-
kin and LC3-II protein levels by 37% and 35%, respec-
tively, and a 1.9-fold increase in p62 protein compared to
the 400 uM Mn treatment (Fig. 3E-H). These data point
towards suppression of microglial mitophagy induced by
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excessive Mn exposure, potentially triggering a deleteri-
ous inflammatory response.

Pharmacological activation of mitophagy improves
mitochondrial dysfunction in response to Mn exposure in
vivo and in vitro

To investigate the potential involvement of mitophagy in
microglia-mediated neuroinflammatory damage induced
by excessive Mn exposure, we conducted an interven-
tion study both in vivo and in vitro using urolithin A
(UA) as a mitophagy inducer. UA is a natural metabolite
sourced from edible plants and fruits such as pomegran-
ate or raspberries, and is currently under investigation

in clinical trials [44, 54, 55]. Immunofluorescence analy-
sis revealed that pretreatment with UA resulted in a
2.25-fold increase in the colocalization signal between
ATPB and LC3B in BV2 cells, in contrast to Mn treat-
ment (Fig. 4A and B). The levels of LC3-II, PINK1, and
p-Parkin/Parkin proteins were elevated by 2.12, 1.23, and
1.21-fold, respectively, while there was a 30.4% reduc-
tion in p62 protein following UA pretreatment compared
to Mn treatment (Fig. 4C-F). Additionally, a 1.81-fold
increase in the colocalization signal between ATPB and
LC3B was observed in brain sections from UA-pretreated
mice compared to the Mn-treated group (Fig. 4G and H).
These results suggested that UA pretreatment effectively
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upregulated microglial mitophagy activity upon Mn
overexposure.

To further elucidate the regulatory role of UA on mito-
chondrial function, we assessed changes in mitochon-
drial mass, mtROS levels, and MMP both in vivo and
in vitro. Flow cytometry analysis in vivo demonstrated
a 1.85-fold increase in mitochondrial mass following
UA pretreatment compared to Mn treatment (Fig. 5A).
Moreover, mtROS levels were significantly reduced by
57.51% after UA pretreatment in vivo (Fig. 5B). Immu-
nofluorescence staining results in vitro further sup-
ported these findings, showing a 45.55% decrease in
mtROS levels in UA-pretreated BV2 cells compared to
the Mn-treated group (Fig. 5D). Flow cytometry assays

in vivo and immunofluorescence staining in vitro were
used to assess JC-1 aggregates and JC-1 monomer sig-
nals, reflecting changes in MMP. The results showed that
excessive Mn exposure reduced MMP levels, both in vivo
and in vitro, but this reduction could be mitigated after
UA pretreatment (Fig. 5C and E). Specifically, UA pre-
treatment resulted in a 1.28 and 2.77-fold increase in the
ratio of JC-1 aggregates to monomer compared to the Mn
treatment (Fig. 5C and E). ATP level also elevated 1.48-
fold in UA-pretreated BV2 cells compared to Mn-treated
group (Fig. 5F). These findings indicated that microglial
mitophagy suppression and mitochondrial dysfunction
due to excessive Mn exposure can be effectively mitigated
by UA pretreatment.
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Fig. 6 UA pretreatment mitigated neurobehavioral deficits and aberrant microglial activation in Mn-treated mice. (A-D) Catwalk gait analysis and open-
field test show elevated gait coordination performance and motor function levels in mice after UA pretreatment compared with Mn-treated (n=6 mice).
(E) Mn accumulation in the striatum was dose-dependent, and quantified by ICP-MS (n=4 mice). (F) TUNEL assay demonstrates decreased nerve cell
apoptosis after UA pretreatment compared with the Mn-treated group (n=4 mice). (G, H) Iba-1 immunostaining reveals amoeboid microglial morphol-
ogy after UA pretreatment compared with Mn-treated mice, with longer branches and more endpoints (n=3 mice). (I) Flow cytometry shows reduced
ROS levels in the striatum after UA pretreatment compared with Mn-treated (n=4 mice). (J) ELISA results indicate decreased inflammatory cytokines
(INOS, TNF-q, IL-6, IFN-y) in UA pretreatment compared with Mn-treated mice (n=4 mice). Data are presented as mean =+ SD; significance is denoted as

"P<0.05,"P<0.01,P<0.001

UA pretreatment improves neurological function and
reduces neuroinflammation in Mn-treated mice

The impact of UA pretreatment on Mn-induced neu-
rological dysfunction was evaluated using open-field
and catwalk gait analysis. UA-pretreated mice exhib-
ited improved swinging cycles, step sequences, and
motor coordination, which was manifested by a 29.5%
reduction in stand time, a 26.4% decrease in step cycle,
and a 1.3-fold increase in stride length compared to
Mn-treated counterparts (Fig. 6A and B). Addition-
ally, open-field test results showed a 2.8-fold increase in
total distance, a 1.6-fold increase in average velocity, and
a 23.7% decrease in immobility time in the UA pretreat-
ment group compared to the Mn group (Fig. 6C and D).
Mn accumulation in the striatum remained unchanged
after UA pretreatment (Fig. 6E). The TUNEL assay
showed 15% less nerve cell apoptosis in UA-pretreated
group versus Mn-treated group (Fig. 6F). Immunohisto-
chemistry demonstrated that UA pretreatment reduced
amoeboid-like changes in Iba-1" microglia in Mn-treated
mice, with a 1.1-fold increase in microglial branch end-
points and process length (Fig. 6G and H). Intracellular
ROS levels were 27.0% lower in the UA pretreatment
group compared to the Mn-treated group (Fig. 6I). Con-
comitantly, Mn-treated mice showed increased levels of
inflammatory cytokines (iNOS, TNF-q, IL-6, and IFN-y),
which were significantly attenuated as a result of UA pre-
treatment (Fig. 6]). These data provide evidence for the
upregulation of mitophagy by UA, which alleviates neu-
robehavioral impairments and reduces detrimental neu-
roinflammatory responses.

Upregulation of microglial mitophagy alleviated
Mn-induced neuroinflammation by suppressing mtDNA-
STING signaling pathways

To explore the underlying mechanisms by which mitoph-
agy regulates microglia-mediated neuroinflammatory
damage upon Mn overexposure, we extracted the stria-
tum of the Mn-exposure mice to perform the single-
nucleus RNA-sequencing (snRNA-seq) analysis. Uniform
Manifold Approximation and Projection (UMAP) visu-
alization analysis showed no observed different in major
cell types (oligodendrocytes, neurons, microglia, and
astrocytes) (Fig. 7A). In particular, we observed clear dif-
ferences in the distribution density of microglia between
Mn-treated mice and control mice (Fig. 7B-C). The results

of gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis showed that
microglial differentially expressed genes (DEGs) in Mn-
treated mice were associated with oxidative phosphoryla-
tion, Parkinson’s disease, primary immunodeficiency, and
other immune-related pathways (Fig. 7D). The top nega-
tively enriched hallmark was oxidative phosphorylation
signaling (Fig. 7E). Upon considering the significance of
the cGAS-STING pathway in the cell’s intrinsic immune
defense, we speculated that its activation is probably
involved in microglia-mediated neuroinflammation in
the context of Mn neurotoxicity. We then interrogated
our scRNA-seq dataset to determine whether the expres-
sion of the cGAS-STING signaling-related molecular
genes (Cgas, Tmem173/Stingl, Tbkl, Irf3) was altered
in the neuron and microglia subsets of Mn-treated mice
and control mice. The activity of microglial cGAS-STING
signaling was activated by excessive Mn exposure, while
there were no observed changes in neurons (Fig. 7F).
The transcript levels of microglial cGAS-STING signal-
ing molecular genes were significantly increased in Mn-
treated mice (Fig. 7G). A more refined analysis using
Interferome showed that 30.3% of the significantly upreg-
ulated DEGs corresponded to interferon-stimulated
genes (ISGs) (Fig. 7H). To corroborate these findings, we
assessed changes in STING and its downstream molecule
activity in BV2 cells following Mn or UA pretreatment. In
line with the transcript data, there was a notable increase
in the protein levels of p-STING/STING, p-TBK1/TBK1,
and p-IRF3/IRF3 after Mn treatment, indicating acti-
vation of the cGAS-STING signaling pathway. How-
ever, this activation was mitigated by UA pretreatment
(Fig. 8A). The cGAS-STING axis serves as a crucial sen-
sor and downstream effector of mtDNA release-triggered
inflammation. Anti-DNA immunostaining assay revealed
a significant inhibiting effect of UA pretreatment on the
increase in the amount of cytosolic DNA in Mn-treated
BV2 cells (Fig. 8B). A qPCR assay revealed a 3.8-fold rise
in mtDNA levels in Mn-treated BV2 cells compared to
the control group. UA pretreatment resulted in a 48.1%
reduction in mtDNA levels in BV2 cells compared to the
Mn treatment group (Fig. 8C). These results suggested
that the engagement of mitophagy in Mn-induced neu-
roinflammatory damage might be mediated by mtDNA-
STING signaling.
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enriched hallmark in microglia of Mn-treated mice. (F) The heatmap and violin plots show cGAS-STING activity in neurons and microglia from Mn-treated
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control mice. (H) Interferome analysis of upregulated microglial DEGs in Mn-treated mice, showing the proportion of interferon-stimulated genes (ISG,
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Discussion

Studies have revealed the association of excessive Mn
exposure with the onset of adverse health conditions,
including neuromuscular diseases, such as Parkinson’s
disease and dystonia [4, 7-9, 11, 14, 56]. Microglia-medi-
ated neuroinflammation plays a critical role in the devel-
opment and progression of PD [19, 23, 57, 58]. Defective
mitochondria in the microglia contribute to neuroin-
flammation and neurodegeneration through a variety of
deleterious cellular pathways [1, 19, 20, 27, 33, 59]. In our
study, we found that excessive Mn exposure causes the
suppression of microglial mitophagy, coupled with mito-
chondria dysfunction and a detrimental microglia-medi-
ated neuroinflammatory response, resulting in nerve cell

damage and neurobehavioral impairment. Upregulation
of mitophagy by UA effectively improved the microglial
mitochondria function and reduced neuroinflamma-
tion in response to Mn overexposure by modulating the
mtDNA-STING signaling pathway.

Neuroinflammation has been identified in clinical
and experimental studies as a key pathological driver of
numerous neurological diseases [57]. In 1988, McGeer et
al. first reported the presence of highly reactive microg-
lia with human leukocyte antigen-DR immunopositive in
the brain tissue of PD patients postmortem, emphasiz-
ing the crucial role of microglia-mediated neuroinflam-
mation in the development of PD [1]. In recent years,
the connection between neuroinflammation and PD



Lu et al. Journal of Neuroinflammation (2025) 22:55 Page 16 of 20

(A) Mn - + - +
UA - - + +

STING |# s st S | 35 kDa

PSTING |[#is Smms S0 S| 41 kDa

2.0 =3 pSTING/STING = pTBK1/TBK1 EA plRF3/IRF3

TBICT [ S S - 30 kDa

PTBKT | s s s [ 30 KD

Relative protein level
(of control)

IRF3 |ommss esssss s essasss 413 kDa

PIRF3 s s s s 48 kD2

Vinculin (e s gumss @S 124 kDa

(B)

Nuclei DNA Merge *kk *kk
Control 61 $
©
=
5 4
o
[
S
i
= 21
Mn (600 uM) O +
g 4
m o
0
) + : + Mn
R - + + UA
UA (10 uM)
< 5
c
59
T O~ 4
R {
- .
o c
S5
Mn (600 uM)+UA (10 uM) 08=
=EE€Q 29 E
ESe B
s2E
E § -
QO
x 0 T T T
- + - + Mn
- - + + UA

Fig. 8 (See legend on next page.)



Lu et al. Journal of Neuroinflammation (2025) 22:55

(See figure on previous page.)

Page 17 of 20

Fig. 8 UA pretreatment inhibited Mn-induced microglial mtDNA-STING activation. (A) Western blot analysis indicates STING signaling mediators (STING,
pSTING, TBK1, pTBKT, IRF3, and pIRF3) dependent on mitophagy levels in UA-pretreated and Mn-treated BV2 cells. (B) Anti-DNA (red) immunostaining
reveals decreased mtDNA in UA-pretreated compared with Mn-treated BV2 cells (=4 independent experiments). (C) gPCR results indicate decreased
cytosolic mtDNA in UA -pretreated compared with Mn-treated BV2 cells (=4 independent experiments). Vinculin was used as a loading control. Data are
presented as mean + SD; significance is denoted as P <0.001, “P<0.01 vs. control group; "P<0.01 vs. 600 uM Mn treated-BV2 cells group

has attracted widespread attention, with environmental
exposure to Mn identified as a risk factor for PD, lead-
ing to dopaminergic neuronal loss and neuroinflamma-
tion [4, 6, 9, 17, 23, 25]. Excessive Mn exposure causes
symptoms resembling PD, known as manganism. Nota-
bly, there are some distinctions in the pathological fea-
tures between manganism and PD. For example, Lewy
bodies, a hallmark of PD, do not form in manganism [12,
60]. Based on a dose translation formula, the 200 pmol/
kg dose administered to Mn-exposed mice in this study is
equivalent to 440 pg/kg bw/d in humans, a dosage simi-
lar to the observed Mn toxicity level in adults at 500 ug/d
[61]. Microglia, the intrinsic immune cells of the brain,
are pivotal in maintaining central nervous system (CNS)
equilibrium by orchestrating immune responses. Upon
stimulation or in the presence of disease, these cells tran-
sition from a quiescent state with a ramified morphol-
ogy to an activated state characterized by morphological
changes to an amoeboid shape and increased secretion
of inflammatory mediators, including chemokines, cyto-
kines, and interferons [19, 20, 57, 58]. In response to
Mn-induced neurotoxicity, activation of microglia can
result in the excessive production of ROS, along with
inflammatory cytokines (TNF-a, IL-6, iNOS) [6]. In
line with this, our initial findings revealed a progressive
deterioration in neurobehavioral functions in mice with
escalating Mn doses. Concurrently, there was a marked
elevation in the Mn accumulation and intracellular ROS
levels in the striatum of Mn-treated mice. Moreover, Mn
exposure induced histopathological changes and adverse
neuroinflammatory effects in the mice, manifesting as
increased nerve cell apoptosis, amoeboid-like microglia
with diminished branch length and number, and height-
ened levels of inflammatory cytokines (iNOS, TNF-a,
IL-6, and IFN-y). These findings imply that microglia-
mediated neuroinflammation might be a predominant
driver for Mn-induced parkinsonism, yet the molecular
mechanisms involved remain unclear.

The activation and functional role of immune cells are
influenced by their mitochondrial status. Recent findings
indicate that microglial-mediated neuroinflammation
plays a pivotal role in the pathophysiology of PD and is
modulated by mitochondria. Various aspects of mito-
chondrial dysfunction, encompassing oxidative stress,
respiratory chain restriction, inhibition of mitophagy,
mitochondrial fragmentation, and disrupted mitochon-
drial homeostasis, all appear to be related to pro-inflam-
matory microglial activation [1, 20, 27, 33, 62]. In high

energy-demanding tissues such as the brain, the mito-
chondrial oxidative phosphorylation (OXPHOS) sys-
tem generates ATP through the electron transport chain
(ETC). Under conditions of damaged microglial mito-
chonderia stress, there is a vicious cycle of excessive gener-
ation of mtROS and increased release of mtDNA into the
cytosol. This process, frequently seen in PD, exacerbates
mitochondrial dysfunction and inflammatory responses
[1, 20, 59, 63]. Combined in vivo and in vitro, our stud-
ies found that Mn exposure triggers microglial mitochon-
drial function impairment. This specifically manifests as
a progressive decrease in mitochondrial mass, a signifi-
cant increase in mtROS, and a gradual decline in MMP
and ATP levels in Mn-treated mice or BV2 cells. Our
results indicate that targeting the regulation of microglial
mitochondrial function could offer a promising avenue
for managing Mn-induced neuroinflammatory damage.
Mitophagy serves as a pivotal machinery in maintain-
ing mitochondrial quality control by degrading damaged
mitochondria. This process is primarily mediated by the
(PTEN-induced putative kinase 1) PINK1/Parkin path-
way, where PINK1 recruits the E3 ubiquitin ligase Parkin
to the outer mitochondrial membrane (OMM), leading
to the phosphorylation of Parkin at Ser65. Parkin then
ubiquitinates various OMM proteins, which are recog-
nized by the autophagy receptor p62 and bound to lipi-
dated microtubule-associated protein light chain 3/LC3II
to form an autophagosome for degradation [35, 36].
Dysregulation of PINK1 and Parkin has been associated
with Parkinson’s disease (PD) [37]. Studies on Mn neu-
rotoxicity have predominantly focused on neuronal dam-
age resulting from mitochondrial dysfunction, including
oxidative stress, mitochondria-dependent apoptotic cas-
cade, inhibition of PINK1/Parkin-mediated mitophagy,
respiratory inhibition, and mitochondrial fragmenta-
tion [6, 28-30]. Mice with loss-of-function mutations
in PINK1 or Parkin exhibit increased inflammatory
cytokine levels, underscoring the protective role of the
PINK1/Parkin-mediated mitophagy pathway against
inflammation [27, 37]. To investigate the impact of Mn-
induced neuroinflammation on mitophagy, changes in
mitophagy fluorescence signals (ATPB-mitochondria
marker and LC3B-autophagy marker) were monitored,
and the expression levels of mitophagy-related proteins
(PINK1, Parkin, LC3B, p62) were assessed in current
study. We found that the activity of mitophagy transitions
from enhancement to suppression with increasing expo-
sure to Mn. This transition is manifested by an increase
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in the correlation between ATPB and LC3B, upregulation
of LC3-II, PINK1, and p-Parkin/Parkin, and a decrease in
p62 expression at low and middle Mn doses in vivo and
in vitro. Conversely, opposite effects are present in high-
dose Mn treatment. These results suggest a crucial role
of microglial mitophagy in modulating mitochondrial
dysfunction and microglia-mediated neuroinflammation
in response to excessive Mn exposure. This hypothesis
was subsequently validated through the application of the
mitophagy activator UA. Urolithin A (UA) is a bacterial
metabolite produced by gut microbiota from ingested
ellagitannins and ellagic acid, compounds found in vari-
ous foods like pomegranate, raspberries, and nuts. This
active metabolite has the ability to cross the blood-brain
barrier and exhibits neuroprotective effects in models
of Alzheimer’s disease (AD), Parkinson’s disease (PD),
aging, and other brain injuries by promoting mitophagy,
reducing inflammation, counteracting oxidative stress,
and preventing cell death [44, 54, 55]. The dosage of UA
used in our in vivo and in vitro experiments was deter-
mined based on previous studies that demonstrated sig-
nificant enhancements in mitophagy and reductions in
neuroinflammation, with no reported adverse effects [41,
45]. Our results consistently demonstrated amelioration
of excessive Mn-induced mitophagy suppression and
mitochondrial dysfunction following UA pretreatment
in both mice and BV2 cells. Furthermore, UA-pretreated
mice displayed improved neurobehavioral performance,
reduced nerve cell apoptosis, attenuated microglial acti-
vation, and decreased levels of cellular ROS and proin-
flammatory cytokines (iNOS, TNF-a, IL-6, and IFN-y)
upon Mn overexposure. These findings suggest that
excessive Mn-induced mitophagy suppression is impli-
cated in microglia-mediated neuroinflammation.

To explore the potential molecular mechanism of
microglial mitophagy regulating Mn-induced neuroin-
flammation, snRNA-seq was conducted to identify the
distinct types of cell clusters and analyze the differen-
tial gene expression (DEGs) between Mn-treated mice
and control mice. We found that Mn exposure increased
the distribution density of microglia, whilst microglial
DEGs focused on the oxidative phosphorylation, primary
immunodeficiency, and other immune-related signaling.
Considering mitochondria as an important work-site
for OXPHOS, this result reflects the mitochondrial dys-
function induced by Mn. The cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon genes (STING) path-
way is a pivotal machinery for driving innate immune
responses by sensing cytosolic DNA stimuli. Upon
encountering cytoplasmic DNA stress, cGAS synthesizes
the second messenger 2’3’-cGAMP, which binds to and
activates STING. Subsequently, STING is phosphory-
lated by TANK-binding kinase 1 (TBK1), facilitating the
recruitment of TBK1 substrate interferon regulatory
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factor 3 (IRF3). This recruitment leads to IRF3 phosphor-
ylation and dimerization. The homodimer then translo-
cates to the nucleus and promotes the transcription of
genes encoding type I IFNs and other pro-inflammatory
factors [53, 64—67]. Abnormalities in the regulation of
the cGAS-STING pathway has been implicated in the
pathogenesis of neurodegenerative diseases, such as PD,
AD, and amyotrophic lateral sclerosis. Recently, a novel
discovery about Mn’s capacity to regulate innate immu-
nity as a good adjuvant in terms of antitumor and anti-
virus through activating the cGAS-STING pathway has
been found [26, 38, 39]. However, excessive Mn exposure
induced neuroinflammation by activating the microglial
cGAS-STING pathway, resulting in neurodegeneration
and cognitive impairment [22]. Upon sn-RNA sequencing
analysis, it was evident that Mn exposure led to a marked
enhancement in microglial cGAS-STING activity and an
upregulation of ISG expression in mice. Uniformly, we
also found a marked increase in the ratio of p-STING/
STING, p-TBK1/TBK1, and p-IRF3/IRF3 protein expres-
sion was present in the Mn-treated BV2 cells. Conversely,
this increase was mitigated by UA pretreatment. mtDNA
is considered a key driver for cGAS-STING signaling
activation, with mitochondrial dysfunction being a path-
ological hallmark of neurodegenerative disorders [27, 59,
64, 66, 68]. We hypothesized that excessive Mn expo-
sure triggered the STING signaling activation due to the
mtDNA released from damaged mitochondria into the
cytosol. As expected, a notable increase in mtDNA levels
was detected in Mn-treated BV2 cells, and yet a drastic
reduction was observed after UA pretreatment. These
results indicate that upregulation of microglial mitoph-
agy by UA can reduce Mn-induced neuroinflammatory
damage through the mtDNA-STING signaling pathway,
providing a promising avenue for the treatment of Mn-
induced neurotoxicity.

Conclusion

In summary, our study has elucidated the relationship
between microglial mitophagy and Mn-induced neu-
roinflammatory damage, both in in vivo and in vitro
models. Specifically, excessive Mn exposure suppresses
microglial mitophagy, leading to mitochondrial dys-
function and neuroinflammatory damage. Mechanisti-
cally, we have unveiled the engagement of the microglial
mtDNA-STING signaling pathway, which is modulated
by mitophagy, in Mn-induced neuroinflammatory dam-
age. These findings propose a compelling and original
strategy for addressing Mn-induced neurological deficits.
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