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Glutamine supplementation reverses
manganese neurotoxicity by eliciting
the mitochondrial unfolded protein response

Shixuan Zhang,"#* Junrou Zhang,'? Luli Wu,"? Li Chen,"? Piye Niu,"?* and Jie Lil-?4*

SUMMARY

Excessive exposure to manganese (Mn) can cause neurological abnormalities, but
the mechanism of Mn neurotoxicity remains unclear. Previous studies have shown
that abnormal mitochondrial metabolism is a crucial mechanism underlying Mn
neurotoxicity. Therefore, improving neurometabolic in neuronal mitochondria
may be a potential therapy for Mn neurotoxicity. Here, single-cell sequencing re-
vealed that Mn affected mitochondrial neurometabolic pathways and unfolded
protein response in zebrafish dopaminergic neurons. Metabolomic analysis indi-
cated that Mn inhibited the glutathione metabolic pathway in human neuroblas-
toma (SH-SY5Y) cells. Mechanistically, Mn exposure inhibited glutathione (GSH)
and mitochondrial unfolded protein response (UPR™). Furthermore, supplemen-
tation with glutamine (GIn) can effectively increase the concentration of GSH and
triggered UPR™* which can alleviate mitochondrial dysfunction and counteract
the neurotoxicity of Mn. Our findings highlight that UPR™ is involved in Mn-
induced neurotoxicity and glutathione metabolic pathway affects UPR™ to
reverse Mn neurotoxicity. In addition, GIn supplementation may have potential
therapeutic benefits for Mn-related neurological disorders.

INTRODUCTION

Manganese (Mn) is an essential heavy metal and is widely used for multiple industrial purposes. Workers are
exposed to Mn in the occupational setting through inhalation of fine dust from welding or smelting.” Over-
exposure to Mn correlates with neurological abnormalities, including effects on behavior, memory deficits,
and motor function, which can lead to manganism.z'3 Mn-induced neurotoxicity has also been associated
with a higher risk of developing neurodegenerative diseases including Parkinson'’s disease (PD) and Alz-
heimer's disease.”

Abnormal metabolism in mitochondria is a critical mechanism of neurotoxicity induced by overexposure to
Mn. Mn can cross the blood-brain barrier and accumulate in the putamen, caudate nucleus, and globus
pallidus.” In the brain, the dopaminergic (DA) neuron was the main target cell of Mn exposure.®’ Mitochon-
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evidence of between excess Mn and GIn metabolism is limited, and the underlying mechanism remains
unknown.

In the current investigation, we employed adult zebrafish and human neuroblastoma cell line SH-SY5Y as
animal and cellular models, respectively. Although Caenorhabditis elegans and Drosophila have been
used to characterize the molecular mechanisms of Mn-induced neurotoxicity,m'w5
model that possesses both neurological features and the genome contains homologous sequences for
approximately 80% of human genes.'® Zebrafish have emerged as an excellent model for revealing cellular
heterogeneity. The single-cell transcriptomic profiles of zebrafish have been extensively used to explore
embryonic development, neurogenesis, and adult zebrafish immune system.w In addition, zebrafish
behavioral and histopathological alterations can be observed to assess neurotoxicity.'®'” SH-SY5Y cells
have been widely utilized as DA neuronal cell models for PD because of their ability to express features
of DA neurons, such as dopamine-B-hydroxylase and tyrosine hydroxylase expression, as well as dopamine
transporter activity.””

zebrafish is a vertebrate

Thus, using single-cell sequencing (scRNA-seq), we found that neurometabolic pathways and response to
the unfolded protein in mitochondria were altered in DA neurons of zebrafish exposed to Mn. Further me-
tabolomic analysis revealed mitochondrial glutathione metabolism is the key pathway induced by overex-
posure to Mn. Mechanistically, we used Gln as supplementation to increase the intracellular GSH levels and
observed GIn can reverse Mn neurotoxicity by activating UPR™. Our work highlights the importance of us-
ing GlIn as a therapeutic strategy for Mn-related neurological disorders.

RESULTS
Mn impaired behavioral and cognitive functions in zebrafish

According to the drinking-water quality guidelines of WHO, the assumed safe dose of Mn in drinking water
is 0.4 mg/L. In this study, zebrafish were exposed chronically to 0.25, 1, and 4 mg/L MnCl, (actual Mn?* con-
centrations were approximately 0.1, 0.4, and 1.6 mg/L). There was no statistical difference in body weight
compared to control in both male and female zebrafish after Mn exposure for 30 d (Figure S1: Body weight
of male and female zebrafish exposed to MnCl, for 30 d (n = 5), related to Figure 1). Figures 1A-1D showed
the behavioral and cognitive functions detected by T-maze in zebrafish exposed to Mn. We observed the
dose-response relationship between the total swimming distance of both male and female zebrafish with
the doses of Mn exposure (Figure 1A). As shown in Figure 1B, zebrafish swimming velocity in the 1 and
4 mg/L MnCl, groups were significantly reduced than in the control group (p < 0.05). The cumulative
time in the EC zone was not significantly different in any of the groups except for 4 mg/L MnCl, in male
zebrafish (Figure 1C). The latency time of zebrafish entering the EC zone was significantly prolonged in
male and female zebrafish in the 1 and 4 mg/L MnCl, groups compared to the control in Figure 1D.

Meanwhile, the pathological results showed that the neurons in the brain tissue were morphologically
intact, densely structured, and well-arranged in untreated zebrafish, while with increasing doses of Mn
exposure, neurons were sparse and disordered in the arrangement (Figure 1E). Neurons in the same
part of the zebrafish brain tissue observed under a 50% electron microscope contain 227, 199, 153, and
131 normal neurons in each exposed group in males, and 298, 305, 229, and 177 in females, respectively.
Taken together, these observations implied that Mn could cause brain tissue damage in zebrafish, resulting
in behavioral and cognitive dysfunction in zebrafish.

Mn exposure affected mitochondrial function, amino acid metabolism pathways, and
unfolded protein in zebrafish DA neurons

To find out the main pathway affected by Mn exposure, we evaluated changes in neuronal cell types in ze-
brafish brain tissue exposed to Mn for 30 d by single-cell sequencing and identified 10 cell types, including
cholinergic neurons, DA neurons, glutaminergic neurons, GABAergic neurons, neuronal precursors, and
some unidentified neurons, and glial cells including microglia, oligodendrocyte, radial glia, in addition
to a group of unidentified cells (Figure 2A). As reported by a previous study’, Mn exposure caused severe
damage to DA neurons and resulted in learning and memory impairment. Therefore, we sorted out DA
neurons in zebrafish brain tissue for analysis and found that GO enrichment of DEGs in DA neurons was
mainly associated with protein, amino acid, and energy metabolism, cell cycle, and response to unfolded
protein (Figure 2B). The KEGG pathway analysis in Figure 2C showed that Mn exposure affected signaling
pathways such as oxidative phosphorylation, glutathione metabolism, glycolysis, autophagy, and
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Figure 1. Mn impaired the central nervous system of zebrafish

The total distance (A), average velocity (B), cumulative duration in EC zone (C) and latency time in EC zone (D) of zebrafish
in T-maze after 30 days of Mn exposure (n = 10). (E) Pathological changes of brain tissue in zebrafish after Mn exposure for
30 d. Scale bar, 500 pm, 100 pm, and 20 um. Data were represented as mean +SD. Experimental significance was
determined by one-way ANOVA (*p<0.05; **p<0.01; ***p<0.001).

apoptosis. Collectively, these results suggested Mn exposure affected the metabolism and mitochondrial
function of DA neurons in zebrafish, which was further verified at the cellular level.

Mn caused mitochondrial dysfunction and inhibited UPR™ in SH-SY5Y cells

We first determined the cellular activity of SH-SY5Y cells after treatment with 0, 62.5, 125, 250, 500, and
1000 uM MnNCl; for 3, 6, 12, and 24 h (Figure 3A). The treatment conditions (125, 250, and 500 pM of
MnCl; for 6 h) with cell survival above 70% were selected for subsequent experiments. Second, we detected
mitochondrial function by flow cytometry, and the results showed that Mn exposure could increase ROS
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Figure 2. Whole-brain single-cell sequencing and enrichment analysis of DEGs in DA neurons of zebrafish after Mn
exposure for 30 d

(A) The tSNE plot of zebrafish brain tissue cell subtypes.

(B) The bubble plot of GO enrichment analysis of DEGs in DA neurons.

(C) The network of KEGG pathway analysis.

levels in Figure 3B. As shown in Figure 3C, the MMP depolarization level showed a dose-dependently in-
crease with Mn exposure. In addition, to verify protein folding participating in Mn neurotoxicity, we deter-
mined the protein expression of UPR™related protein and the results indicated that the expression of
chop was significantly increased in the 125 uM MnCl, group and showed a decreased trend with increasing
Mn exposure concentration in Figure 3D. The expression of clpp protein was decreased significantly in 250
and 500 pM MnCl, groups, while lonp1 protein expression was significantly decreased compared with the
untreated group (all p<0.05). The above results indicated that Mn caused mitochondrial dysfunction in
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Figure 3. Mn exposure caused neurotoxicity and mitochondrial dysfunction in SH-SY5Y cells

(A) The cell viability of SH-SY5Y cells after Mn exposure was assessed using CCK kit and measured by a microplate reader
(n=6).

The levels of ROS (B) and MMP (C) were measured using flow cytometry (n = 3).

(D) The expression levels of UPR™-related protein (chop, clpp, and lonp1) after dose-dependent of Mn were used for
western blot and were quantified using ImageJ (n = 3). Data were represented as mean + SD. *p < 0.05, **p < 0.01,
***p < 0.001 versus the control.

SH-SY5Y cells accompanied by increased ROS levels and decreased MMP, moreover, Mn could suppress
UPR™

Mn neurotoxicity altered mitochondrial glutathione metabolism in SH-SY5Y cells

We further used non-targeted metabolic techniques to establish the metabolome alterations in SH-SY5Y
cells after exposure to Mn. The PCA results showed that 34.8% and 33.1% of the characteristics of the orig-
inal dataset on the PC1 and PC2 dimensional maps could be explained in the positive (ESI"), and negative
(ESI7) ion mode, with a clear trend of separation between groups. The pooled QC samples clustered
together in the PCA plots in both positive and negative ion modes, indicating stability and repeatability
of the analysis system (Figures 4A and 4B). Peaks were aligned, and missing values were eliminated from
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Figure 4. Metabolomicidentification of differentially expressed metabolites after Mn exposure to SH-SY5Y cells and analysis of KEGG differential
abundance analysis

PCA score plots of QC samples in the ESI” mode (A) and ESI™ mode (B) ion modes among 0, 125, 250, and 500 uM MnCl; exposure. Intersection analysis of
DEMs in each treatment group (C), and DEMs after 125, 250, and 500 pM MnCl, exposure compared to the control, respectively (D-F). KEGG differential
abundance scores of DEMs 125 uM (G), 250 uM (H), and 500 uM (I) MnCl, exposure compared to the control.

the LS/MS data, resulting in 7,395 and 5,261 peaks in the ESI* and ESI™ modes, respectively. Furthermore,
qualitative identification was performed using publicly available databases and several comprehensive da-
tabases. Atotal of 638 metabolites were identified in the ESI™ mode, and 320 metabolites were identified in
the ESI™ mode. We combined the metabolites identified in ESI* and ESI™ ion mode and considered me-
tabolites satisfying both VIP>1 and p<0.05 as differentially expressed metabolites (DEMs). The Venn dia-
grams depicted the 45 DEMs consistent across all exposure conditions (Figure 4C), and the volcano plot
showed 90, 95, and 184 DEMs for each treatment group compared to the control (Figures 4D-4F).

The KEGG database was used to obtain the pathway information of the metabolites involved. Compared
with the control group, the differential metabolites in the 125 uM exposed group was mainly enriched and
affected the metabolic pathways of amino acids, sugars, lipids, energy, and nucleotides, mostly promoting
the up-regulation of metabolic pathways (Figure 4G). In the 250 uM exposed group, DEMs affected the ner-
vous system, digestive system, endocrine system, and other metabolic pathways, and the pathways such as
amino acids, sugars, lipids, energy, and nucleotide metabolism were gradually inhibited (Figure 4H). DEMs
in 500 uM MnCl,-exposed cells were mainly enriched in metabolic pathways associated with cancer and
neurodegenerative diseases, and normal physiological functions such as biosynthesis and metabolism
were comprehensively inhibited (Figure 41). Some metabolic pathways such as amino acid metabolism,
lipid metabolism, carbohydrate metabolism, and energy metabolism were consistent with the above result
from single-cell sequencing.

Metabolic pathway enrichment analysis was performed for the differentially expressed metabolites in
each exposure group. As shown in Figure 5A, the metabolic pathways that were significantly affected by
exposure included glutathione metabolism, purine metabolism, glycine, serine and threonine metabolism,
among which the effect on glutathione metabolism was the most significant. And shown in Figures 5 B-5D,
the abundance of three related metabolites in this metabolic pathway was significantly changed. The abun-
dance of GSH and Gly decreased gradually with the increase of Mn exposure concentration, while Glu
increased slightly in 125 pM Mn exposure group, and Glu decreased gradually with the increase of Mn
exposure concentration. Meanwhile, using VIP>1 as the screening criterion of critical metabolites, we
found that Mn had an inhibitory effect on metabolites related to the glutathione metabolic pathway
compared to the control group. The 125 pM Mn exposure resulted in a VIP of 1.508 for GSH, 1.533 for
Gly and 0.293 for Glu; the 250 uM Mn exposure caused a VIP of 1.709 for GSH, 1.380 for Gly and 0.402
for Glu; and the 500 uM Mn exposure group led to a VIP of 1.596 for GSH, 1.447 for Glu, and 1.377 for
Gly. These results suggest that glutathione metabolism is a key metabolic pathway disturbed by Mn
neurotoxicity.

Therefore, we validated the metabolomic results in Mn-exposed SH-SY5Y cells. As shown in Figure 6A, GSH
levels were significantly inhibited after Mn exposure compared to the control group. In contrast, GSSG
levels were significantly elevated with Mn exposure. Glu concentration showed a dose-dependent
decrease with the treatment dose of Mn, while Gly concentration kept almost unchanged after Mn expo-
sure (Figures 6B and 6C). Collectively, Mn could inhibit the expression of GSH and Glu in the glutathione
metabolic pathway.

GlIn reversed Mn neurotoxicity by eliciting UPR™

For Mn could inhibit the expression of GSH and promote the expression of GSSH, we further use Gln as
supplementation to observe the change in GSH and GSSG concentration, and the results showed that
GlIn alleviated the extent of GSH inhibition (Figure 7A) and alleviated the promoting effect of Mn on
GSSG (Figure 7B). We also detected the effects of Gln supplementation on cellular activity and mitochon-
drial function. As shown in Figure 7C, GIn supplementation reversed the effect of Mn exposure on cellular
activity, especially after supplementation with 8 mM GIn. Meanwhile, ROS levels and proportion of MMP
depolarization (Q3) showed a significant decrease after GIn supplementation (Figures 7D and 7E),
compared with the same treatment dose of Mn without the GIn supplementation group. The above results
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(A) Metabolic pathway analysis of differentially expressed metabolites that were significantly altered in each exposure
group. Abundance of metabolites associated with the glutathione metabolic pathway, GSH (B), Glu (C), and Gly (D).

indicated that GIn supplementation could effectively increase GSH levels and reverse the neurotoxic dam-
age of Mn on cell activity and mitochondrial function.

As we mentioned above, UPR™ is an important mechanism in Mn neurotoxicity, we further observed the
change of expression levels of UPR™-related proteins with the existence of Gln supplementation. Figure 8
revealed that GIn supplementation attenuated the inhibition of UPR™-related protein chop and clpp
expression by Mn. Especially, GIn supplementation has a significant effect on the expression of lonp1.
The expression of lonp1 showed an increasing trend in the 4 mM GIn group, which was in contrast with
the 2 mM GIn group. Although 8 mM GlIn supplementation also increased the lonp1 concentration, the
extent was lower than in the 4 mM GlIn group. These findings implied that GIn supplementation could
reverse the inhibitory effect of Mn on UPR™ and attenuate the neurotoxicity of Mn.

DISCUSSION

In the present study, we performed single-cell sequencing of zebrafish brain tissue and identified differen-
tially expressed genes in DA neurons, which were mainly involved in mitochondrial amino acid metabolism
and protein misfolding. We further used a non-targeted metabolomics approach to screen the potential
metabolites and found that Mn could inhibit the expression of GSH and Glu in the glutathione metabolic
pathway. Mechanistically, we found that GIn supplementation could enhance GSH levels and trigger UPR™®
which could rescue redox imbalance and mitochondrial dysfunction to counteract the neurotoxicity of Mn.
Our current study provided a previously unidentified mechanism by which GIn supplementation could
reverse Mn neurotoxicity. Moreover, our results provided evidence that GIn supplementation might be a
potential therapy for Mn-related neurological disorders.
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presented as means + SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control.

Manganism is a neurological disorder that exhibits certain motor symptoms similar to PD, and meta-ana-
lyses indicate that Mn levels are significantly elevated in PD patients.?' Previous studies suggested that the
mechanism of Mn neurotoxicity includes mitochondrial dysfunction, redox homeostasis, and altering
neurotransmitter metabolism.”>?®> Qur results of single-cell sequencing of zebrafish brain tissue also
showed that a large number of differentially expressed genes in DA neurons after Mn exposure were asso-
ciated with amino acids, energy metabolism, unfolded protein, and electron respiratory transport chains.

To dig out the specific metabolites changed by Mn exposure, we used a non-targeted metabolomics
approach to screen the potential metabolites and found that Mn could inhibit the expression of GSH
and Glu in the GIn metabolic pathway, which was consistent with previous studies. A cross-sectional
study observed significant negative correlations of blood Glu with blood Mn and the behavioral cogni-
tive deficit index in preschool children.”® Glu is a component of GSH, an oxidative scavenger that is
widely present in neuronal mitochondria.'” Mn can interfere with the synthesis of GSH and lead to
increased GSSG levels and oxidative damage.'® In previous studies, GSH deficiency enhances Mn-
induced mitochondrial dysfunction because of oxidative stress and DA depletion-induced neurotoxicity
in rat striatal.”> Evidence suggests that depletion of GSH exacerbated neuronal death, whereas
increased intracellular GSH activity prevented MPP*-induced apoptosis in SH-SY5Y cells.”® Similarly,
the knockdown of GSH reduced mitochondrial performance, ATP levels are reduced, and mitochondrial
oxygen consumption is decreased.?’

GSH is synthesized from Glu, Gly, and cysteine (Cys). Studies have shown that under stimulated conditions,
mitochondrial ROS levels are elevated and GSH is deficient, leading to intracellular accumulation of mis-
folded proteins and ultimately to apoptosis.”® Therefore, we speculate that mitochondrial dysfunction
such as redox imbalance because of GSH depletion may affect UPR™. Studies have shown that GSH sup-
plements are not the most effective option, but supplementation with their constituent amino acids may
enhance GSH synthesis.””*” Supplementing Gly and N-acetylcysteine (GlyNAC) in aged mice improves
naturally occurring GSH deficiency and mitochondrial impairment. GlyNAC supplementation for 24 weeks
in older adults corrected mitochondrial dysfunction, and improved cognition, gait speed, and exercise ca-
pacity.®’ Clinical data provide evidence that GIn supplementation reduces mortality, and infection rates in
critically ill patients and patients undergoing major surgery.>” Gln is the most abundant nonessential amino
acid in the human body and the only one that can directly pass the cerebrovascular barrier.'” GIn, which can
be converted into Glu and ammonia by glutaminase in cells, is often used as a supplement for Glu, and at
the same time is an important nitrogen source in cells. Nitrogen is a precursor to the synthesis of amino
acids, proteins, and nucleic acids. Studies have shown that GIn is most effective in increasing GSH levels
during GSH depletion.® Similar to these data, we effectively increased the expression level of GSH in
SH-SY5Y cells after Mn exposure by GIn supplementation, which was accompanied by enhanced cell
viability and improved mitochondrial function. It has also been shown that excessive Mn exposure can
disrupt glutamine and glutamate transporter interactions in glial cells.** However, in the present study,
we found that GSH concentration was significantly increased after GIn supplementation, indicating that
exogenous Gln supplementation can indeed affect cellular GSH metabolism. In addition, our results
also showed that when supplemented with a certain dose of GlIn, the concentration of GSH in the Mn-
exposed group was still significantly lower than that in the non-exposed group. This result indirectly
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Figure 7. GIn supplementation increased GSH levels and reversed Mn neurotoxicity by eliciting UPR™

The effects of GIn supplementation on GSH (A), GSSG (B), cellular viability (C), ROS levels (D), and MMP (E) in Mn-exposed SH-SY5Y cells. The concentrations
of GSH and GSSG was assessed using GSH and GSSG assay kit and measured by a microplate reader (n = 3). The cell viability was assessed using CCK kit and
measured by a microplate reader (n = 6). The levels of ROS and MMP were measured using flow cytometry (n = 3). All data are presented as means + SD.
*p < 0.05, **p < 0.01, ***p < 0.001 versus the untreated group, *p<0.05, versus the 2 mM GIn group.

indicated that Mn exposure had a damaging effect on key enzymes or proteins in the pathway of conversion
of GIn to Glu or synthesis of GSH by Glu.

Consistent postmortem neuropathological studies suggest that oxidative stress and abnormal protein ag-
gregation are the main features of Mn neurotoxicity, but the underlying mechanisms have not been fully
elucidated.®® However, in the present study, we found that Mn exposure could inhibit UPR™, which may
be a main reason for abnormal protein aggregation induced by Mn neurotoxicity. To maintain mitochon-
drial physiological function, the mitochondria develop the UPR™ as a specific repair pathway.’® UPR™
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Figure 8. GIn supplementation reversed the inhibitory effect of Mn on UPR™
The relative expression levels of UPR™-related proteins (chop, clpp, and lonp1) were used for western blot and were quantified using ImageJ. All data are
presented as mean + SD, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 versus the untreated group, °p<0.05, versus the 2 mM GlIn group.

prevents abnormal protein accumulation within the mitochondria via the normalization of mitochondrial
protein folding and degradation.®” UPR™ activation is critical to ensure normal development, for it plays
an important role in inducing metabolic adaptation and mitochondrial recovery.*

To explore the potential mechanism of the neuroprotective effect of GSH increase, we focused on the
response to unfolded protein enriched by DEGs in DA neurons after Mn exposure. We observed that
after supplementation with GIn, Mn had a reduced inhibitory effect on the UPR™ pathway and an acti-
vating effect on lonp1-mediated UPR™, and reduced mitochondrial dysfunction. However, no direct
interaction between GSH and UPR™ has been reported before. Nevertheless, it has been shown that
the antioxidant enzyme GSH-Px and the heat shock proteins HSP90, HSP70, and HSP&0 synergistically
prevent apoptosis in heat stress-induced hepatocyte injury.*? Serum levels of GSH and Hsp60 were posi-
tively correlated during neonatal stress.”” As studies have reported that these heat shock proteins are
key molecular chaperone proteins of UPR™.*""*? Also, there are studies on the correlation between
NAD™ and UPR™, which has a redox capacity similar to that of GSH. In a model of cardiac hypertrophy,
niacinamide nucleoside promotes the expression of chop, clpp, and lonp1, resulting in further activation
of UPR™, which effectively alleviates reduced mitochondrial oxygen consumption and cardiomyocyte
death.”” Therefore, we postulated that boosting GSH levels in neurons could activate UPR™ and repair
mitochondrial biological function. Meanwhile, we are not able to exclude that UPR™ may affect the syn-
thesis of GSH which still need to be studied.

In our study, the expressions of mitochondrial chaperone protein clpp and mitochondrial protease lonp1
were significantly suppressed after Mn exposure to SH-SY5Y cells, whereas the expression of chop was acti-
vated after low-dose Mn exposure and subsequently inhibited. Nevertheless, multiple studies confirmed
up-regulation of the UPR™-related mRNA in mitochondrial disease,** which may be directly related to
the different processes of the integrated mitochondrial stress response (ISR™). The early ISR™ is autono-
mous cellular protection homeostasis against metabolic damage, with lonp1-activated expression and
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slight inhibition of clpp, which is not identical to our study. The second stage activates serine and gluta-
thione synthesis and affects tissue and systemic metabolic changes, corroborating our previous metabo-
lomics results. The terminal stage shows significant activation of the transcription factor CHOP and mild
induction of mitochondrial heat shock protein. Remarkably, ISR™ is an initial protective mechanism of
the organism and there was no major neuronal damage, which may explain the inconsistency of our ob-
tained results with previous studies.

Taken together, our results suggest a previously unrealized mechanism that GIn supplementation can in-
crease GSH levels to trigger UPR™ which can rescue redox imbalance and mitochondrial dysfunction
induced by Mn and counteract Mn neurotoxicity. Our study highlights GIn supplementation as a therapeu-
tic approach in Mn-related neurological disorders.

Limitations of the study

In summary, increasing GSH levels in neurons can trigger UPR™ and reverse mitochondrial dysfunction.
However, we cannot exclude that UPR™ may affect the synthesis of GSH, and the regulatory relationship
between UPR™ and GSH awaits further exploration.
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® Any additional analysis information for this work is available by request to the lead contact.

EXPERIMENTAL MODEL AND STUDY
Experimental models

AB strain adult (6 months old) wild-type female and male zebrafish (Danio rerio) and human neuroblastoma
SH-SY5Y cells.

Zebrafish maintenance and exposure

Wild-type zebrafish (Danio rerio) of the AB strain were purchased from the China Zebrafish Resource Cen-
ter. The adult zebrafish (6 months old, half males and females) were first acclimated to the experimental
conditions for a week. Then zebrafish were randomly transferred to aquaria (only males or females per
aquarium) and reared using filtered and dechlorinated water maintained at a pH between 7.0 and 7.4,
with continuous aeration. In the experiment, male and female zebrafish were exposed to 0, 0.25, 1, and
4 mg/L of MnCl; for 30 d, respectively. During the period of acclimation and experimentation, zebrafish
were maintained under a 14 h light and 10 h dark photoperiod cycle at 28.5+1°C, fed twice daily with brine
shrimp, and the water was renewed every 24 h. The experimental protocol was approved by the Ethics
Committee of Capital Medical University (ethical review number: AEEI-2022-161).

Neurobehavioral tests of zebrafish

After exposure, zebrafish from each treated group (10 males and 10 females) were transferred separately to clear
water without MnCl, for a T-maze experiment. The T-maze assay was conducted according to the protocol
defined by Darland, T*° with some modifications. The T-maze apparatus used in this study includes one long
arm and two short arms, one of which opened into a large reservoir, deeper than the rest of the maze, and
placed 10 heterosexual zebrafish, defining this area as the enrichment chamber (EC) zone. The experimental
test included three stages. The first was acclimation, the entire group of zebrafish was placed in the T-maze
and allowed to swim freely for 2 h for 4 d. Subsequently training, each zebrafish was placed in the start zone
and released after 30 s, allowed to swim freely for 4 min for 4 d, and the fish would be rewarded with food if
they found the EC zone. Finally testing, the protocol was the same as the training, evaluated and analyzed zebra-
fish swimming trajectory by using the Danio Vision behavioral equipment (Genostar, Beijing, China).

Histological analysis and single-cell sequencing

After 30 d of Mn exposure, the zebrafish were anesthetized with ice water for 1 min to record the body
weight after removing residual moisture. Afterward, zebrafish brain tissue samples were fixed in the 4%
paraformaldehyde fix solution, next dehydrated, embedded in paraffin, and sectioned under a rotatory
microtome (5 um). Finally, the samples were stained with the hematoxylin and eosin (HE) technique
for further analysis. Brain tissues from three additional zebrafish in each group were dissected into sin-
gle-cell suspensions and sent to OE Biotech Co., Ltd (Shanghai, China) for single-cell sequencing. Seurat
package was used to read sequencing data and perform t-SNE clustering analysis. First, we removed all
ribosomal RNA genes, and then we filtered out the following cells: cells with less than 800 or more than
7000 unique genes and cells with more than 15% mitochondrial genes.”® The data were normalized using
the '‘LogNormalize’ method, and the data were scaled by scalefactor = 10%. The cell clusters with higher
resolution = 1.0 were displayed using t-SNE.*’ By using some general markers, we identified 10 major
cell types. Finally, we used differentially expressed genes (DEGs) of DA neurons for GO analysis and
KEGG pathway analysis with a p-value<0.05 as the threshold.

Cells culture

The SH-SY5Y cells were purchased from the Cell Resource Center of Peking Union Medical College. The
cells were cultured in the complete medium consisting of high-glucose Dulbecco’s Modified Eagle Me-
dium (DMEM) supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, and 2 mM Gln, kept
at 37°C with 5% CO, for 36-48 h."® Cells with a logarithmic growth phase and 80% growth density were
selected for passaging culture. First discarded the original complete medium, and washed the cells twice
with phosphate-buffered saline (PBS), then treated with 0.25% trypsin for 1 min, immediately terminated
the digestion with serum-containing medium and collected the cells by centrifugation at 1000 rpm for
5 min, and finally seeded into new complete culture medium at a ratio of 1:3 to keep culturing.
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Cell viability assay

SH-SY5Y cells were inoculated into 96-well plates with a quantity of 1x 10%/well with 100 ulL complete me-
dium for 24 h. After that, the cells were treated with different doses of MnCl, (0, 62.5, 125, 250, 500, and
1000 uM) for 3, 6, 12, and 24 h with six replicate wells. To measure cell viability, we used the CCK kit for
the assay according to standard protocol. The absorbance was determined at 450 nm using a microplate
reader.

Metabolomic assay sample collection

After exposure to 0, 125, 250, and 500 uM MnCl; for 6 h, SH-SY5Y cells were digested with 0.25% trypsin for
1 min, then cells were collected by centrifugation at 1000 rpm for 5 min. We then washed cells twice with
PBS to remove the serum and finally resuspended cells with 1 mL PBS. For rapid counting, 1x10” cells from
each group were taken as samples and immediately stored in liquid nitrogen and handed over to Biotree
biomedical technology Co., Ltd. (Shanghai, China) for the determination of non-targeted metabolomics.
All the groups were derived from triplicate experiments.

Western blot analysis

SH-SY5Y cells were collected with a cell scraper after exposure to Mn. Total proteins were extracted by
RIPA buffer supplemented with protease inhibitors. After protein quantification using the BCA protein
assay kit, equal amounts of total proteins were subjected to SDS-PAGE and transferred onto nitrocellulose
membranes (Bio-Rad Laboratories), which were blocked in 5% non-fat milk, and incubated with primary
antibodies against chop (1:200, Proteintech, 15204-1-AP), clpp (1:1000, Abcam, ab124822), lonp1 (1:200,
Abcam, ab103809), and B-actin (1:1000, Cell Signaling Technology, 4970) overnight. Subsequently, the
membranes were treated with HRP-conjugated secondary antibodies (1:5000, Cell Signaling Technology,
7074) for 1 h. The protein signals were visualized using enhanced chemiluminescence and further analyzed
by Image J software (NIH, Bethesda, MD, USA).

Determination of glutamate, glycine, and glutathione concentrations

The concentrations of Glu, glycine (Gly), GSH and oxidized glutathione (GSSG) were detected using Glu-
tamic Acid Content Assay Kit (Solarbio), Glycine ELISA Kit (ELK Biotechnology), and the GSH and GSSG
Assay Kit (Beyotime) according to the manufacturer’s protocol, respectively. The absorbances for Glu,
Gly, and total glutathione (GSSG and GSH) were detected at 340 nm, 450 nm, and 412 nm, respectively.
The concentration of GSSG could be determined by removing GSH from the sample with appropriate re-
agents. The concentration of GSH could be calculated by subtracting GSSG from the total glutathione.

Detection of ROS and MMP

The logarithmically growing cells were inoculated into é-well plates with a quantity of 3x10°/well and
treated with 0, 125, 250, and 500 uM MnCl; for 6 h. Subsequently, ROS levels were detected using the Reac-
tive Oxygen Species Assay Kit (KeyGEN BioTECH). DCFH-DA was diluted with serum-free DMEM at 1:1000
toreach afinal concentration of 10 umol/L. After removing the medium, cells were washed 3 times with PBS,
and 1 mL diluted DCFH-DA probe was added. Following incubation for 20 min at 37°C, the cells were
washed with PBS to fully remove DCFH-DA. The fluorescence intensity of 10,000 cells was detected by
flow cytometry under the FITC channel. Simultaneously, changes in mitochondrial membrane potential
were detected with the JC-10 Apoptosis Detection Kit (KeyGEN BioTECH). The treated cells were collected
by trypsinization and then labeled with JC-10 for 30 min at 37°C. Polarized mitochondria in the aggregate
form and depolarized mitochondria in the monomeric form were stained with green and orange fluores-
cence, respectively. Thus, green and orange emission light were analyzed by fluorescence channel 1
(FL1) and fluorescence channel 2 (FL2) using flow cytometry, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Significant differences were evaluated by student’s t-test, one-way analysis of variance (ANOVA), and
Tukey posthoc test depending on the experimental design. All results were derived from triplicate exper-
iments and presented as mean + SD. Statistically significant differences are indicated as *p<0.05, **p<0.01,
***p<0.001. All graphics were made using GraphPad PRISM (version 9.0). Single-cell transcriptome
sequencing and metabolome results were analyzed and visualized with R software (version 4.1.1), Loupe
Browser (version 5.0), and Cytoscape (version 3.7.2).
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