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ARTICLE INFO ABSTRACT

Keywords: Antimony (Sb), a naturally occurring metal present in air and drinking water, has been found in the human
Antimony brain, and there is evidence of its toxic effects on neurobehavioral perturbations, suggesting that Sb is a potential
Neurotoxicity nerve poison. Here, we provide the first study on the molecular mechanism underlying Sb-associated neuro-
Autophagy

toxicity. Mice exposed to antimony potassium tartrate hydrate showed significantly increased neuronal apop-
tosis. In vitro, Sb triggered apoptosis in PC12 cells in a dose-dependent manner. Mechanically, Sb triggered
autophagy as indicated by increased expression of microtubule-associated protein 1 light chain 3-1I (LC3-II) and
accumulation of green fluorescent protein-tagged LC3 dots. Moreover, Sb enhanced autophagic flux and se-
questosome 1 (p62) degradation. Subsequent analyses showed that Sb treatment decreased phosphorylation of
protein kinase B (Akt) as well as the mammalian target of rapamycin (mTOR), while an Akt activator protected
PC12 cells from autophagy. Moreover, the antioxidant N-acetylcysteine attenuated Sb-induced Akt/mTOR in-
hibition and decreased autophagy and apoptosis, with autophagy inhibition also playing a cytoprotective role. In
vivo, mice treated with Sb showed higher expression of LC3-II and p62 in the brain, consistent with the in vitro
results. In summary, Sb induced autophagic cell death through reactive oxygen species-mediated inhibition of
the Akt/mTOR pathway.

Akt/mTOR inhibition
Neuronal apoptosis
ROS

1. Introduction

Humans are exposed to antimony (Sb) in the natural environment
through the air as well as by water (Herath et al., 2017). Occupational
exposure to Sb occurs in workers associated with industries producing
Sb, metal mining, or smelting and refining. Sb is also used as a drug for
the treatment of schistosomiasis and leishmaniasis. Following Sb ex-
posure, the two most important health effects involve the respiratory
and cardiovascular systems (Sundar and Chakravarty, 2010). Several
decades ago, researchers also reported the presence of Sb in the human
brain (Hock et al., 1975). Tanu et al. have recently reported that Sb
enters and accumulates in the mouse brain after intraperitoneal
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injection, which leads to impaired cognitive function as determined by
the Morris water maze (Tanu et al., 2018). However, it is unknown how
Sb induces neurological effects leading to impairment of learning and
memory.

Alzheimer’s disease (AD) is the most prevalent neurodegenerative
disease, involving massive loss in areas of the brain responsible for
memory and learning. It is characterised by two molecular hallmarks,
namely the deposition of extracellular plaques of B-amyloid protein
(AP) and intracellular neurofibrillary tangles (Polanco et al., 2018).
Although there has been a great deal of research into the causes and
consequences of AD, many aspects of the disorder still remain unclear.
Among the mechanisms of AD pathogenesis, neuronal cell death may be
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an important phenomenon as shown by the following: 1) both Af de-
position and tau phosphorylation induce neuronal death (Cho et al.,
2017; Kayed and Lasagna-Reeves, 2013); 2) massive neuronal cell death
contributes to morphological changes in AD including a dramatic
shrinkage in cortical volume (Fricker et al., 2018); 3) more TUNEL-
positive cells were found in AD cases compared with normal brains
(Smale et al., 1995). Some environmental stimuli can induce neuronal
cell death, therefore contributing to the risk of neurodegeneration.
Epidemiological studies have provided an association between several
heavy metals and AD, including lead, cadmium, and arsenic (Fathabadi
et al., 2018; Xu et al., 2018; Yang et al., 2018). Not surprisingly, all of
them triggered neuronal cell death. For example, lead, a classic nerve
poison, leads to neuronal death both in vitro and in vivo (Dribben et al.,
2011; Engstrom et al., 2015). Neuronal cell death, as an important in-
dicator of neurological toxicity, is shared by heavy metals (Cariccio
et al., 2018; Morris and Levenson, 2017). Until now, there have been no
experimental data for neuronal death induced by Sb. We therefore first
characterised Sb-induced neuronal cell death, to provide basic evidence
of Sb-associated neurotoxicity.

Macroautophagy, hereafter called autophagy, is a “self-eating”
process, which involves the engulfing of cytoplasmic proteins or orga-
nelles into autophagosomes, followed by fusion with lysosomes and
subsequent degradation. Recently, our group provided the first evi-
dence of an association between autophagy and Sb-induced toxicity. We
showed that Sb stimulated a loss of cell viability via reactive oxygen
species (ROS)-dependent autophagy in the A549 alveolar epithelial cell
line (Zhao et al., 2017). Autophagy normally acts as a survival me-
chanism to prevent neuronal cell death, but excessive autophagy can
lead to death (Fricker et al., 2018). Defects in autophagy likely con-
tribute to the pathogenesis of numerous neurodegenerative diseases,
including AD (Zare-Shahabadi et al., 2015). Emerging evidence has
demonstrated that an alteration in the autophagic pathway may be
related to the onset of environmental pollutants (e.g., metal or other
chemical-associated neurotoxicity) (Pellacani and Costa, 2018). Ad-
ditionally, Zhang et al. reported that an excessive increase of autophagy
induced by lead may lead to autophagic cell death and subsequent
neurotoxicity (Zhang et al., 2012). Can Sb induce neuronal cell au-
tophagy and death? What are the molecular mechanisms underlying Sb-
induced autophagy in neuronal cell lines and brain tissue? Is autophagy
a positive or negative factor during Sb-triggered neuronal cell death?

The present study addresses these questions, both in vitro and in vivo.
The results demonstrated in detail that Sb activated autophagy through
ROS-mediated Akt/mTOR pathway inhibition. Moreover, autophagic
flux was enhanced, although p62 expression was increased rather than
decreased, while inhibition of autophagy attenuated Sb-induced neu-
ronal cell apoptosis. Our findings provide the first evidence that Sb
induces autophagic cell death in neuronal cells, thus identifying the
first molecular mechanism of Sb-induced neurotoxicity, involving Sb as
a novel nerve poison.

2. Materials and methods
2.1. Plasmids, reagents and antibodies

The plasmids GFP-LC3 was a gift from Dr. Wei Liu (Department of
Biochemistry and Molecular Biology; Zhejiang University School of
medicine). The chemicals rapamycin (R8781), chloroquine (CQ)
(C6628), potassium antimonyl tartrate trihydrate (60,063), N-acet-
yleysteine (NAC, 1,009,005), 3-methyladenine (M9281), cycloheximide
(C4859), Hoechst (94,403) were purchased from Sigma-Aldrich. Akt
activator was from TargetMol (T2274).

The primary antibodies were used as follows: anti-LC3B (Sigma,
L7543), anti-p62 (Sigma, P0067), anti-ACTB (Sigma, A5316), anti-
mTOR (CST, 2972), anti-p-mTOR (CST, 2971), anti-Akt (CST, 4685),
anti-p-Akt (CST, 4060), anti-c-c3 (CST, 9664), anti-GFAP (CST, 12,389),
anti-NeuN (Proteintech, 26975-1-AP)
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2.2. Cell culture, treatment and transfection

The rat pheochromocytoma neuro cell line PC12 (from Shanghai
Cell Bank, Chinese Academy of Sciences) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, GIBCO, Shanghai, China) supple-
mented with 10% fetal bovine serum (FBS) at 37 °C in a humidified
atmosphere with 95% air and 5% CO,. To control mycoplasma, the
detection is performed at least once a week as an obligatory quality
control cell culture experiment. We use direct PCR protocol which al-
lows detection of a range of mollicutes including Mycoplasma galli-
septicum and Mycoplasma synoviaeto. After cell seeding and incubation
for 24 h, the Sb dissolved in saline (0.9% NaCl) were added into cell
culture medium. The final saline conten in culture medium was 0.5%
(v/v), and backgroup control wells were treated with only 0.5% saline.
DNA Transfection Reagent (Lipofectamine 2000, Invitrogen) was used
for plasmid transfection according to manufacturer’s instruction.

2.3. Animal treatment

All animal experiments were performed according to the ethical
guidelines by the Ethics Committee of Laboratory Animal Care and
Welfare, Nantong University School of Medicine. The ICR male mice
(average body weight 25-30g, 6-week old) were from the animal
center of Nantong University, and acclimated for one week on a 12/
12 h dark/light cycle. After acclimatization, mice were divided into four
groups: control (0.9% normal saline) and Sb exposed group (10, 20,
40 mg/kg). Mice were exposed to 100l Sb through intraperitoneal
injection at different doses three times per week for 4 weeks before
harvest. All experimental mice had free access to water and food.

2.4. CCK-8 analysis

PC12 cells were plated at a density of 10 x 10> cells/well in 96 well
plates, and the cell viability was assessed by the cell counting kit-8
assay (Dojindo Laboratories, Japan) according to the manufacturer's
instruction. Briefly, after Sb treatment, CCK-8 solution was added to
each well of the plate and the cells were incubated for another 2 h, and
the absorbance was measured at 450 nm on an automated reader (Bio-
Tec, City, CA, USA).

2.5. Intracellular ROS assay

The level of intracellular ROS was measured using a fluorescent
probe DCFH-DA (Beyotime, China). It is a cell-permeable non-fluor-
escent probe, and de-esterified intracellularly and turns to highly
fluorescent 2’,7’-dichlorofluorescein upon oxidation. In brief, after
treatment with Sb at different concentrations for 24 h, the PC12 cells
were incubated with serum-free medium including 10 uM DCFH-DA
probe. After rinsing with PBS 3 times to elimminate excess probe, the
fluorescence intensity was detected at 525nm using a microplate
reader.

2.6. Reverse transcription-polymerase chain reaction (RT-PCR) and
Quantitative real-time polymerase chain reation (qQRT-PCR) analysis

Total RNA from PC12 cells was extracted with Trizol reagent
(Invitrogen, Shanghai, China) according to the manufacturer’s instruc-
tions. Extracted RNA was reverse transcribed for cDNA synthesis using
Omniscript RT-PCR kit (Qiagen, Germany) in accordance with the
manufacturer’s protocol. The cDNA was amplified using the Tablel
primers. The PCR products for each sample were analyzed by electro-
phoresis in a 1.5% agarose gel. Gels were stained with ethidium bro-
mide and analyzed under ultraviolet light. The intensity of the mRNA
expression was measured by densitometry and then corrected with the
corresponding 3-actin mRNA measurement. For qRT-PCR, PCR analysis
was performed in 10 L reactions using SYBR GREEN PCR Master Mix
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Table 1 (Applied Biosystems). The related mRNA level was normalized to the [3-
DNA sequences of primers for polymerase chain reaction. actin mRNA level.
Gene name Primer name Sequence
RAT B-actin R-ACTB-F 5-CTCCGGAGTCCATCACAATG-3’ 2.7. Western blot analysis
R-ACTB-R 5-CTACAATGAGCTGCGTGTGG-3’
RAT p62 Rp62-F 5-GGTGTCTGTGAGAGGACGAGGAG-3' To obtain total protein, the lysis buffer containing protein was
R-p62-R 5-TCTGGTGATGGAGCCTCTTACTGG-3’ trifuged at 12.000 ¢ for 10 min. Th tei trati £ th
RAT Atg5 R-Atg5-F 5"-CTCAGCTCTGCCTTGGAACATCAC-3' centrifuged at 12,U0Vg for 1Umin. 1he protein concentration of the
R-Atg5-R 5. AAGTGAGCCTCAACTGCATCCTTG-3’ supernatant obtained was measured bicinchonininc acid (BCA) protein
RAT Atg7 R-Atg7-F 5-GTGAACCTCAGCGGATGTATGGAC-3 assay kit (Beyotime, PO009). The equal amounts of total proteins were
R-Ag7-R 5-CCAGCAGCAGGCACTTGACAG-3 separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis

and separated proteins were transferred onto polyvinylidene difluoride
membrane filter (PVDF; Immobilon). The membrane was blocked with
3% BSA in TBST buffer for 2 h at room temperature. Next, the blot was
incubated with corresponding primary antibody (anti-LC3,1:1000; anti-
p62, 1:1000; anti-ACTB, 1:2000; anti-p-MTOR, 1:1000; anti-c-c3,
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Fig. 1. Antimony (Sb) triggers neuronal apoptosis in mice. (a) Mice were treated with different doses of Sb for 4 weeks, followed by measurement of cleaved
caspase 3 protein of brain tissue by Western blot. Quantification shown below represents the relative c-c3 expression level. (b) Tunel staining in the brain of mice
exposed to 0 or 40 mg/kg Sb. (c) The colocalization of Tunel and astrocyte marker (GFAP) or neuron marker (Neu) in brain tissue of Sb-treated mice at 40 mg/kg.
Yellow arrows show Tunel-positive cells without GFAP staining, while white arrows represent Tunel-positive neuros. All quantitative data are showed as
means *+ SD.n = 5. **P < 0.01. *P < 0.05. Scale bars: 50 pm.
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Fig. 2. Sb stimualtes apoptosis in PC12 cells. (a) PC12 cells were treated with Sb at indicated concentrations of for 24 h, and cell viability was measured by CCK-8.
(b) PC12 cells were exposed to Sb as indicated in (a), then the LDH release in medium was assessed and normalized to control. (c) PC12 cells treated with Sb as
indicated in (a) were imaged by an optical microscope (DM4000B, Leica). Scale bars: 50 um. (d) PC12 cells were exposed to Sb as indicated in (a), followed by
measurement of c-c3 expression levels by western blot. Quantification shown below represents the relative c-c3 expression level compared to control. (e) The PC12
cells was exposed to Sb (100 puM for 24 h), and the cell viability was measured by trypan blue. (f) The PC12 cells was exposed to Sb as indicated in (e), and the cellular
apoptosis was detected by Tunel, Scale bars: 25 um. All quantitative data are showed as means + SD. **P < 0.01. *P < 0.05.

1:1000) at 4 °C overnight followed by incubation with HRP conjugated
secondary antibody (Goat anti-Mouse, Li—COR Biosciences, B80908-
02, 1:20,000; or Goat anti-Rabbit, Li—COR Biosciences, B81009-02,
1:20,000) for 1 h. Immunocomplex was detected by using an Enhanced
Chemiluminescence system (ECL, Millipore, P90720). The intensity of
relative protein expression was measured by densitometry (Image J).

2.8. Immunofluorescent staining

After Sb treatment, cells grown on coverslips were fixed with 4%
paraformaldehyde in PBS at 4 °C for 1 h. After washed three times with
ice-cold PBS, the cells were permeabilized with 0.5% Triton X-100 in
PBS for 15min and blocked at room temperature for 2h with 5%
normal goat serum. Cells were then incubated overnight at 4 °C with
anti-LC3 antibodies (1:200 dilution in PBS) or anti-p62 antibodies
(1:200 dilution in PBS). After incubation with the primary antibody, the
cells were also washed 3 times followed by incubation with a mixture of
tetramethyl rhodamin isothiocyanate fluorochrome-conjugated sec-
ondary antibodies (Invitrogen, 1:1000) for 1 h and Hoechst for 15 min
at room temperature. At last, the treated cells were visualized using a
fluorescent microscope (Leica, Microsystems, GmbH, Germany)

2.9. Sections and immunohistochemistry

Immunohistochemistry was used to evaluate the expression of LC3

and p62 in the brain slices. Briefly, the brain tissue slice were depar-
affinized and rehydrated, done antigen retrieval in 10% sodium citrate
buffer solution, and blocked endogenous peroxidase with 3% H,0,
solution for 20 min at room temperature. After completing the above
steps, the slides were blocked in 3% BSA at room temperature for 2 h.
Next, the sections was incubated with anti-LC3 antibody or anti-p62
antibody at 4 °C overnight followed by corresponding secondary anti-
body for 1h. Finally, after treatment with DAB and hematoxylin, the
brain tissue slice were rehydrated and were visualized using a micro-
scope (Leica, Microsystems, GmbH, Germany).

2.10. Terminal deoxynucleotidyl transferase dUTP nick end labeling (tunel)

Apoptosis was determined by the TUNEL assay using the Dead End
TM Fluorometric TUNEL System Kit (Promega, USA) as reported pri-
viously (Jiao et al., 2019). Briefly, after treated by Sb, cells grown on
coverslips were fixed with 4% paraformaldehyde in PBS at 4°C for
25 min. After washed two times with ice-cold PBS, the cells were per-
meabilized with 0.2% Triton X-100 in PBS for 5 min and eguilibrated at
room temperature for 10 min with 100 pl Equilibration Buffer. After
equilibration, 50 pl rTdT incubation buffer (including 44 ul of EB, 5l
of Nucleotide Mix as well as 1 pul rTdT enzyme) was added to react for
60 min at 37 °C. After removing the plastic coverslips, 2 x SSC buffer
was added followed by incubation for 15min at room temperature.
After washed three times with PBS, the cells were incubated with
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Fig. 3. Sb stimulates autophagosome accumulation in PC12 cells and mice brain. (a) PC12 cells were treated with different concentrations of Sb for 24 h, and
the cellular LC3 expression levels were detected by Western blot. Quantification assay of relative LC3-II was shown below. (b) PC12 cells were exposed to Sb at
100 uM for different time as indicated, followed by detection of cellular LC3 expression levels by Western blot. Quantification assay of relative LC3-II was shown
below. (c) PC12 cells transiently expressing GFP-LC3 were exposed to Sb at 100 uM for 24 h, then imaged by immunofluorescence microscopy. Scale bar: 10 pm. (d)
PC12 cells were treated with Sb at 100 uM for 24 h, and the cellular LC3 dots was imaged by indirect immunofluorescence (IF) assay. Scale bar: 10 pm. (e) PC12 cells
were treated with different doses of Sb for 24 h, and the levels of Atg5 and Atg7 were determined using qRT-PCR. (f, g) Mice were treated with different doses of Sb for
4 weeks, then LC3 protein expression levels of brain tissue were detected by Western blot (f), or IF (g). Scale bar: 20 um. n = 5. All quantitative data are showed as

means * SD. **P < 0.01. *P < 0.05.

Hoechst for 15min and visualized using a microscope (Leica, Micro-
systems, GmbH, Germany).

2.11. Measurement of malondialdehyde (MDA)

MDA is a natural product of lipid oxidation which occurs after
oxidative stress, therefore its level could reflect lipid oxidation. In

present study, the production of MDA was assessed by the MDA assay
kit (Nanjing Jiancheng) according to the manufacturer’s instruction.
Before starting the experiment, four tubes were prepared as follows:
0.1 mL tetraethoxypropane at 10 nmol/ml was added in standard tube,
0.1 mL absolute ethanol was added in blank tube, 0.1 mL samples was
added in measuring tube, 0.1 mL control samples was added in control
tube. Then, 0.1 mL reagent one was added in above four tubes. Next,
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3 mL reagent two was added for all tubes, followed by in addition of
1 mL reagent three in standard tube, blank tube, measuring tube. In
control tube, 1 mL 50% glacial acetic acid was added. All the tubes were
bathed at 95 °C for 40 min. After cooling, the tubes were centrifuged at
3500-4000 rpm for 10 min. The absorbance was measured at a test
wavelength of 532nm and calculated MDA activity according to for-
mula.

2.12. Measurement of lactate dehydrogenase (LDH) release

LDH is a stable protein that is present in the cytoplasm of normal
cells. It is released once the cell membrane is damaged. Therefore, the
release of LDH in medium is used as a indicator of cell damage. Here,
The release of LDH was measured in the culture supernatants by mea-
suring the LDH activity with the LDH assay kit (Nanjing Jiancheng)
following the manufacturer’s instructions. Four tubes were prepared as
follows: 1) blank tube: 25l double distilled water and 25 pl matrix
buffer; 2) standard tube: 5pul double distilled water, 20 pl 0.2 mM
pyruvic acid standard application solution and 25 pl matrix buffer; 3)
measuring tube: 20 pl collected culture supernatants, 25pul matrix
buffer, 5pl coenzyme one application solution; 4) control tube: 20 pl
collected culture supernatants, 25 pl matrix buffer, 5 ul double distilled
water. Then, four tubes was incubated at 37 °C for 15 min, then added
25l 2,4-dinitrophenylhydrazine for another incubation at 37 °C for
15 min. Next, 250 ul 0.4 mM NaOH was added and incubated at room
temperature for 5min. The absorbance was measured at a test wave-
length of 450 nm and calculated LDH activity according to formula.

2.13. Statistical analysis

Results are expressed as mean + SD for at least three independent
experiments. Kolmogorov-Smirnov test was applied to data distribution
assay. Then, student’s t-test or analysis of variance (ANOVA) was used
for statistical analysis of normal distribution, and Wilcoxon Rank-Sum
test was used for statistical analysis of unnormal distribution. A prob-
ability value of 0.05 or less was considered to be significant.

3. Results
3.1. Sb exposure induces neuronal cell apoptosis

Neuronal cell death plays a major role during environmental pol-
lutant-associated neurotoxicity. We therefore determined whether Sb
induced neuronal death in Sb-exposed mice brain cortex tissue. Fig. 1a
shows that Sb increased the activation of caspase, as indicated by the
dose-dependent increase cleaved caspase 3 (Fig. 1a). We also observed
an increased number of Tunel-positive cells in mice exposed to 40 mg/
kg Sb, confirming Sb-induced cell apoptosis in the brain (Fig. 1b). We
then conducted double stain analysis of Tunel with different phenotypic
markers, including GFAP (an astrocyte marker) and NeuN (a neuron
marker), and found that Sb triggered apoptosis predominantly in neu-
rons rather than astrocytes (Fig. 1c). We subsequently used PC12 cells,
a valuable model for research on neuronal toxicity, to characterise the
molecular mechanism of Sb-induced neuronal apoptosis.

In vitro, Sb decreased cell viability in a dose-dependent way
(Fig. 2a). To further investigate the effects of Sb on PC12 cells, a lactate
dehydrogenase (LDH) assay, another indicator of cell toxicity, was
performed. The results showed that LDH release was also elevated in a
dose-dependent manner (Fig. 2b). Interestingly, 25 and 50 uM Sb in-
creased LDH release, while failed to decrease cell viability. Further-
more, bright field images of PC12 cells treated with Sb showed a dra-
matically increased number of apoptotic cells (Fig. 2¢). Exposure to Sb
led to increased caspase activation upon 75 and 100 uM Sb treatment
(Fig. 2d). Moreover, we chosed treatment with Sb at 100 uM for further
assay. Trypan blue staining showed decreased cell viability after Sb
exposure (Fig. 2e). Tunel-positive cells was increased in Sb-treated
cells, indicating that Sb induced neuronal apoptosis (Fig. 2f).

3.2. Sb triggers autophagy in PC12 cells and mice brain tissue

To explore whether autophagy was stimulated following Sb ex-
posure in PC12 cells, we determined the protein expression of micro-
tubule-associated protein 1 light chain 3, an autophagosome marker,
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using western blotting, and found that LC3-II expression was increased
in Sb-treated cells in both a dose-dependent and time-dependent
manner (Fig. 3a and b). Consistently, increased green fluorescent pro-
tein (GFP)-tagged LC3 dots were found in GFP-LC3-expressing PC12
cells treated with 100 uM Sb for 24 h (Fig. 3c). In a similar manner,
immunofluorescence staining revealed more LC3-positive punctuated
structures in PC12 cells after the above-mentioned treatment (Fig. 3d).
We then measured the expression levels of two important autophagy
associated genes, Atg5 and Atg7, using qQRT-PCR. Sb treatment for 24 h
upregulated their expression levels (Fig. 3e). We further conducted an
in vivo study, which showed that LC3-II expression was gradually up-
regulated as the Sb concentration increased from 0 to 40 mg/kg
(Fig. 3f), accompanied by increased LC3 dots shown by immuno-
fluorescence staining (Fig. 3g).

3.3. Sb enhances autophagic flux and p62 expression

LC3-II protein upregulation can result from not only autophagy in-
duction, but also from autophagic flux blockage. To measure autop-
hagic flux, we determined the LC3-II protein expression levels in the
absence or presence of chloroquine (CQ), a common autophagy in-
hibitor. We found that 10 uM CQ treatment resulted in further increases
in LC3-II levels, when compared with the single Sb-treated group
(Fig. 4a). A similar result was seen using GFP-LC3 puncta in PC12 cells,
suggesting that Sb enhanced the autophagic flux (Fig. 4b). Furthermore,
once autophagosome synthesis was inhibited by 3-methyladenine, the
LC3-II protein was gradually degraded in Sb-treated cells, providing
evidence of normal autophagic degradation (Fig. 4c).

To further confirm that Sb accelerated autophagic flux, we detected
the protein sequestosome 1 (p62), a classic substrate degraded by au-
tophagy. Unexpectedly, the results showed that Sb caused its increase
rather than decrease in a dose- and time-dependent manner (Fig. 5a and
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b), and that the p62 protein was assembled into aggregates in Sb-
treated cells (Fig. 5c). Furthermore, qRT-PCR results showed that p62
mRNA was dramatically upregulated, demonstrating increased p62
protein levels due to enhanced expression (Fig. 5d). Next, we directly
tested p62 protein degradation using cycloheximide pretreatment,
which is a protein synthesis inhibitor (Fig. 5e). The results showed that
p62 degradation was accelerated in Sb-treated cells, in accordance with
enhanced autophagic flux as shown in Fig. 4. To verify our in vitro
findings, we examined p62 in Sb-treated mice. Both immunoblotting
and immunohistochemical assays showed increased p62 protein levels
in brain tissues (Fig. 5f and g). Similarly, more p62 dot accumulation
was observed in Sb-exposed mice brains (Fig. 5h). Taken together, the
results demonstrated that Sb treatment resulted in enhancement of
autophagic flux, protein degradation, and mRNA expression of p62.

3.4. Sb induces autophagy through ROS-mediated inactivating Akt/mTOR
signaling

We then characterised the underlying molecular mechanism in-
volved in Sb-induced autophagy in neuronal cells. We especially char-
acterised the Akt/mTOR pathway because of its critical role in autop-
hagy regulation. Immunoblotting was used to assess the expression
levels of p-mTOR, mTOR, p-Akt, and Akt in PC12 cells following ex-
posure to Sb. Fig. 6a and b show that treatment with Sb led to sig-
nificant reduction in the phosphorylation levels of mTOR and Akt in a
dose-dependent manner, suggesting that inhibition of the Akt/mTOR
pathway may be involved in Sb-induced autophagy in PC12 cells
(Fig. 6a and b). To confirm this possibility, we treated cells with Sb and
rapamycin to evaluate their combined effect. Rapamycin failed to

synergistically increase the production of LC3-II in Sb-treated cells,
suggesting that Sb-stimulated production of autophagosomes occurred
through an mTOR inhibition-dependent pathway (Fig. 6¢). Next, we
assessed the effect of the Akt activator (SC79) on Sb-induced autophagy
activation. Fig. 6d shows that PC12 cells treated with SC79 showed
significant inhibition of autophagy induction compared with Sb treat-
ment alone (Fig. 6d).

Oxidative stress, especially ROS generation, has been implicated in
Akt/mTOR pathway inhibition and subsequent autophagy activation.
Fig. 7a shows that Sb treatment dramatically increased the cellular ROS
levels in a dose-dependent manner in PC12 cells. The cellular levels of
malondialdehyde were also significantly increased in cells treated as
described in Fig. 7a (Fig. 7b). We examined the effects of N-acet-
ylcysteine (NAC), a ROS scavenger, on Sb-induced autophagy and cell
death. The results showed that NAC protected PC12 cells from Sb-in-
duced cell viability loss (Fig. 7c). Moreover, the phosphorylation levels
of Akt and mTOR were significantly increased in Sb-exposed cells fol-
lowing NAC treatment (Fig. 7d). NAC also increased the mRNA levels of
Atg5 and Atg7, as well as p62 and LC3-II protein levels in Sb-treated
PC12 cells (Fig. 7e and f). Collectively, our data indicated that Sb-in-
duced autophagy in PC12 cells was a result of ROS-mediated Akt/
mTOR pathway inhibition.

3.5. Autophagy mediated Sb-induced neuronal apoptosis

To observe autophagy function in Sb-mediated neuronal apoptosis,
CQ was used to inhibit the late stage of autophagy. The results showed a
significant increase in cell viability following treatment with CQ
(Fig. 8a). Similarly, CQ reduced LDH release in Sb-treated PC12 cells
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Fig. 7. ROS mediated Sb-induced Akt/mTOR pathway inhibition and subsequent autophagy. (a) PC12 cells were exposed to Sb as indicated doses for 24 h, then
the ROS was detected by DCFH-DA, and normalized to control. (b) The MDA levels of PC12 cells exposed to Sb as indicated in (a) were measured, and normalized to
control. (¢) PC12 cells treated with or without pre-treated by 5 mM NAC for 1 h were exposed to 100 uM Sb for 24 h, and cell viability was measured by CCK-8. (d)
PC12 cells treated with or without pre-treated by 5mM NAC for 1 h were exposed to 100 uM Sb for 24 h, and p-Akt, Akt, p-mTOR, mTOR protein expression were
measured by Western blot. The graph below shows a statistical analysis of p-Akt/Akt and p-mTOR/mTOR. (e, f) PC12 cells treated as in (d), then Atg5 as well as Atg7
were determined using a semi-quantitative PCR (e), and LC3 as well as p62 protein expression levels were measured by Western blot (f), the graph below shows a
statistical analysis of p62/ACTB and LC3-II/ACTB. All quantitative data are presented as means + SD. **P < 0.01 s control, “# P < 0.05 vs Sb-treated group.

(Fig. 8b). CQ treatment was also found to decrease Sb-induced PC12
cell apoptosis, as indicated by reduced caspase activation (Fig. 8c). In
Sb-exposed mice brain tissue, most Tunel positive cells showed more
LC3 or p62 expression compared with Tunel negative cells, implying
that autophagy induction triggered apoptosis as a result of Sb treatment
(Fig. 8d). Taken together, these results showed that autophagy induc-
tion functioned as a proapoptotic mechanism in Sb-associated neuronal
damage.

4. Discussion

Sb, a toxic trace element, has been found in the human brain, and
has been associated with abnormal behaviour of mice. However, no
study has investigated the cellular outcomes and molecular mechanisms
of Sb-associated neurotoxicity. The present study confirmed that Sb
induced neuronal apoptosis, providing the first cellular evidence of the
involvement of neurotoxicity following Sb exposure. Furthermore, we

found that Sb exposure resulted in proapoptotic autophagy activation
accompanied by Akt/mTOR pathway inhibition, and that an Akt acti-
vator alleviated Sb-induced autophagy. Importantly, ROS blockage
ameliorated Sb-triggered inhibition of the Akt/mTOR pathway and
subsequent autophagy induction as well as cell death. Overall, our data
provides the first molecular evidence of the mechanism of Sb-induced
neurotoxicity, showing Sb induced ROS-mediated autophagy activation
by inhibiting the Akt/mTOR pathway, thereby leading to neuronal
apoptosis.

The role of autophagy as a causative or protective factor and even as
a consequence of AD is not yet completely known (Zare-Shahabadi
et al., 2015). Decreased autophagy can contribute to the accumulation
of tau and AP (Menzies et al., 2017). For example, genetic reduction of
beclin-1 expression results in increased AP accumulation and neuro-
degeneration. Furthermore, rapamycin, a classic mTOR inhibitor, re-
duces AP and tau pathology and improves cognition-dependent au-
tophagy induction, suggesting that autophagy plays a protective role
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(Cai and Yan, 2013; Spilman et al., 2010). However, increased autop-
hagy induction is relatively frequent in neurodegenerative diseases.
Autophagy itself may cause AP secretion, while AR production was
decreased by 90% in autophagy-deficient mice, indicating that autop-
hagy activation also acts as a pathological mechanism (Hamano et al.,
2018). Collectively, autophagy is implicated in AD, although it is a
double-edged sword because of its functions in cell protection or de-
struction, depending on the cell type and exposure, once activated. In
the present study, we found that neuronal autophagy activation trig-
gered apoptosis, a critical cellular mechanism of AD, supporting the
hypothesis that excessive autophagy may act as a causative factor for
Sb-associated AD risk. Autophagy-deficient mice exposed to Sb could
therefore be used to identify the role of autophagy in Sb-induced neu-
rotoxicity.

Generally, autophagy regulation could be mTOR-dependent or
mTOR-independent (Antonioli et al., 2017). In our previous study, we
reported that Sb induced autophagy via a ROS-mediated process in-
dependent of mTOR inhibition in A549 cells (Zhao et al., 2017).
However, in the present study, we showed that Sb stimulated ROS-
mediated autophagy in an Akt/mTOR-dependent manner in PC12 cells.
Our findings indicated that Sb triggered a cell type-dependent regula-
tion of autophagy. In both cases, p62 was increased rather than de-
creased due to upregulated mRNA expression, although autophagic flux
was accelerated. When considering the antioxidant response element in
the p62 promoter, NF-E2-related factor 2 (Nrf2) could function via
binding the antioxidant response element to promote p62 transcription.
It should also be noted that Nrf2 was activated by Sb, and protected
against cellular apoptosis by repressing ROS production (Jiang et al.,
2016). Furthermore, p62 possesses other roles independent of autop-
hagy, such as the regulation of inflammation and apoptosis (Choe et al.,
2014; Fan et al., 2018). Additional studies on the biological outcomes of
Sb-induced p62 upregulation are therefore urgently needed.

Our results provided evidence of neuronal apoptosis, a critical cel-
lular outcome in AD following Sb exposure. We therefore hypothesised
that Sb exposure is a risk factor for AD. This hypothesis is supported by
the following data. Sb exposure by intraperitoneal injection leads to
impaired cognitive function, an important AD clinical symptom, as

with LC3 or p62 staining. Yellow arrow: Tunel-
negative cells without LC3 or p62 staining.
Scale bar: 10 um. n = 5. All quantitative data
are presented as means + SD, **P < 0.01, *
P < 0.05.

shown by the Morris water maze test (Piirainen et al., 2017; Tanu et al.,
2018). Moreover, several molecular mechanisms involved in AD are
related to Sb exposure. Oxidative stress, as well as the Akt signalling
pathway, is essential in AD (Matsuda et al., 2018). AD shows an in-
crease of neurofibrillary plaques in the brain, consisting of hyperpho-
sphorylated tau and abnormal amyloid-$ isoforms. As a kinase im-
plicated in tau hyperphosphorylation in AD, GSK-3f could be activated
by abnormal Akt signalling. Downregulation of Akt, contributing to
elevated GSK-3[ activity, may be involved in the pathogenesis of AD
(Hernandez et al., 2013). The results of the present study showed that
Sb treatment resulted in the downregulation of Akt activation and thus
led to autophagy via the generation of ROS. Further investigations on
the role of Akt suppression in Sb-induced neurotoxicity are urgently
needed. Most reports have failed to find differences in Sb concentra-
tions in the serum or plasma and cerebrospinal fluid between AD pa-
tients and healthy subjects (Alimonti et al., 2007; Bocca et al., 2005;
Gerhardsson et al.,, 2008). The association of Sb exposure and AD
should be detected in occupational exposure individuals. More im-
portantly, to confirm the AD risk from Sb exposure, additional studies
should be performed to characterise the effects of Sb on AD-like
pathologies, as well as to determine its underlying mechanism of action.

In summary, this is the first report identifying the molecular me-
chanism responsible for Sb-associated neurotoxicity, which showed that
Sb exposure induced neuronal apoptosis in vitro and in vivo through
ROS-mediated Akt/mTOR pathway inhibition and autophagy activa-
tion. These findings provide a novel mechanism by which Sb triggers
neuronal damage. Furthermore, these results may provide the basis for
new strategies to prevent Sb-induced neurotoxicity by inhibiting ROS
and autophagy.
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