Biomed Environ Sci, 2021; 34(1): 29-39 29

. . . ~ v
Original Article \ES)
Biomedical and

Environmental Sciences

Nuclear Factor-kB Signaling Mediates Antimony-induced
Astrocyte Activation®

ZHANG Tao', ZHENG Yu Dan', JIAO Man', ZHI Ye', XU Shen Ya', ZHU Piao Yu',
ZHAO Xin Yuan"”, and WU Qi Yun"**

1. Department of Occupational Medicine and Environmental Toxicology, School of Public Health, Nantong
University, Nantong 226019, Jiangsu, China; 2. Fudan University Taizhou Institute of Health Sciences, Taizhou
225300, Jiangsu, China

Abstract

Objective Antimony (Sb) has recently been identified as a novel nerve poison, although the cellular
and molecular mechanisms underlying its neurotoxicity remain unclear. This study aimed to assess the
effects of the nuclear factor kappa B (NF-kB) signaling pathway on antimony-induced astrocyte
activation.

Methods Protein expression levels were detected by Western blotting. Immunofluorescence,
cytoplasmic and nuclear fractions separation were used to assess the distribution of p65. The expression
of protein in brain tissue sections was detected by immunohistochemistry. The levels of mRNAs were
detected by Quantitative real-time polymerase chain reaction (QRT-PCR) and reverse transcription-
polymerase chain reaction (RT-PCR).

Results Antimony exposure triggered astrocyte proliferation and increased the expression of two
critical protein markers of reactive astrogliosis, inducible nitric oxide synthase (iNOS) and glial fibrillary
acidic protein (GFAP), indicating that antimony induced astrocyte activation in vivo and in vitro.
Antimony exposure consistently upregulated the expression of inflammatory factors. Moreover, it
induced the NF-kB signaling, indicated by increased p65 phosphorylation and translocation to the
nucleus. NF-kB inhibition effectively attenuated antimony-induced astrocyte activation. Furthermore,
antimony phosphorylated TGF-B-activated kinase 1 (TAK1), while TAK1 inhibition alleviated antimony-
induced p65 phosphorylation and subsequent astrocyte activation.

Conclusion Antimony activated astrocytes by activating the NF-kB signaling pathway.
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using the Morris water maze. Subsequently, our
group investigated the cellular outcomes and
molecular mechanism of antimony-related
neurotoxicity. Wang et al™ first reported that
antimony triggered autophagic death in neurons by
inhibiting the reactive oxygen species (ROS)-
dependent mammalian target of rapamycin signaling
pathway. Based on this evidence, antimony was
characterized as a novel neurotoxicant. In addition to
neurons, the central nervous system (CNS) contains
gliocytes, astrocytes, oligodendrocytes, and microglia,
all of which potentially play important roles in metal-
associated neurotoxicity. For example, arsenic trioxide
triggers a microglial inflammatory response, resulting
in neuronal apoptosis[s]. Cadmium accumulated in
cultured astrocytes and stimulated inflammatory
factor release via the mitogen-activated protein
kinases (MAPKs) and nuclear factor kappa B (NF-kB)
pathways[sl. Sub-toxic concentrations of heavy metals
led to dysfunctional oligodendrocytesm. Therefore,
brain cells other than neurons may respond to
antimony exposure. In order to clarify the
mechanism(s) of antimony-mediated neurotoxicity, it
is important to investigate the effects of antimony on
these cell types.

Astrocytes are abundant, conserved CNS cells
that maintain normal CNS function, support the
blood-brain  barrier, and modulate synaptic
activity[s’gl. Astrocytes also play roles in the
progression of various neurological diseases"”.
Astrocyte reactivity is an early feature of Alzheimer’s
disease (AD), potentially providing a target for
preclinical diagnosis and treatment™". Astrocytes are
activated by numerous environmental stimuli™*,
Reactive astrocytes are thought to be characterized
by elevated expression of glial fibrillary acidic protein
(GFAP), increased cell proliferation, and massive
release of inflammatory factors [e.g., tumor necrosis
factor-alpha (TNF-a), interleukin 1 beta (IL-1B), and
interleukin 6 (IL-6)]. The impact of reactive
astrogliosis in neurological diseases is complex; it
appears to be beneficial in the initial stage of many
neurodegenerative diseases by taking up and
clearing B-amyloid protein (AB) from the brain'¥.
Reactive astrocytes surrounding AP plaques
contribute to the local inflammatory response and
are therefore involved in AD development.

Astrocyte activation is a complex process
regulated by many critical signaling pathways,
including NF-kB. NF-kB is an important transcription
factor that participates in different cellular pathways
involving  apoptosis,  oxidative stress, and
inflammation™. In astrocytes, NF-kB signaling

contributes to pro-inflammatory responses following
injury“el. Moreover, NF-kB acts as a signaling hub
that collects upstream signals to mediate astrocyte
activation. For example, 2,3,7,8-tetrachlorodibenzo-
p-dioxin  (TCDD) promoted the inflammatory
activation of astrocytes via the TGF-B-activated
kinase 1 (TAK1)-NF-kB cascade, while blockage of
TAK1 effectively attenuated TCDD-induced NF-kB
activation™”. In  addition, manganese-exposed
astrocytes released inflammatory mediators in a NF-
kB-dependent manner, leading to neuron death™®.

In this study, we investigated whether antimony
exposure stimulates astrocyte activation in vivo and
in vitro. We found that low concentrations of
antimony triggered astrocyte activation via NF-kB
signaling. Our study provides new evidence of
antimony-associated neurotoxicity, supporting the
idea that antimony is a novel nerve poison.

MATERIALS AND METHODS

Regents and Antibodies

The chemical regents and antibodies were
purchased as follows: potassium antimonyl tartrate
trihydrate (Sigma, 60063); Hoechst (Sigma, 94403);
TAK1 inhibitor (TargetMol, T4264); BAY11-7082
(MCE, HY-13453); anti-B-actin  (Santa  Cruz
Biotechnology, sc-47778); anti-p65  (Abcam,
ab16502); anti-p-p65 (Abcam, ab86299); anti-GFAP
(CST, 12389S); anti-INOS (GeneTex, GTX130246);
anti-Lamin A/C (Proteintech, 10298-1-AP); anti-
Tubulin  (Proteintech, 10068-1-AP); anti-TAK1
(Abcam, ab109526); anti-p-TAK1 (Abcam,
ab109404); and anti-Cyclin D1 (Cell Signaling
Technology, 2978).

Animal Models

We performed mouse experiments in accordance
with the ethical guidelines from the Ethics
Committee of Laboratory Animal Care and Welfare
(Nantong University School of Medicine). Thirty ICR
male mice (weight > 27 g, 6 weeks of age) were
provided by the Experimental Animal Center of
Nantong University. After acclimatization to a 12/12
h dark/light cycle for one week, mice were randomly
divided into three groups. In each group, 100 pL
antimony (0, 10, and 20 mg/kg) dissolved in 0.9%
saline solution was injected intraperitoneally. This
dose was used to explore antimony-associated
neurotoxicological mechanism because it had a
significant toxic effect on neurobehavioral change in
mice under present conditions®. Moreover, during
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treatment of schistosomiasis, the patients were
exposed to antimony potassium tartrate at a higher
dose (2.5 g)™. More importantly, in the human
brain, the antimony concentration is > 2.5 x 10 °—
170.7 x 10° g/gm. Antimony treatment was
performed as follows. Antimony was injected
intraperitoneally on the first, third, and fifth days of
every week for eight weeks, and the mice were
sacrificed on the first day of the ninth week. All mice
were anesthetized by intraperitoneal injection of 7%
chloral hydrate (5 mL/kg). Mice were perfused
intracardially with saline and 4% paraformaldehyde
for paraffin embedding. Moreover, cerebral cortices
were collected and frozen at -80 °C for immunoblot
analysis.

Cell Culture and Treatment

C6 cells were cultured aseptically according to
conventional culture methods. F12K (Gibco) medium
was supplemented with 2.5% fetal bovine serum
(FBS, Gibco) and 15% horse serum (HyClone,
SH30074.02) and cells were grown at 37 °C and with
5% CO,. Antimony was dissolved in 0.9% normal
saline, and C6 cells were seeded for 24 h and then
exposed to an Antimony concentration gradient (O,
0.625, 1.25, 2.5, 5 umol/L) for another 24 h.
Moreover, cells were exposed to 2.5 pmol/L
antimony for the time gradient assay (0, 3, 6, 12, 24 h).
C6 cells were pretreated with TAK1 and p65
inhibitors for 1 h and exposed to 2.5 umol/L for 24 h,
then protein or RNA were collected and stored at
-80 °C.

CCK-8 Analysis

C6 cells were seeded in 96-well plates (= 10,000
cells/well) and exposed to varying antimony
concentrations for 24 h. After exposure, 10 uL of the
reaction solution were added to each well according
to the instructions of the CCK8 kit (DOJINDO, Japan,
CK04) as described by Zhao et al.” The optical
density (OD) value at 450 nm was detected with a
microplate reader 2 h later (Thermo Scientific, Varips
Kan Flash).

Western Blot Analysis

Total protein was extracted from mouse brain
tissue and C6 cells, and the protein concentrations
were measured using the BCA kit (Beyotime, PO009).
An equal amount of protein per sample was
subjected to electrophoresis (10% SDS-PAGE) to
separate the proteins, which were then transferred
to a PVDF membrane. The membrane was blocked in
a TBST (Tris-buffered saline) buffer containing 3%

BSA (bovine serum albumin) for at least 2 h at room
temperature, and then incubated with primary
antibody at 4 °C overnight. The corresponding
secondary antibodies were then incubated with the
membrane for 1 h, and finally, protein bands were
detected using an enhanced chemiluminescence
system (ECL; Millipore Corporation, Billerica,
P90720).

Fractionation of Nuclear and Cytoplasmic Proteins

C6 cells exposed to antimony were collected,
their cytoplasmic proteins were extracted with
cytoplasmic protein extractants A and B according to
the instructions for the Nuclear Separation kit
(Beyotime, P0027)[21], and the nuclear protein was
extracted with the nuclear protein extraction
reagents. Finally, the expression of p65 protein was
detected by immunoblotting.

Immunofluorescent Staining

C6 cells on coverslips were washed with
phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde for 15 min at 4 °C, washed
another three times with PBS and permeabilized
with 0.2% Triton X-100 for 15 min at 4 °C. Next, the
cells were blocked with goat serum for 2 h at room
temperature. Then, the slides were incubated with
primary anti-p65 antibody (diluted 1:200 in PBS) at
4 °C overnight. The slides were then washed three
times with PBS and incubated with the Alexa Fluor
488-conjugated goat anti-rabbit antibody
(Invitrogen, R37116) for 1 h followed by Hoechst
treatment for 15 min. Cells were observed using a
fluorescence microscope (Leica, Microsystems,
GmbH, Germany). For fluorescence excitation, an
Ar/UV laser was used for Hoechst, and an Ar/Blue
laser was used for p65.

Sections and Immunohistochemistry

Paraffin-embedded brain tissue slices (5 um
thickness) were cut in the coronal plane and
subjected to immunohistochemistry to detect the
expression of GFAP as described by Piccolini et al.??,
Embedded sections were deparaffinized in xylene
and rehydrated through a series of graded alcohol
treatments. Then, slices were boiled in 10 mmol/L
citrate buffer for 30 min for antigen retrieval.
Endogenous peroxidation was blocked with 3% H,0,
for 30 min, then slices were incubated with 5% BSA
for 2 h at room temperature in order to block non-
specific antigen binding sites. Then, the slices were
incubated with GFAP antibody (diluted 1:200 in PBS)
at 4 °C overnight, and then incubated with the HRP-
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conjugated secondary antibody. Sections were
washed in PBS three times and finally stained with
DAB and hematoxylin. Sections were dehydrated in
ethanol, cleared in xylene, and mounted with neutral
balsam mounting medium. Slices were imaged using
a micro Oscilloscope (Leica, Microsystems, GmbH,
Germany) for visualization.

Quantitative Real-time Polymerase Chain Reaction
(qQRT-PCR) and Reverse Transcription-polymerase
Chain Reaction (RT-PCR)

Following the kit instructions, total RNA was
extracted from C6 cells using Trizol reagent (TakaRa,
9109) and reversed-transcribed to generate cDNA.
For RT-PCR, Tag DNA polymerase and specific
primers were used. The PCR products of each sample
were analyzed by electrophoresis in a 2% agarose
gel. The intensity of resulting bands was measured
by densitometry and then normalized to the
corresponding GAPDH bands. For qRT-PCR, PCR
analysis was performed in a 10 pL reaction using
SYBR GREEN PCR Master Mix (Applied Biosystems).
We performed gRT-PCR to measure gene expression,
and GAPDH was chosen as a reference and was
calibrated on untreated cells. The delta-delta Ct
(AACT) method was applied for relative
quantification. The corresponding primers are shown
in Table 1.

Statistical Analysis

Quantitative results are presented as the mean +
standard deviation (SD) from at least three
independent experiments. Then, analysis of variance
(ANOVA) or Student’s t-test were used for statistical

Table 1. Oligonucleotide sequences used in PCR

Gene name Primer name Sequence (5’-3’)

RAT-GAPDH GAPDH-F TGATGACATCAAGAAGGTGGTGAAG

GAPDH-R TCCTTGGAGGCCATGTGGGCCAT
RAT-INOS  iNOS-F GCTTTGTGCGGAGTGTCAGT
iNOS-R CCTCCTTTGAGCCCTCTGTG
RAT-GFAP  GFAP-F GGCGCTCAATGCTGGCTTCA
GFAP-R TCTGCCTCCAGCCTCAGGTT
RAT-IL-6 IL-6-F GAAAGTCAACTCCATCTGCC
IL-6-R CATAGCACACTAGGTTTGCC

RAT- IL-18  IL-1B-F TCAGGAAGGCAGTGTCACTCATTG

IL-1B-R ACACACTAGCAGGTCGTCATCATC
RAT-TNF-o.  TNF-o-F GCCGATTTGCCATTTCAT
TNF-o-R CAGTCGCCTCACAGAGCAA

analysis. A P value < 0.05 was considered significant.

RESULTS

Antimony Stimulates C6 Cell Proliferation

Cell proliferation is an important factor of
reactive astrocytes and is the pathological basis of
several astrocyte diseases. Therefore, we exposed
C6 cells to different concentrations of antimony (O,
0.01, 0.05, 0.1, 1, 5, 10, 20, and 40 pumol/L) for 24 h,
and examined cell proliferation using CCK8 assays.
Exposure to 0.1-5 pmol/L antimony dramatically
promoted cell proliferation in a dose-dependent
manner, while exposure to 20-40 umol/L antimony
significantly reduced the CCK8 value (Figure 1A).
Therefore, exposure to low concentrations of
antimony promotes the proliferation of C6 cells,
while high antimony concentrations lead to cell
damage.

Based on these results, we exposed C6 cells to
0, 0.625, 1.25, 2.5, and 5 pmol/L antimony, and
detected two classic cell proliferation markers by
immunoblotting. Cyclin D1 is a nuclear protein
required for G1 cell cycle progression™.
Proliferating cell nuclear antigen (PCNA) is an
endogenous marker of cell proliferation, which
plays an important role in initiating cell
proliferation and is thus a good indicator of cell
proliferationml. Exposure to antimony significantly
upregulated cyclin D1 and PCNA expression in C6
cells in a concentration-dependent manner (Figure
1B, 1C). Collectively, these data indicate that
antimony promotes C6 cell proliferation in a
concentration-dependent manner at low doses,
suggesting that astrocytes are activated after
antimony exposure.

Antimony Stimulates Astrocyte Activation in vitro
and in vivo

To validate the antimony -induced astrocyte
activation results, we established an in vitro model
using antimony-exposed C6 cells. C6 cells were
exposed to different concentrations of antimony for
24 h and then the expression of GFAP and inducible
nitric oxide synthase (iNOS) protein was detected by
western blotting. Antimony exposure gradually
increased the expression of GFAP and iNOS proteins
in a concentration-dependent manner (Figure 2A,
2B). Exposure to 0.625 pumol/L antimony markedly
activated C6 cells. We also treated C6 cells with 2.5
umol/L antimony for varying durations (0, 3, 6, 12,
and 24 h) and found that GFAP was significantly
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increased after 3 h, while iNOS was upregulated
after 6 h in C6 cells (Figure 2C, 2D). Furthermore, we
found that the expression of IL-1B, IL-6, and TNF-a
increased gradually following antimony exposure at
varying concentrations (Figure 3), further indicating
astrocyte activation.

To confirm that antimony can stimulate astrocyte
activation in vivo, we constructed an antimony-
exposed mouse model. After exposure, we used
immunoblotting to detect GFAP and iNOS expression
in brain tissues. Compared with controls, the
expression of GFAP and iNOS proteins was
significantly increased in the brain tissue of mice
exposed to 10 and 20 mg/kg antimony (Figure 4A,
4B). Immunohistochemical analyses demonstrated
that GFAP expression in the brain tissue of 20 mg/kg
antimony-exposed mice was higher than that in the
controls (Figure 4C). Therefore, antimony induces
astrocyte activation in vitro and in vivo.

NF-kB Signaling is Involved in Antimony-induced
Astrocyte Activation

The NF-kB pathway plays a key role in regulating
astrocyte activation during various pathological CNS
processeslzs]. To verify whether the NF-kB pathway is
involved in antimony-induced astrocyte activation,
we first assessed the effects of antimony on p65
phosphorylation in C6 cells. These experiments
demonstrated that p65 phosphorylation was not
increased upon exposure to 0.625 or 1.25 umol/L
antimony, while higher doses (2.5 and 5 umol/L)
dramatically stimulated p65 phosphorylation,
suggesting antimony-mediated NF-kB pathway
activation (Figure 5A, 5B). As shown in Figure 5C, p65
was phosphorylated in a time-dependent manner,
and was upregulated within 3 h (Figure 5D). An
immunofluorescence assay showed that antimony-
induced NF-kB is translocated from the cytoplasm to
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Figure 1. Antimony promotes astrocyte proliferation. (A) C6 cells were exposed to antimony at different
concentrations (0, 0.01, 0.05, 0.1, 1, 5, 10, 20, 40 umol/L) for 24 h, and optical density A value of CCK8
regents was used to assess cell proliferation and cytotoxicity. (B) C6 cells were exposed to the indicated
antimony concentrations for 24 h, and expression levels of PCNA and cyclin D1 proteins were detected by
western blot. (C) The levels of PCNA and cyclin D1 proteins were quantified by normalization to B-actin.
Data are presented as mean £ SD, “p< 0.01, P <0.05.
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the nucleus in C6 cells (Figure 5E). This was
confirmed by measuring the levels of p65 protein in
the nuclear and cytosolic fractions (Figure 5F).
Moreover, an NF-kB inhibitor attenuated antimony-
mediated upregulation of iNOS and GFAP (Figure 5G).
We also found that NF-kB inhibition dramatically
decreased IL-6 expression in antimony-exposed C6
cells. Therefore, antimony activates astrocytes via
the NF-kB signaling pathway (Figure 5H).

Our group has reported that TAK1 participates in
regulating astrocyte activation via the NF-kB
pathway[m. Therefore, we investigated the role of
TAK1 in antimony-induced astrocyte activation. To
clarify whether antimony exposure stimulates TAK1
phosphorylation, we exposed C6 cells to different
doses of antimony and assessed the levels of p-TAK1
and TAK1 proteins. TAK1 phosphorylation was
increased by antimony treatment in a dose-
dependent manner (Figure 6A, 6B). Moreover, a
TAK1 inhibitor alleviated antimony-mediated NF-«B
activation and subsequent astrocyte activation, as
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demonstrated by changes in the expression of iNOS
and GFAP proteins and mRNAs (Figure 6C, 6D).
Therefore, TAK1 is involved in antimony-mediated
astrocyte activation.
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Figure 3. Antimony upregulates inflammatory
factors in C6 cells. C6 cells were exposed to
antimony at the indicated doses, and the levels
of IL-1B, IL-6, and TNF-a mRNAs were
quantified by qRT-PCR. Data are presented as
mean +SD, P <0.01, P<0.05.
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Figure 2. Antimony induces astrocyte activation in vitro. (A) C6 cells were exposed to varying
concentrations of antimony for 24 h. The expression levels of GFAP and iNOS proteins were measured by
immunoblotting. (B) Quantitative analysis of protein expression relative to B-actin expression for (A). (C)
C6 cells were exposed to antimony at 2.5 umol/L, and the proteins expression levels were detected at
different times (0, 3, 6, 12, 24 h) by immunoblotting. (D) The levels of GFAP and iNOS proteins were
quantified by normalization to B-actin. Data are presented as mean + SD, “p<0.01.
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DISCUSSION

Studies on antimony in human and mouse brains
suggest that antimony is neurotoxic. Oliveira et al.®®
reported that mice exposed to meglumine
antimoniate showed changes in several tissues,
especially the brain, lung, and heart. Subsequently,
Tanu et al. found that antimony led to impaired
cognitive function using the Morris water maze.
Based on these findings, we found that antimony
stimulates neuronal apoptosis, confirming that
antimony is a novel nerve poison[‘”. Although there is
sufficient  evidence for  antimony-associated
neurotoxicity, the results from actual human
populations remain limited. One study found higher
levels of antimony in the hair of depressed
patientsm], suggesting that antimony exposure is
related to depression. However, most studies failed
to detect differences in antimony concentrations in
the plasma, serum, or cerebrospinal fluid of healthy
subjects and AD patients[zs’zgl. Thus, more evidence is
needed, especially in relation to individuals that have
experienced occupational exposure. Considering the

large number of astrocytes and their biological and
pathological effects in the CNS, we examined
astrocytes exposed to antimony. A common
response to stimulation with environmental
toxicants is astrocyte activation, which contributes
to CNS damagem]. The response of astrocytes to CNS
damage initiates a process called astrogliosis, which
is a pathological hallmark of structural CNS
lesions®". Enhanced expression of the astrocyte
marker GFAP is thought to be a hallmark of
astrogliosis, an early neurotoxic event®”. We found
that antimony increased GFAP expression in C6 cells,
suggesting that antimony triggers astrocyte
activation. In this study, we found that antimony
activated astrocytes in a TAK1l- and NF-kB-
dependent manner. This is the first report of
antimony-associated astrocyte activation, providing
a new direction for future research on antimony-
triggered neurotoxicity.

Different cellular signaling molecules are
involved in triggering and regulating reactive
astrogliosis, including large polypeptide cytokines,
ROS, and AB. The responses to different stimuli and
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Figure 4. Antimony induces astrocyte activation in murine brains. (A) Mice were treated with different
does of antimony for 8 weeks and the levels of GFAP and iNOS proteins in brain tissue were detected by
western blot. (B) The levels of GFAP and iNOS proteins were quantified by normalization to B-actin (C)
Mice were exposed to antimony at the indicated doses, and the expression of GFAP protein in brain
tissue sections was detected by immunohistochemistry. Scale bar: 50 um. All quantitative data are
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Figure 5. NF-kB signaling is involved in antimony-induced astrocyte activation. (A) C6 cells were treated
with antimony at the indicated doses for 24 h, then the levels of cellular NF-kB and p-NF-KB proteins
were measured by western blot. (B) The levels of NF-kB and p-NF-KB proteins in (B) were quantified by
normalization to B-actin. (C) C6 cells were treated with antimony (2.5 pmol/L) for varying durations, then
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and p-NF-KB proteins in (C) were quantified by normalization to B-actin. (E) C6 cells were treated with
antimony (2.5 umol/L) for 24 h, and the localization of cellular p65 was assessed by immunofluorescence.
Scale bar: 10 um. (F) C6 cells were treated with antimony as indicated in (E), then the levels of p65
expression in the cytoplasm and the nucleus were measured by western blot. The graph on the right
depicts quantitative analysis of the relative levels of nuclear/cytoplasmic p65 expression. (G, H) C6 cells
exposed to antimony were treated with or without pre-treatment with 10 pmol/L BAY11-7082 (NF-kB
inhibitor), then the levels of GFAP and iNOS mRNAs were detected by RT-PCR (G). Relative levels of IL-6
mRNA were detected by gRT-PCR (H). Data are presented as mean + SD, P < 0.01, P < 0.05.
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intra- and inter-cellular signaling mechanisms accelerate sirtuin 1 degradationm]. Therefore,
involved in the molecular, morphological, and MAPKs might respond to antimony exposure and
functional changes in reactive astrocytes are subsequently activate astrocytes. Interestingly,

context-specific[33]. The main signaling pathways

implicated in mediating various aspects of reactive
astrogliosis involve signal transducer and activator of
transcription 3, NF-kB, and MAPKs. In other cell
types, antimony activated c-jun kinase and
subsequently triggered apoptosis[34]. Extracellular-
signal-regulated kinase, another critical kinase in the
MAPK pathway, was activated by antimony to

A

Sb
p-TAK1

0 0625 125 25 5 (umol/L)
— G G (S G

TAKL | c— a—— C— — —

B-actin [.- -— e e

C
TAK1 inhibitor
Sb
iNOS

GFAP

GAPDH

4q C33INOS
@ GFAP

3

2 4

Relative gene levels

TAK1 inhibitor '
sb -

s
#
ﬂ it
ﬂ.i .l
- + +
+ - +

w

D

Relative p-TAK1/TAK1 levels

MAPKs and NF-kB can affect each other and
participate in neuroinflammation®. Recently, non-
coding RNAs, especially circular RNAs, were reported
to contribute to astrocyte activation. For example,
the circular RNA homeodomain interacting protein
kinase 2 (circHIPK2) functions as an endogenous
microRNA-124 sponge to sequester microRNA-124
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Figure 6. TAK1 is involved in antimony-induced astrocyte activation. (A) C6 cells were treated with
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expression of sigma non-opioid intracellular receptor
1 and subsequent astrocyte activation®®. Similarly,
circular HECT domain E3 ubiquitin protein ligase 1
functions as an endogenous microRNA-142 sponge
to inhibit its activation, contributing to astrocyte
activation®”), Moreover, an increasing number of
studies have shown that the gut microbiota plays an
important role in communicating between the
gastrointestinal tract and the CNS. As the most
abundant cells in the CNS, astrocytes are regulated
by tryptophan type | interferon and microbial
metabolites via aromatic hydrocarbon receptorslag].
The gut microbiota from NLR family pyrin domain
containing 3-deficient mice regulates astrocyte
dysfunction via circHIPK2P?. Additional studies are
required to identify other signaling pathways and
molecules (circular RNA, microRNA, kinases, etc.)
involved in antimony-associated cytotoxicity.

Once activated, astrocytes mediate neurotoxicity
in several ways. First, astrocyte activation mediates
neuroinflammation, an important event in
neurodegenerative diseases """, Reactive astrocytes
produce many molecules with pro- or anti-
inflammatory potential, and can have both pro- and
anti-inflammatory  effects on microglia[42'45].
Moreover, astrocyte activation-mediated inflam-
matory cytokine upregulation triggers neuronal
apoptosis. Conditioned medium of TCDD-exposed
astrocytes promoted neuronal apoptosis in a TNF-a-
dependent manner™”. Increased numbers of
reactive astrocytes surround amyloid plaques in the
AD brain™. In reactive astrocytes, the levels of three
components involved in AR production are increased
(amyloid precursor protein, [-secretase, and y-
secretase)”®. Many animal studies provide
experimental evidence that astrocyte activation
protects CNS cells through multiple mechanisms,
such as protecting cells from oxidative stress via
glutathione production®®” . Nevertheless, role (s) of
antimony-induced astrocyte activation in antimony-
triggered neurotoxicity are still unknown and require
further investigation.

In summary, we are the first to report that
antimony exposure induces astrocyte activation via
NF-kB activation. Our data may help to elucidate a
novel cellular mechanism underlying antimony-
associated neurotoxicity. Our results also shed light
on preventive and treatment strategies for antimony
neurotoxicity.
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