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Although the positive relationship between copper and Alzheimer’s disease (AD) was
reported by a lot of epidemiological data, the mechanism is not completely known.
Copper is a redox metal and serves as a mediator of inflammation. Because the
homeostasis of copper is altered in AR precursor protein (APP) and presenilin 1 (PS1)
transgenic (Tg) mice, the using of copper chelators is a potential therapeutic strategy
for AD. Here we report that a copper chelator, tetrathiomolybdate (TM), is a potential
therapeutic drug of AD. We investigated whether TM treatment led to a decrease of
pro-inflammatory cytokines in vivo and in vitro, and found that TM treatment reduced the
expression of INOS and TNF-a in APP/PS1 Tg mice through up-regulating superoxide
dismutase 1 (SOD1) activity. In vitro, once stimulated, microglia secretes a variety of
proinflammatory cytokines, so we utilized LPS-stimulated BV-2 cells as the inflammatory
cell model to detect the anti-inflammatory effects of TM. Our results indicated that
TM-pretreatment suppressed the ubiquitination of TRAF6 and the activation of NFkB
without affecting the expression of TLR4 and Myd88 in vitro. By detecting the activity
of SOD1 and the production of reactive oxygen species (ROS), we found that the
anti-inflamsmatory effects of TM could be attributed to its ability to reduce the amount of
intracellular bioavailable copper, and the production of ROS which is an activator of the
TRAF6 auto-ubiquitination. Hence, our results revealed that TM-treatment could reduce
the production of inflammatory cytokines by the suppression of ROS/TRAF6/AKT/NF«B
signaling pathway.

Keywords: microglia, copper, tetrathiomolybdate, inflammation, ROS

INTRODUCTION

Microglia, as principal immune cell in the central nervous system (CNS), serves as mediator of
inflammation and degenerative diseases (Gonzalez-Scarano and Baltuch, 1999). The sustained
activation of microglia is associated with several neurodegenerative diseases, such as multiple
sclerosis and Alzheimer’s disease (AD; Gonzalez-Scarano and Baltuch, 1999). It is reported
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that microglia can be activated by lipopolysaccharide (LPS),
interferon (IFN)-y, and p-amyloid (Af), promoting the
production of nitric oxide (NO) and inflammatory cytokines
such as, interleukin-1 beta (IL-18) and tumor necrosis factor-
alpha (TNF-o; Jana et al., 2007; Lee, 2013). These inflammatory
cytokines contributed to several neurodegenerative diseases,
including AD and Parkinson’s disease (Liu and Hong, 2003;
Block et al, 2007). Therefore, the inhibition of microglia
activation can attenuate neuroinflammation, and may be useful
for the treatment of inflammation-related neurodegenerative
diseases (Perry et al., 2010; Kumar et al., 2012).

In the CNS, microglia is the major LPS-responsive cell. The
receptor that responsible for LPS-induced microglia activation is
the toll-like receptor 4 (TLR4). TLR4, also known as CD284, is a
type I transmembrane protein, and its function is initiating innate
immune responses. Lehnardt et al. reported that the neuronal
death in vitro caused by the activation of TLR4 signaling pathway
was depending on the presence of microglia, and LPS induced
inflammation in wild-type mice could not be reappeared in TLR4
mutant mice (Lehnardt et al, 2003). Myeloid differentiation
factor 88 (Myd88) is the adaptor protein of TLR4 that elicits
activation of nuclear factor-kB (NFkB) to generate inflammatory
cytokines (Wang et al., 2009; Li et al, 2011). Upon ligand
stimulation, TLR recruits the adaptor proteins Myd88 and the IL-
1 receptor associated kinase (IRAK)-1,4, which binds to tumor
necrosis factor (TNF) receptor-associated factor 6 (TRAF6) to
form complex to trigger the autopolyubiquitination of TRAF6,
and subsequently triggers NF-kB activation (Wesche et al., 1997;
Medzhitov et al., 1998; Deng et al., 2000; Martin and Wesche,
2002; Zhang, X. et al,, 2013).

In addition to LPS, IFN-y, and AP, the accumulation of
redox-active transition metal ions, such as copper, iron, and
zing, is another risk factor of neurodegenerative diseases (Squitti
et al, 2014). Our previous studies have shown that metal
chelating compounds including trientine (Wang et al., 2013),
clioquinol (Wang et al.,, 2012), and deferoxamine (Guo et al,,
2013), protected neurons from the toxicity of metal-overloading.
However, to date, the neuronal toxicity of copper in AD is still a
controversial topic (Hureau and Faller, 2009; Hung et al., 2010;
Schrag et al., 2011). The most well-confirmed finding was that
copper was enriched in AP plaques. This led to the speculation
that AD could be a copper-overloading disease. Recent
research showed that copper exposure significantly elevated
neuroinflammatory responses, resulting in the production of
proinflammatory cytokines such as IL-18 and TNF-a (Kitazawa
et al., 2016), and increased amyloid precursor protein (APP)
accumulation to promote A generation (Kitazawa et al., 2009).
Recently, several in vitro studies showed that the early AP
oligomer phase of its aggregation was more harmful, as a huge
amount of reactive oxygen species (ROS) were produced in this
stage (Tabner et al., 2001, 2010). Mayes et al. reported that copper
[Cu(Il)] bound with AP aggregates and then, promoted the
shift between hydrogen peroxide (H,O;) and hydroxyl radical
(OH; Mayes et al.,, 2014). These free radical could promote
inflammasome activation (Martinon, 2010). According to these
studies, the spatial control or chelation of copper could be one of
the choices to reduce the production of ROS in AD patients.

Tetrathiomolybdate (TM) is a copper chelator that was
developed to treat Wilson’s disease (Brewer et al., 2003). In
the present study, we tested the therapeutic potential of TM in
AD progression. It has been proved that TM inhibited vascular
inflammation, adjuvant-induced arthritis and inflammation-
associated cachexia (Omoto et al, 2005; Wei et al., 2012).
However, as far as we are aware, there are no studies investigating
the anti-inflammatroy effects of TM in microglia. The aim of the
present study was to determine whether TM administration led
to the suppression of inflammation in APP/PS1 Tg mice and in
microglial cells via TLR4/Myd88/TRAF6/AKT/NFkB signaling
pathway, and then function as a protector for neurodegenerative
diseases.

MATERIALS AND METHODS

Reagents

See Supplemental Table 1 for the primary antibodies information.
ELISA kits for detection of NO, IL-18, and TNF-a were
purchased from YanTai Science & Biotech and Beijing 4A
Biotech Co. The DCFH-DA for the detection of ROS and
Nuclear and Cytoplasmic Protein Extraction Kit were purchased
from Beyotime Biotechnology China. Alexa Fluor 488-, Alex
Fluor 594-conjugated secondary antibodies were purchased from
Jackson ImmunoResearch, PA, USA. HRP-conjugated secondary
antibodies were obtained from GE Healthcare Life Science,
Beijing, China. The reagents for the quantitative real-time PCR
(qPCR) were purchased from Promega Biotech Co., Ltd., Beijing,
China. All primers used in qPCR were obtained from Sangon
Biotech Co., Ltd., Shanghai, China. Tetrathiomolybdate (TM),
99.97% trace metals basis, was purchased from Sigma-Aldrich.
Protein G beads were purchased from Thermo Fisher Scientific,
China. SOD and GSH were purchased from Nanjing Jiancheng
Bioengineering Institute, China.

Mice and Treatment

The APP/PS1 transgenic mice [B6C3-Tg
(APPswe,PSEN1dE9)85Dbo/J(#004462)] and the wild-type
mice were obtained from the Jackson Laboratory (Bar Harbor,
ME, USA). All animal experimental procedures were approved
by the Laboratory of Animal Ethical Committee of China
Medical University. Six-month-old male mice were randomly
divided into two groups (N = 6 per group): control group and
TM group. In the control group, mice were given distilled water.
In the TM group, mice were treated with TM (2.8 mg/kg/d) in
drinking water (12 mg/L) daily for 3 months. Six-month-old
wild-type mice were randomly divided into two groups (N = 6
per group): control group and TM group. In the control group,
mice were given distilled water. In the TM-treated group, mice
were treated with TM (2.8 mg/kg/d) in drinking water (12 mg/L)
daily for 3 months.

Tissue Preparation

After 3 months treatment, the mice were sacrificed and the brains
were removed quickly on ice. Half of the brains were frozen in
—80°C for biochemical analysis. And the other half of brains were
fixed into 4% paraformaldehyde.
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Cell Culture

BV-2 cells were cultured in DMEM (high glucose) with 10% fetal
bovine serum and L-glutamine in 5% CO, at 37°C. Firstly, the
cells pretreated with different doses of TM (6, 12, 24 uM) for
30 min (Wei et al., 2014), and then LPS was added and incubated
with cells for 18h. After 18h of LPS treatment, the growth
medium was collected for the detection of NO, IL-18, and TNF-a
(ELISA Kit) according to the manufacturer’s instructions.

Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)

To measure the content of copper in BV-2 cells, cells were
pretreated with 6 uM TM for 30 min and then added with LPS to
incubate for 18 h. After three times of PBS washing, the cells were
collected and centrifuged at 800 rpm for 5 min. The supernatant
was discarded, cells were digested with 500 wL of 90% HNO;
at 95°C for 30 min. The samples of cells were diluted, and then
the content of copper in the diluted solutions was detected by
using the 7500a- ICP-MS (Aglient Technologies InC., USA). Data
acquisition mode (spectral analysis) is %3 Cu.

Quantitative Real-time Polymerase Chain
Reaction (QPCR)

Total RNA was extracted from BV-2 cells and tissues using
the Total RNA Kit (OMEGA Georgia, USA) according to the
manufacturer’s instruction and reverse transcribed into cDNA
with the GoScriptTM Reverse Transcription System (Promega,
Madison, USA) on the Bio-rad CFX PCR System. The relative
mRNA expression was calculated by Bio-Rad CFX software using
AACt methods. All primers were span an exon-exon junction.
All primers and the GenBank accession numbers were listed in
Table 1. All the experiments were repeated at least for three times.

Immunofluorescence Staining

BV-2 cells were treated with 6 WM TM for 30 min prior to LPS
stimulation. After 18 h of LPS treatment, the cells were washed
with PBS three times and then fixed with 4% paraformaldehyde
for 15min. And then were incubated with 0.1% Triton X-
100 for 2min after washing with PBS for three times. The
sections were treated with 5% goat serum/PBS for 30 min and
then incubated with primary antibodies overnight at 4°C. After
washed, sections were incubated with Alex Fluor 594-conjugated
secondary antibodies for 1.5 h. Images were taken using the Leica
TCS SP8 laser scanning confocal microscope with 40 x objectives.

Nuclear-Cytosolic Protein Extraction

The extraction of the cytosolic and nuclear protein was
performed according to the manufacturer’s instructions kit. The
concentration of the proteins was measured by Bradford assay
(Ernst and Zor, 2010).

Western Blot

Cells and tissues were lysed with RIPA lysis buffer [50 mM
Tris-HCL (pH 7.5), 150mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS, 5mM EDTA, 25mM NaF and 2mM
NazVO4, 1mM PMSF] containing 1:100 diluted protease
inhibitor cocktail (Sigma, St. Louis, MO, USA). The same amount

TABLE 1 | Primers used for the quantitative real-time PCR.

Primers GenBank no. Sequence

TBP forward NM_0136843 TGCACAGGAGCCAAGAGTGA

TBP reverse AGCTGGGAAGCCCAACTTCT

IL-1B forward NM_008361.4 AGCCAAGCTTCCTTGTGCAAGTGT

IL-1B reverse GCTCTCATCAGGACAGCCCAGGT

TNF-o forward NM_013693.3 AGCCCCCAGTCTGTATCCTT
NM_0012786011

TNF-a reverse ACAGTCCAGGTCACTGTCCC

iINOS forward NM_010927.4
NM_001313921.1

NM_001313922.1

AACAGAGCCCTCAGCAGCATCCAT

CCAGGTGTTCCCCAGGCAGGTAG
TGTCTATACCACTTCACAAGTCGGAG
GCACAACTC CTCATTTCCAC

iNOS reverse
IL-6 forward
IL-6 reverse

XM_021163844.1

of protein (50 pg) was separated on a 10% SDS-PAGE and
transferred onto PVDF membranes, and probed with a panel of
primary antibodies (Supplemental Table 1). All the experiments
were repeated at least for three times.

Immunoprecipitation

BV-2 cells were lysed with 1% NP40 lysis buffer [20 mM Tris-
HCL (pH 7.5), 150 mM NaCl, 1% NP-40, 5mM EDTA, 20 mM
beta-glycerophosphate, 10% glycerol, 0.5 mM DTT, 25 mM NaF,
1 mM Na3zVOy, 1 mM PMSF] containing 1:100 dilution protease
inhibitor cocktail for 30 min on ice. Cell lysates were incubated
with 2 pug TRAF6 antibody and protein G beads at 4°C overnight.
Followed by washing, the proteins were eluted from beads using
SDS sample buffer and analyzed by 10% SDS-PAGE.

Statistical Analysis

All data are expressed as the mean =+ standard deviation (SD).
Statistical analysis among two-group comparison was performed
with 2-tailed Student’s t-test with or without Welch’s correction.
Statistical analysis among three or more groups was performed
with One-way ANOVA followed by Bonferroni’s post-hoc test.
p < 0.05 was considered to be statistically significant.

RESULTS

TM Reduced iNOS and TNF-o Expression
in the Brain of APP/PS1 Transgenic (Tg)
Mice

Inflammatory cytokines, such as IL-1p and TNF-q, are believed to
induce neurodegeneration, including AD (Liu and Hong, 2003).
Therefore, we detected the expression of iNOS and inflammatory
cytokines, such as IL-1f, IL-6, and TNF-q, in the brain of TM-
treated APP/PS1 Tg mice. After being treated with TM for 3
months, although the mRNA expression of IL-18 and IL-6 were
not reduced by TM-treatment (Supplementary Figure 1), the
expression of TNF-a (Figures 1A,B) and iNOS (Figures 1C,D)
were significantly reduced in TM-treated APP/PS1 Tg mice
as compared with control mice. Meaning while, TM had no
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FIGURE 1 | TM leads to suppression of pro-inflammatory cytokines in APP/PS1 Tg mouse brains. APP/PS1 Tg mice were pretreated with TM for 3 months and the
brain homogenates were used to analysis the effects of TM on the production of pro-inflammatory cytokines. Lanes 1-3 represented different individuals of control
APP/PS1 mice. Lanes 4-6 represented different individuals of TM-treated APP/PS1 mice. (A,B) Immunoblot images (A) and quantifications (B) show that TM reduced
the expression of TNF-a. (C,D) Immunoblot images (C) and quantifications (D) show that TM reduced the expression of INOS. Data are represented as means =+ SD.
N = 6 mice per group. “p < 0.05, *p < 0.01. The p-values were calculated using 2-tailed Student’s t-test.

effect on the expression of iNOS and TNF-a in wild-type mice
(Supplementary Figure 2). These findings suggested that TM
could reduce inflammatory responses in the brain of APP/PS1
Tg mice. As a huge amount of ROS are produced among
AP aggregation, the enzymatic and non-enzymatic antioxidant
defenses including superoxide dismutase (SOD), glutathione
peroxidase (GPX), catalase (CAT), ascorbic acid (vitamin C),
a-tocopherol (vitamin E), glutathione (GSH), B-carotene, and
vitamin A protect cells from oxidative-stress injury. In order
to determine whether the anti-inflammatory effects of TM is
depending on copper associated signaling pathways, we detected
the SODI activity in TM-treated APP/PS1 mice and control
mice. Our results indicated that TM increased the levels of SOD1
(Figure 2A), but had no effect on GSH (Figure 2B), suggesting
that TM specifically reduced bioavailability of copper in APP/PS1
Tg mice (Figure 2).

TM Decreased Inflammatory Effects via
Reducing Copper Levels, iNOS Expression
and No Secretion in LPS-Induced
Microglial Cells

Inflammatory cytokines are predominantly produced by
microglia in the brain. Then we determined whether TM
inhibited the secretion of inflammatory cytokines in microglial
cells. Firstly, we detected the effect of TM on the content of

copper. The results showed that copper levels were increased
in LPS-induced group, as compared with the control group,
and the increased copper in LPS-induced BV-2 cells could be
abolished by TM-pretreatment (Figure 3A). As a hippocampal
neurotransmitter and a neurotoxic mediator, NO production
is positively associated with the impairment of serotonergic
transmission in the brain under stressful situations (Joca et al.,
2007), and its neurotoxicity has been attributed to the inhibition
of mitochondrial respiration (Bolanos et al., 1997). To evaluate
the anti-inflammatory responses of TM on the microglial cells,
the NO secretion and the iNOS expression in LPS-induced
microglial cells were detected in mouse microglial cells (BV-2
cells). After being pretreated with TM (6, 12, 24 pM) for 30 min
followed by stimulation with LPS (1 pug/mL) for 18 h, the NO
production of BV-2 cells was detected by using Griess agent.
The results showed that NO secretion was increased in the LPS-
induced group, as compared with the control group (Figure 3B
p < 0.001), and the increased-NO secretion in LPS-induced
BV-2 cells can be abolished by TM-pretreatment (Figure 3B,
p < 0.001). To further understand the mechanism by which TM
treatment reduced NO production, we examined iNOS mRNA
and protein levels by RT-PCR and western blot, respectively.
As showed in Supplementary Figure 3 and Figures 3C,D,
the expression of iNOS mRNA (p < 0.001) and protein (p <
0.01) were significantly upregulated in the LPS-induced group,
as compared with the control group, and the upregulated
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FIGURE 2 | TM induces the activity of SOD in APP/PS1 Tg mouse brains. The brain homogenates were used to analysis the effects of TM. (A) TM increased the
activity of SOD compared with control. (B) TM had no effect on the activity of GSH. Data are represented as means + SD. N = 6 mice per group. *p < 0.05. The
p-values were calculated using 2-tailed Student’s t-test.

expression of iNOS mRNA and protein could be abolished by
different dose of TM-pretreatment (Supplementary Figure 3
and Figures 3C,D, p < 0.05), but the intrigue thing was that no
dose-dependent effect was observed in this experiment. Taken
together, the copper chelator TM decreased inflammatory effects
via reducing iNOS expression and NO secretion in LPS-induced
microglial cells.

TM Inhibited the Production of
Pro-inflammatory Cytokines Induced by
LPS

In addition to NO secretion, LPS stimulation also increased
the production of inflammatory cytokines, such as TNF-a and
IL-1f (Liu et al., 2011). Then we detected the effect of TM
on the production of TNF-a and IL-1f in LPS-induced BV-
2 cells. The levels of TNF-a and IL-1f in the growth media
were detected by ELISA. Consistent with previous studies, our
results indicated that LPS stimulation significantly increased the
release (Figures 3E,F) and the mRNA expression (Figures 3G,H)
of TNF-a (Figures 3E,G) and IL-18 (Figures 3EH) in BV-2
cells (p < 0.001), and the increased TNF-a and IL-1f can be
suppressed by different dose (6, 12, 24 wM) of TM-pretreatment
(Figures 3E-H), suggesting that TM decreased the production of
IL-1f and the release of TNF-a.

Tm Decreased the Production of
Inflammatory Cytokines via
TRAF6/AKT/NFkB Signaling Pathway by

Decreasing the Production of ROS

TLR4 signaling pathway plays a pivotal role in the inflammatory
response. Studies have shown that TLR4/Myd88/NFiB signaling
pathway is involved in LPS-stimulated BV-2 cells (Dai et al.,
2015). On the basis of the above results that the effects of TM on
LPS-stimulated BV-2 cells have no dose dependence, 6 uM TM
and 12puM TM were used for the following studies. First, We
examined the effect of 6 WM and 12 uM TM on the expression
of TLR4 and Myd88 in LPS-induced BV-2 cells, and observed

that TM had no effect on the expression of TLR4 (Figures 4A,B,
p > 0.05) and Myd88 (Figures 4C,D, p > 0.05). In addition, we
also examined the effects of TM on the expression of TLR4 and
Myd88 in APP/PS1 Tg mouse brains. Consistent with the results
of the cell model, no changes were observed on the expression of
TLR4 and Myd88 in APP/PS1 Tg mouse brains (Supplementary
Figure 4), suggesting that TM regulated the inflammatory process
in BV-2 cells without affecting the expression of the two key
molecules, which mediated LPS-induced inflammation. It has
been suggested that iron generates superoxide anion to induce
ubiquitination of TRAF6 (Zhong et al., 2012). Copper, like iron,
is a redox metal that produces free radicals (Greenough et al.,
2013). In light of these results, we speculated that TM may
reduce the ROS production and then regulate the activity of
downstream signaling molecules in TLR4 signaling pathway,
such as the ubiquitination of TRAF6, the phosphorylation of
AKT and NFkB, and finally reduce the secretion of inflammatory
cytokines. To confirm whether TM can reduce the production
of ROS to reduce the ubiquitination of TRAF6, we detected
the ubiquitination of TRAF6 by using the immunoprecipitation,
and found that the LPS-induced ubiquitination of TRAF6 can
be abolished by only pre-treated with 6 uM TM for 30 min
(Figures 5A,B). Next, we detected the production of ROS
induced by LPS with or without TM-treatment. The results
showed that the production of ROS induced by LPS could be
decreased by pre-treated with 6 uM for 30min (Figure 5C).
As IkB-o is the major negative regulator and the binding
partner of NFkB, we determined the expression of IkB-a in
the presence or absence of TM in LPS-induced BV-2 cells, and
found that the expression of IkB-a was significantly induced
in 6 uM TM-pretreated group, as compared with the LPS-
induced group (Figures 5D,E, p < 0.05). To evaluate the nucleus
translocation of phosphor-NFkB p65 subunit (p-NFkB p65)
in LPS-induced BV-2 cells with or without TM-pretreatment,
we isolated the cytoplasmic and the nucleus fraction of the
treated cells, and detected the expression of p-NF«kB p65 and
NFkB p65 by western blot. The results indicated that TM-
pretreatment significantly suppressed the nucleus translocation
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FIGURE 4 | TM-pretreatment has no effect on TLR4 and MyD88 in BV-2 cells induced by LPS. BV-2 cells were pretreated with 6, 12 wM of TM, followed by treatment
with 1 wg/ml LPS for 18 h. (A,B)The expression of TLR4 were determined by western blot (upper panel: representative pictures; lower panel: quantifications) and
immunofluorescence. (C,D) The expression of Myd88 were determined by western blot (upper panel: representative pictures; lower panel: quantifications) and
immunofluorescence. The results are expressed as the mean + SD. of at least three independent experiments (N > 3).

Saponaro et al,, 2012). Therefore, we examined the effect of
TM on the activation of PI3K and AKT in LPS-induced BV-
2 cells. Since, AKT activation requires the phosphorylation
of Thr308 in the activation loop and Ser473 within the
carboxyl-terminal hydrophobic motif. We detected Ser473
phosphorylation of AKT in LPS-induced BV-2 cells in the
presence or absence of TM-pretreatment. Although no changes

of p-NFkB p65 in LPS-induced BV-2 cells (Figure 5F), suggesting
that TM treatment reduced inflammatory effects of LPS
in BV-2 cells by down-regulating TRAF6/NFkB signaling
pathway.

It was previously reported that the PI3K/AKT pathway,
the upstream activator of NFkB, was involved in the LPS-
induced inflammatory responses (Venkatesan et al., 2010;
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FIGURE 5 | TM-pretreatment reduces the ubiquitination of TRAF6 and decreases nuclear translocation of NFkB by inhibiting the degradation of IkB-a in LPS-induced
BV-2 cells. After treated with TM and LPS, cell lysates were collected and immunoprecipitated with TRAF6 antibody, and the IP sample was detected with ubiquitin
antibody. (A,B) Immunoblot images (A) and quantifications (B) show that TM-pretreatment lead to the decrease of TRAF6 ubiquitination. (C) ROS was detected by
fluorescent enzyme analyzer. (D,E) Immunoblot images (D) and quantifications (E) show that IkB-a expression was inhibited by LPS, but the inhibition was blocked by
pre-treatment with TM. (F) Immunoblot images show that TM prohibited the nucleus localization of NFkB induced by LPS. The results are represented as the mean +
SD of at least three independent experiments (N > 3). *o < 0.05 compared with the LPS; #p < 0.05 compared with the control. The p-values were calculated by
One-way ANOVA followed by Bonferroni’s post-hoc test.

were detected in the phosphorylation of PI3K and total AKT
in TM-treated APP/PS1 Tg mice (Supplementary Figure 5),
lower dose of TM-pretreatment significantly decreased the
Ser473 phosphorylation of AKT (Figures 6C,D, p < 0.05)
induced by LPS in BV-2 cells without affecting PI3K activity
(Figures 6A,B), suggesting that TM suppressed the production of
inflammatory cytokines via reducing NFkB-nucleus localization
which was mediated by TRAF6 auto-ubiquitination and AKT
activation.

DISCUSSION

Neuroinflammation has a vital impact on the pathology of AD
(Choo etal., 2013; Ardestani et al., 2017; He et al., 2017). Previous
study showed that proinflammatory cytokines, such as IL-6, IL-
18, and TNF-a, were increased in the brain of APP/PS1 Tg mice
(Song et al., 2014). Abnormal upregulation of various cytokines
and chemokines exert proinflammatory response in AD brains
(Flanders et al., 1995; Grammas and Ovase, 2001; Lue et al., 2001).
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Copper, one of redox-active transition metal ions, is enriched in
brains of AD patients (Choo et al., 2013) and plays an important
role in inflammation-associated diseases (Jomova et al., 2010).
It can induce IL-6 secretion (Schmalz et al., 1998) and elevate
neuroinflammatory responses (Kitazawa et al., 2016). Here we
showed that TM, a copper chelator, could reduce intracellular
bioavailable copper, ROS production and then suppressed the
activity of TRAF6/NFkB signaling pathway and the secretion of
inflammatory cytokines.

Microglia is the key innate immune cell that mediates
inflammatory process of AD brains (Choo et al., 2013). Once
activated, microglia secretes a variety of proinflammatory factors
that are believed to exacerbate neurodegeneration (Liu and
Hong, 2003). Hence, we utilized LPS-stimulated BV-2 cells as
inflammatory cell model and found that TM abolished the
activation of NFkB and the production of proinflammatory
cytokines induced by LPS. Consistent with previous studies
(Askari et al., 2004; Song et al, 2008; Wei et al., 2011),
TM significantly decreased the production of inflammatory
cytokines, such as TNF-a, IL-18, and NO, in LPS-stimulated BV-
2 cells. Meanwhile, it also reduced the mRNA and the protein
expression of iNOS in BV-2 cells induced by LPS. These results
indicated that TM treatment led to a decrease in the production
of inflammatory cytokine via the transcriptional suppression.
Furthermore, TM treatment led to the suppression of iNOS
and TNF-a in APP/PS1 Tg mice. Although we did not observe

any differences in other inflammatory cytokines, we considered
that TM might reduce inflammatory responses by scavenging or
degradation inflammatory factors in vivo.

TLR4 isone of cell surface receptors expressed on
microglia that plays a pivotal role in initiating immune
responses and regulates neuroinflammatory diseases (Lehnardt
et al, 2003; Wang et al, 2009). It has been reported that
TLR4/Myd88/NFkB signaling pathway is involved in the
production of proinflammatory cytokines in LPS-induced BV-2
cells (Dai et al., 2015). TLR4 signaling pathways can elicit the
activation of NFkB by Myd88 dependent pathway (Youn et al.,
2006). Once stimulated by LPS, TLR4 recruits Myd88 protein to
the cell membrane, then promotes the ubiquitination of TRAF6
(Barton and Medzhitov, 2003). The ubiquitinated-TRAF6 will
activate TAK1/IKK/NFkB signaling pathway (Liu and Chen,
2011), and then induce the transcription of proinflammatory
cytokines (Mankan et al., 2009; Zhang, L. et al., 2013). In addition
to TLR4/Myd88 signaling pathway, other molecules, such as O,
are also involved in the ubiquitination of TRAF6 (Zhong et al.,
2012) and its downstream signaling pathways. In this study, we
showed that TM abolished the nucleus localization of NF«kB
without affecting TLR4 and Myd88 expression in vivo or in vitro.
As copper can produce reactive free radicals through Fenton
reaction (Greenough et al., 2013), the levels of copper in the
cells increased significantly after LPS stimulation, which may
lead to the production of ROS, including O, and promote the
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ubiquitination of TRAF6 for TAKI activation. Combined with
the previous studies, we may infer that reducing intracellular free
copper will inhibit O production, and elicit TRAF6-mediated
activation of TAKI. Consistent with the previous study (Wei
et al., 2014), our results indicated that TM reduced intracellular
bioavailable copper through formation of complex with copper
and its chaperon, inhibiting copper transport into cells. The
decrease of copper level in cells will reduce the generation of
oxygen free radicals, the ubiquitination of TRAF6 and finally
reduce the transcription of inflammatory cytokines through
attenuation of NFkB activation (Pan et al., 2002, 2003).

The superoxide radical is one of the most abundant ROS
within the cells that affects synaptic plasticity (Tejada-Simon
et al., 2005) and neuronal lose (Harman, 2002; Resende et al.,
2008). It has been reported that SOD1 is one of the essential
antioxidant enzymes and its activity is reduced in AD patients
(Marcus et al, 1998). The deficiency SOD1 accelerated AP
oligomerization and memory impairment in Tg2576 mouse
model of AD (Murakami et al., 2011), suggesting that SOD1 may
work as a protector in neurodegenerative diseases. The activity
of SOD1 requires the binding of copper and zinc ions(Fukuoka
et al., 2017) and the copper chaperone for superoxide dismutase
(CCS), which is required for copper incorporation into the
SOD1 (Wong et al, 2000). Previous study showed that TM
treatment led to a decrease in free copper (Zhang et al., 2015).
In our research, TM has no effect on copper concentrations
in APP/PS1 mouse brains; however TM treatment leads to
an increase in SODI1 activation via CCS. In addition, TM
acts as an anti-inflammatory agent, and inhibits LPS-induced
inflammatory responses in vivo (Wei et al., 2011). The inhibitory
effect of TM on TNF-a-induced NFkB activation was associated

with the dephosphorylation and the degradation of IkBa (Wei
et al., 2014). In our study, we showed that TM could attenuate
neuroinflammation by decreasing the levels of TNF-a and IL-1p
in microglial cells, whereas the secretion of these inflammatory
cytokines might be associated with SOD1 activity and copper
bioavailability.

Moreover, the ubiquitination process mediated by TRAF6
is required for the activation of TAK and AKT (Xia et al.,
2009; Yang et al., 2009). Our data indicated that LPS induced
TRAF6 auto-ubiquitination, resulting in AKT activation in vitro.
TM treatment reduced the production of ROS, suppressed
TRAF6 auto-ubiquitination and then regulated NFkB activation.
Interestingly, we found that only p-NFkB p65 was reduced in
the nuclear, whereas, the nuclear-translocation of NF«kB p65 was
not affected by TM-treatment. Our results suggested that TM
suppressed the degradation of IkB-a, the nuclear-translocation
of p-NF«B p65 and then down-regulated the transcription of
proinflammatory cytokines.

In conclusion, the present study revealed a signaling pathway
by which TM treatment suppressed the inflammatory responses
in LPS-induced BV-2 cells. We found that TM suppressed the
secretion of NO, TNF-a and IL-1p in vitro by reducing the
bioavailability of copper and the activity of its downstream
ROS/TRAF6/AKT/NFkB signaling pathway, which resulted in
the suppression of inflammatory responses in BV-2 cells
(Figure 7).

AUTHOR CONTRIBUTIONS

Z-YW and PZ designed the study. ZW with the help of Y-HZ,
CG, H-LG, M-LZ, T-TH, N-NL, and R-FG performed most of

Frontiers in Aging Neuroscience | www.frontiersin.org

10

February 2018 | Volume 10 | Article 9


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Wang et al.

Tetrathiomolybdate Suppresses Inflammation in Microglia

the experiments. TL and WZ assisted with immunofluorescence
experiments. ZW, Z-YW, and PZ wrote the paper.

FUNDING

This work was supported in part or in whole by the National
Natural Sciences Foundation of China (31301108, 31401215,
31371091, 81600941, and 81771174), the Fundamental

REFERENCES

Ardestani, P. M., Evans, A. K., Yi, B., Nguyen, T., Coutellier, L., and Shamloo,
M. (2017). Modulation of neuroinflammation and pathology in the 5XFAD
mouse model of Alzheimers disease using a biased and selective beta-
1 adrenergic receptor partial agonist. Neuropharmacology 116, 371-386.
doi: 10.1016/j.neuropharm.2017.01.010

Askari, F. K, Dick, R, Mao, M., and Brewer, G. J. (2004).
Tetrathiomolybdate therapy protects against concanavalin a and carbon
tetrachloride hepatic damage in mice. Exp. Biol. Med. 229, 857-863.
doi: 10.1177/153537020422900820

Barton, G. M., and Medzhitov, R. (2003). Toll-like receptor signaling pathways.
Science 300, 1524-1525. doi: 10.1126/science.1085536

Block, M. L., Zecca, L., and Hong, J. S. (2007). Microglia-mediated neurotoxicity:
uncovering the molecular mechanisms. Nat. Rev. Neurosci. 8, 57-69.
doi: 10.1038/nrn2038

Bolafios, J. P., Almeida, A., Stewart, V., Peuchen, S., Land, J. M., Clark, J. B., et al.
(1997). Nitric oxide-mediated mitochondrial damage in the brain: mechanisms
and implications for neurodegenerative diseases. J. Neurochem. 68, 2227-2240.
doi: 10.1046/j.1471-4159.1997.68062227 x

Brewer, G. J., Hedera, P., Kluin, K. J., Carlson, M., Askari, F., Dick, R. B., et al.
(2003). Treatment of Wilson disease with ammonium tetrathiomolybdate: III.
Initial therapy in a total of 55 neurologically affected patients and follow-
up with zinc therapy. Arch. Neurol. 60, 379-385. doi: 10.1001/archneur.
60.3.379

Choo, X. Y., Alukaidey, L., White, A. R, and Grubman, A. (2013).
Neuroinflammation and copper in Alzheimer’s disease. Int. J. Alzheimers. Dis.
2013:145345. doi: 10.1155/2013/145345

Dai, X. J., Li, N,, Yu, L., Chen, Z. Y., Hua, R., Qin, X,, et al. (2015). Activation
of BV2 microglia by lipopolysaccharide triggers an inflammatory reaction in
PC12 cell apoptosis through a toll-like receptor 4-dependent pathway. Cell
Stress Chaperones 20, 321-331. doi: 10.1007/s12192-014-0552-1

Deng, L., Wang, C., Spencer, E., Yang, L., Braun, A., You, J., et al. (2000). Activation
of the IkappaB kinase complex by TRAF6 requires a dimeric ubiquitin-
conjugating enzyme complex and a unique polyubiquitin chain. Cell 103,
351-361. doi: 10.1016/S0092-8674(00)00126-4

Ernst, O., and Zor, T. (2010). Linearization of the Bradford protein assay. J. Vis.
Exp. 38, 1-6. doi: 10.3791/1918

Flanders, K. C,, Lippa, C. F., Smith, T. W., Pollen, D. A., and Sporn, M. B. (1995).
Altered expression of transforming growth factor-beta in Alzheimer’s disease.
Neurology 45, 1561-1569. doi: 10.1212/WNL.45.8.1561

Fukuoka, M., Tokuda, E., Nakagome, K., Wu, Z., Nagano, L., and Furukawa, Y.
(2017). An essential role of N-terminal domain of copper chaperone in the
enzymatic activation of Cu/Zn-superoxide dismutase. J. Inorg. Biochem. 175,
208-216. doi: 10.1016/j.jinorgbio.2017.07.036

Gonzélez-Scarano, F., and Baltuch, G. (1999). Microglia as mediators of
inflammatory and degenerative diseases. Annu. Rev. Neurosci. 22, 219-240.
doi: 10.1146/annurev.neuro.22.1.219

Grammas, P., and Ovase, R. (2001). Inflammatory factors are elevated in
brain microvessels in Alzheimer’s disease. Neurobiol. Aging 22, 837-842.
doi: 10.1016/S0197-4580(01)00276-7

Greenough, M. A., Camakaris, J., and Bush, A. I. (2013). Metal dyshomeostasis
and oxidative stress in Alzheimer’s disease. Neurochem. Int. 62, 540-555.
doi: 10.1016/j.neuint.2012.08.014

Research Funds of China (N130520002, N141008001/7,

N130120002).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2018.00009/full#supplementary-material

Guo, C., Wang, T, Zheng, W. Shan, Z. Y., Teng, W. P., and Wang,
Z. Y. (2013). Intranasal deferoxamine reverses iron-induced memory
deficits and inhibits amyloidogenic APP processing in a transgenic
mouse model of Alzheimers disease. Neurobiol. Aging 34, 562-575.
doi: 10.1016/j.neurobiolaging.2012.05.009

Harman, D. (2002). Alzheimer’s disease: role of aging in pathogenesis.
Ann. N. Y. Acad Sci. 959, 384-395; discussion: 463-465.
doi: 10.1111/j.1749-6632.2002.tb02109.x

He, W., Wang, C., Chen, Y., He, Y, and Cai, Z. (2017). Berberine
attenuates cognitive impairment and ameliorates tau hyperphosphorylation
by limiting the self-perpetuating pathogenic cycle between NF-«kB signaling,
oxidative stress and neuroinflammation. Pharmacol. Rep. 69, 1341-1348.
doi: 10.1016/j.pharep.2017.06.006

Hung, Y. H., Bush, A. I, and Cherny, R. A. (2010). Copper in the
brain and Alzheimer’s disease. J. Biol. Inorg. Chem. 15, 61-76.
doi: 10.1007/500775-009-0600-y

Hureau, C., and Faller, P. (2009). Abeta-mediated ROS production by Cu ions:
structural insights, mechanisms and relevance to Alzheimer’s disease. Biochimie
91, 1212-1217. doi: 10.1016/j.biochi.2009.03.013

Jana, M., Jana, A., Liu, X., Ghosh, S., and Pahan, K. (2007). Involvement of
phosphatidylinositol 3-kinase-mediated up-regulation of I kappa B alpha
in anti-inflammatory effect of gemfibrozil in microglia. J. Immunol. 179,
4142-4152. doi: 10.4049/jimmunol.179.6.4142

Joca, S. R., Ferreira, F. R., and Guimardes, F. S. (2007). Modulation of stress
consequences by hippocampal monoaminergic, glutamatergic and nitrergic
neurotransmitter systems. Stress 10, 227-249. doi: 10.1080/102538907012
23130

Jomova, K., Vondrakova, D., Lawson, M., and Valko, M. (2010). Metals, oxidative
stress and neurodegenerative disorders. Mol. Cell. Biochem. 345, 91-104.
doi: 10.1007/s11010-010-0563-x

Kitazawa, M., Cheng, D., and Laferla, F. M. (2009). Chronic copper
exposure exacerbates both amyloid and tau pathology and selectively
dysregulates cdk5 in a mouse model of AD. J. Neurochem. 108, 1550-1560.
doi: 10.1111/j.1471-4159.2009.05901.x

Kitazawa, M., Hsu, H. W., and Medeiros, R. (2016). Copper exposure perturbs
brain inflammatory responses and impairs clearance of amyloid-beta. Toxicol.
Sci. 152, 194-204. doi: 10.1093/toxsci/kfw081

Kumar, H., Lim, H. W., More, S. V., Kim, B. W., Koppula, S., Kim, L. S., et al. (2012).
The role of free radicals in the aging brain and Parkinson’s Disease: convergence
and parallelism. Int. J. Mol. Sci. 13, 10478-10504. doi: 10.3390/ijms130810478

Lee, M. (2013). Neurotransmitters and microglial-mediated neuroinflammation.
Curr.  Protein  Pept. Sci. 14, 21-32. doi: 10.2174/138920371131
4010005

Lehnardt, S., Massillon, L., Follett, P., Jensen, F. E., Ratan, R., Rosenberg, P. A., etal.
(2003). Activation of innate immunity in the CNS triggers neurodegeneration
through a Toll-like receptor 4-dependent pathway. Proc. Natl. Acad. Sci. U.S.A.
100, 8514-8519. doi: 10.1073/pnas.1432609100

Li, G. Z., Zhang, Y., Zhao, J. B, Wu, G. J,, Su, X. F,, and Hang, C. H. (2011).
Expression of myeloid differentiation primary response protein 88 (Myd88) in
the cerebral cortex after experimental traumatic brain injury in rats. Brain Res.
1396, 96-104. doi: 10.1016/j.brainres.2011.04.014

Liu, B., and Hong, J. S. (2003). Role of microglia in inflammation-mediated
neurodegenerative diseases: mechanisms and strategies for therapeutic
intervention. J. Pharmacol. Exp. Ther. 304, 1-7. doi: 10.1124/jpet.102.035048

Frontiers in Aging Neuroscience | www.frontiersin.org

11

February 2018 | Volume 10 | Article 9


https://www.frontiersin.org/articles/10.3389/fnagi.2018.00009/full#supplementary-material
https://doi.org/10.1016/j.neuropharm.2017.01.010
https://doi.org/10.1177/153537020422900820
https://doi.org/10.1126/science.1085536
https://doi.org/10.1038/nrn2038
https://doi.org/10.1046/j.1471-4159.1997.68062227.x
https://doi.org/10.1001/archneur.60.3.379
https://doi.org/10.1155/2013/145345
https://doi.org/10.1007/s12192-014-0552-1
https://doi.org/10.1016/S0092-8674(00)00126-4
https://doi.org/10.3791/1918
https://doi.org/10.1212/WNL.45.8.1561
https://doi.org/10.1016/j.jinorgbio.2017.07.036
https://doi.org/10.1146/annurev.neuro.22.1.219
https://doi.org/10.1016/S0197-4580(01)00276-7
https://doi.org/10.1016/j.neuint.2012.08.014
https://doi.org/10.1016/j.neurobiolaging.2012.05.009
https://doi.org/10.1111/j.1749-6632.2002.tb02109.x
https://doi.org/10.1016/j.pharep.2017.06.006
https://doi.org/10.1007/s00775-009-0600-y
https://doi.org/10.1016/j.biochi.2009.03.013
https://doi.org/10.4049/jimmunol.179.6.4142
https://doi.org/10.1080/10253890701223130
https://doi.org/10.1007/s11010-010-0563-x
https://doi.org/10.1111/j.1471-4159.2009.05901.x
https://doi.org/10.1093/toxsci/kfw081
https://doi.org/10.3390/ijms130810478
https://doi.org/10.2174/1389203711314010005
https://doi.org/10.1073/pnas.1432609100
https://doi.org/10.1016/j.brainres.2011.04.014
https://doi.org/10.1124/jpet.102.035048
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Wang et al.

Tetrathiomolybdate Suppresses Inflammation in Microglia

Liu, D., Wang, Z, Liu, S, Wang, F, Zhao, S, and Hao, A. (2011).
Anti-inflammatory effects of fluoxetine in lipopolysaccharide(LPS)-
stimulated  microglial ~ cells.  Neuropharmacology — 61,  592-599.
doi: 10.1016/j.neuropharm.2011.04.033

Liu, S., and Chen, Z. J. (2011). Expanding role of ubiquitination in NF-kappaB
signaling. Cell Res. 21, 6-21. doi: 10.1038/cr.2010.170

Lue, L. F., Rydel, R., Brigham, E. F., Yang, L. B., Hampel, H., Murphy, G. M. Jr.,
etal. (2001). Inflammatory repertoire of Alzheimer’s disease and nondemented
elderly microglia in vitro. Glia 35, 72-79. doi: 10.1002/glia.1072

Mankan, A. K., Lawless, M. W., Gray, S. G., Kelleher, D., and McManus, R.
(2009). NF-kB regulation: the nuclear response. J. Cell. Mol. Med. 13, 631-643.
doi: 10.1111/j.1582-4934.2009.00632.x

Marcus, D. L., Thomas, C., Rodriguez, C., Simberkoff, K., Tsai, J. S., Strafaci, J. A.,
et al. (1998). Increased peroxidation and reduced antioxidant enzyme activity
in Alzheimer’s disease. Exp. Neurol. 150, 40-44. doi: 10.1006/exnr.1997.6750

Martin, M. U., and Wesche, H. (2002). Summary and comparison of the signaling
mechanisms of the Toll/interleukin-1 receptor family. Biochim. Biophys. Acta
1592, 265-280. doi: 10.1016/S0167-4889(02)00320-8

Martinon, F. (2010). Signaling by ROS drives inflammasome activation. Eur. J.
Immunol. 40, 616-619. doi: 10.1002/¢ji.200940168

Mayes, J., Tinker-Mill, C., Kolosov, O., Zhang, H., Tabner, B. J., and Allsop, D.
(2014). p-amyloid fibrils in Alzheimer disease are not inert when bound to
copper ions but can degrade hydrogen peroxide and generate reactive oxygen
species. J. Biol. Chem. 289, 12052-12062. doi: 10.1074/jbc.M113.525212

Medzhitov, R., Preston-Hurlburt, P., Kopp, E., Stadlen, A., Chen, C., Ghosh,
S., et al. (1998). MyD88 is an adaptor protein in the hToll/IL-1 receptor
family signaling pathways. Mol. Cell 2, 253-258. doi: 10.1016/51097-2765(00)
80136-7

Murakami, K., Murata, N., Noda, Y., Tahara, S., Kaneko, T., Kinoshita, N, et al.
(2011). SOD1 (copper/zinc superoxide dismutase) deficiency drives amyloid
beta protein oligomerization and memory loss in mouse model of Alzheimer
disease. J. Biol. Chem. 286, 44557-44568. doi: 10.1074/jbc.M111.279208

Omoto, A., Kawahito, Y., Prudovsky, L., Tubouchi, Y., Kimura, M., Ishino, H., et al.
(2005). Copper chelation with tetrathiomolybdate suppresses adjuvant-induced
arthritis and inflammation-associated cachexia in rats. Arthritis Res. Ther. 7,
R1174-R1182. doi: 10.1186/ar1801

Pan, Q., Bao, L. W., and Merajver, S. D. (2003). Tetrathiomolybdate inhibits
angiogenesis and metastasis through suppression of the NFkB signaling
cascade. Mol. Cancer Res. 1, 701-706. Available online at: http://mcr.
aacrjournals.org/content/1/10/701.long

Pan, Q., Kleer, C. G., van Golen, K. L., Irani, J., Bottema, K. M., Bias, C., et al.
(2002). Copper deficiency induced by tetrathiomolybdate suppresses tumor
growth and angiogenesis. Cancer Res. 62, 4854-4859. Available online at: http://
cancerres.aacrjournals.org/content/62/17/4854.long

Perry, V. H., Nicoll, J. A., and Holmes, C. (2010). Microglia in neurodegenerative
disease. Nat. Rev. Neurol. 6,193-201. doi: 10.1038/nrneurol.2010.17

Resende, R., Moreira, P. I, Proen¢a, T. Deshpande, A., Busciglio, J.,
Pereira, C., et al. (2008). Brain oxidative stress in a triple-transgenic
mouse model of Alzheimer disease. Free Radic. Biol. Med. 44, 2051-2057.
doi: 10.1016/j.freeradbiomed.2008.03.012

Saponaro, C., Cianciulli, A., Calvello, R., Dragone, T., ITacobazzi, F., and
Panaro, M. A. (2012). The PI3K/Akt pathway is required for LPS
activation of microglial cells. Immunopharmacol. Immunotoxicol. 34, 858-865.
doi: 10.3109/08923973.2012.665461

Schmalz, G., Schuster, U., and Schweikl, H. (1998).
metals on IL-6 release in Biomaterials 19,
doi: 10.1016/S0142-9612(98)00075-1

Schrag, M., Mueller, C., Oyoyo, U., Smith, M. A., and Kirsch, W. M. (2011).
Iron, zinc and copper in the Alzheimer’s disease brain: a quantitative meta-
analysis. Some insight on the influence of citation bias on scientific opinion.
Prog .Neurobiol. 94, 296-306. doi: 10.1016/j.pneurobio.2011.05.001

Song, M., Song, Z., Barve, S., Zhang, J., Chen, T. Liu, M., et al. (2008).
Tetrathiomolybdate protects against bile duct ligation-induced cholestatic
liver injury and fibrosis. J. Pharmacol. Exp. Ther. 325, 409-416.
doi: 10.1124/jpet.107.131227

Song, Y., Cui, T., Xie, N., Zhang, X., Qian, Z., and Liu, J. (2014). Protocatechuic
acid improves cognitive deficits and attenuates amyloid deposits, inflammatory

Influence of

vitro. 1689-1694.

response in aged ABPP/PS1 double transgenic mice. Int. Immunopharmacol.
20, 276-281. doi: 10.1016/j.intimp.2014.03.006

Squitti, R., Ghidoni, R., Siotto, M., Ventriglia, M., Benussi, L., Paterlini, A.,
et al. (2014). Value of serum nonceruloplasmin copper for prediction of
mild cognitive impairment conversion to Alzheimer disease. Ann. Neurol. 75,
574-580. doi: 10.1002/ana.24136

Tabner, B. ]., Mayes, J., and Allsop, D. (2010). Hypothesis: soluble abeta oligomers
in association with redox-active metal ions are the optimal generators
of reactive oxygen species in Alzheimers disease. Int. J. Alzheimers Dis.
2011:546380. doi: 10.4061/2011/546380

Tabner, B. J., Turnbull, S., El-Agnaf, O., and Allsop, D. (2001). Production of
reactive oxygen species from aggregating proteins implicated in Alzheimer’s
disease, Parkinson’s disease and other neurodegenerative diseases. Curr. Top.
Med. Chem. 1, 507-517. doi: 10.2174/1568026013394822

Tejada-Simon, M. V., Serrano, F., Villasana, L. E., Kanterewicz, B. I, Wu,
G. Y., Quinn, M. T, et al. (2005). Synaptic localization of a functional
NADPH oxidase in the mouse hippocampus. Mol. Cell. Neurosci. 29, 97-106.
doi: 10.1016/j.mcn.2005.01.007

Venkatesan, B., Valente, A. J., Prabhu, S. D., Shanmugam, P., Delafontaine,
P., and Chandrasekar, B. (2010). EMMPRIN activates multiple transcription
factors in cardiomyocytes, and induces interleukin-18 expression via Racl-
dependent PI3K/Akt/IKK/NF-kappaB andMKK7/JNK/AP-1 signaling. J. Mol.
Cell. Cardiol. 49, 655-663. doi: 10.1016/j.yjmcc.2010.05.007

Wang, C. Y., Xie, J. W,, Xu, Y., Wang, T,, Cai, J. H, Wang, X, et al
(2013). Trientine reduces BACE1 activity and mitigates amyloidosis via the
AGE/RAGE/NF-kB pathway in a transgenic mouse model of Alzheimer’s
disease. Antioxid. Redox Signal. 19, 2024-2039. doi: 10.1089/ars.2012.5158

Wang, T., Wang, C. Y., Shan, Z. Y., Teng, W. P., and Wang, Z. Y. (2012).
Clioquinol reduces zinc accumulation in neuritic plaques and inhibits the
amyloidogenic pathway in AbetaPP/PS1 transgenic mouse brain. J. Alzheimers
Dis. 29, 549-559. doi: 10.3233/JAD-2011-111874

Wang, X, Stridh, L., Li, W, Dean, J., Elmgren, A, Gan, L. et al
(2009). Lipopolysaccharide sensitizes neonatal hypoxic-ischemic brain
injury in a MyD88-dependent manner. J. Immunol. 183, 7471-7477.
doi: 10.4049/jimmunol.0900762

Wei, H., Frei, B.,, Beckman, J. S., and Zhang, W. J. (2011). Copper chelation
by tetrathiomolybdate inhibits lipopolysaccharide-induced inflammatory
responses in vivo. Am. J. Physiol. Heart Circ. Physiol. 301, H712-H720.
doi: 10.1152/ajpheart.01299.2010

Wei, H., Zhang, W. ], Leboeuf, R., and Frei, B. (2014). Copper induces-and copper
chelation by tetrathiomolybdate inhibits—endothelial activation in vitro. Redox
Rep. 19, 40-48. doi: 10.1179/1351000213Y.0000000070

Wei, H., Zhang, W. J., McMillen, T. S., Leboeuf, R. C., and Frei, B. (2012).
Copper chelation by tetrathiomolybdate inhibits vascular inflammation
and atherosclerotic lesion development in apolipoprotein E-deficient mice.
Atherosclerosis 223, 306-313. doi: 10.1016/j.atherosclerosis.2012.06.013

Wesche, H., Henzel, W. J., Shillinglaw, W., Li, S., and Cao, Z. (1997). MyD88: an
adapter that recruits IRAK to the IL-1 receptor complex. Immunity 7, 837-847.
doi: 10.1016/S1074-7613(00)80402-1

Wong, P. C., Waggoner, D., Subramaniam, J. R., Tessarollo, L., Bartnikas, T. B.,
Culotta, V. C,, et al. (2000). Copper chaperone for superoxide dismutase is
essential to activate mammalian Cu/Zn superoxide dismutase. Proc. Natl. Acad.
Sci. U.S.A. 97, 2886-2891. doi: 10.1073/pnas.040461197

Xia, Z. P., Sun, L., Chen, X,, Pineda, G., Jiang, X., Adhikari, A., et al. (2009). Direct
activation of protein kinases by unanchored polyubiquitin chains. Nature 461,
114-119. doi: 10.1038/nature08247

Yang, W. L., Wang, J., Chan, C. H.,, Lee, S. W., Campos, A. D., Lamothe, B,
et al. (2009). The E3 ligase TRAF6 regulates Akt ubiquitination and activation.
Science 325, 1134-1138. doi: 10.1126/science.1175065

Youn, H. S., Lee, J. Y., Saitoh, S. I, Miyake, K., and Hwang, D. H. (2006).
Auranofin, as an anti-rheumatic gold compound, suppresses LPS-induced
homodimerization of TLR4. Biochem. Biophys. Res. Commun. 350, 866-871.
doi: 10.1016/j.bbrc.2006.09.097

Zhang, J. W., Liu, J. X,, Hou, H. M., Chen, D. B,, Feng, L., Wu, C,, et al. (2015).
Effects of tetrathiomolybdate and penicillamine on brain hydroxyl radical
and free copper levels: a microdialysis study in vivo. Biochem. Biophys. Res.
Commun. 458, 82-85. doi: 10.1016/j.bbrc.2015.01.071

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2018 | Volume 10 | Article 9


https://doi.org/10.1016/j.neuropharm.2011.04.033
https://doi.org/10.1038/cr.2010.170
https://doi.org/10.1002/glia.1072
https://doi.org/10.1111/j.1582-4934.2009.00632.x
https://doi.org/10.1006/exnr.1997.6750
https://doi.org/10.1016/S0167-4889(02)00320-8
https://doi.org/10.1002/eji.200940168
https://doi.org/10.1074/jbc.M113.525212
https://doi.org/10.1016/S1097-2765(00)80136-7
https://doi.org/10.1074/jbc.M111.279208
https://doi.org/10.1186/ar1801
http://mcr.aacrjournals.org/content/1/10/701.long
http://mcr.aacrjournals.org/content/1/10/701.long
http://cancerres.aacrjournals.org/content/62/17/4854.long
http://cancerres.aacrjournals.org/content/62/17/4854.long
https://doi.org/10.1038/nrneurol.2010.17
https://doi.org/10.1016/j.freeradbiomed.2008.03.012
https://doi.org/10.3109/08923973.2012.665461
https://doi.org/10.1016/S0142-9612(98)00075-1
https://doi.org/10.1016/j.pneurobio.2011.05.001
https://doi.org/10.1124/jpet.107.131227
https://doi.org/10.1016/j.intimp.2014.03.006
https://doi.org/10.1002/ana.24136
https://doi.org/10.4061/2011/546380
https://doi.org/10.2174/1568026013394822
https://doi.org/10.1016/j.mcn.2005.01.007
https://doi.org/10.1016/j.yjmcc.2010.05.007
https://doi.org/10.1089/ars.2012.5158
https://doi.org/10.3233/JAD-2011-111874
https://doi.org/10.4049/jimmunol.0900762
https://doi.org/10.1152/ajpheart.01299.2010
https://doi.org/10.1179/1351000213Y.0000000070
https://doi.org/10.1016/j.atherosclerosis.2012.06.013
https://doi.org/10.1016/S1074-7613(00)80402-1
https://doi.org/10.1073/pnas.040461197
https://doi.org/10.1038/nature08247
https://doi.org/10.1126/science.1175065
https://doi.org/10.1016/j.bbrc.2006.09.097
https://doi.org/10.1016/j.bbrc.2015.01.071
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Wang et al.

Tetrathiomolybdate Suppresses Inflammation in Microglia

Zhang, L., Zhang, J., Yang, L., Dong, Y., Zhang, Y., and Xie, Z. (2013). Isoflurane
and sevoflurane increase interleukin-6 levels through the nuclear factor-
kappa B pathway in neuroglioma cells. Br. J. Anaesth. 110(Suppl. 1), i82-i91.
doi: 10.1093/bja/aet115

Zhang, X., Zhang, J., Zhang, L., van Dam, H., and ten Dijke, P. (2013). UBE20
negatively regulates TRAF6-mediated NF-kB activation by inhibiting TRAF6
polyubiquitination. Cell Res. 23, 366-377. doi: 10.1038/cr.2013.21

Zhong, S., Xu, J., Li, P., and Tsukamoto, H. (2012). Caveosomal oxidative stress
causes Src-p21lras activation and lysine 63 TRAF6 protein polyubiquitination
in iron-induced M1 hepatic macrophage activation. J. Biol. Chem. 287,
32078-32084. doi: 10.1074/jbc.M112.377358

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Wang, Zhang, Guo, Gao, Zhong, Huang, Liu, Guo, Lan, Zhang,
Wang and Zhao. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

13

February 2018 | Volume 10 | Article 9


https://doi.org/10.1093/bja/aet115
https://doi.org/10.1038/cr.2013.21
https://doi.org/10.1074/jbc.M112.377358
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Tetrathiomolybdate Treatment Leads to the Suppression of Inflammatory Responses through the TRAF6/NFκB Pathway in LPS-Stimulated BV-2 Microglia
	Introduction
	Materials and Methods
	Reagents
	Mice and Treatment
	Tissue Preparation
	Cell Culture
	Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
	Quantitative Real-time Polymerase Chain Reaction (qPCR)
	Immunofluorescence Staining
	Nuclear-Cytosolic Protein Extraction
	Western Blot
	Immunoprecipitation
	Statistical Analysis

	Results
	TM Reduced iNOS and TNF-α Expression in the Brain of APP/PS1 Transgenic (Tg) Mice
	TM Decreased Inflammatory Effects via Reducing Copper Levels, iNOS Expression and No Secretion in LPS-Induced Microglial Cells
	TM Inhibited the Production of Pro-inflammatory Cytokines Induced by LPS
	Tm Decreased the Production of Inflammatory Cytokines via TRAF6/AKT/NFκB Signaling Pathway by Decreasing the Production of ROS

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


