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Abstract
Trimethyltin (TMT) is known as a potent neurotoxicant that
causes neuronal cell death and neuropathological symptoms.
The precious mechanism of TMT toxicity is still not fully
understood,

however,

reactive

oxygen

species

(ROS),

microglial activation and recruitment of inflammatory mediators
are considered to play a crucial role in the process. Microglial
activation is one of the prominent pathological features of TMT
neurotoxicity, despite, a limited number of studies have been
reported

on

how

microglial

activation

occurs

in

TMT

intoxication. In this study, we aimed to investigate signaling
pathways by which microglial activation is induced by TMT. By
using

BV-2

murine

microglial

cells,

TMT-induced

ROS

generation, mitogen-activated protein kinases (MAPKs) and
nuclear factor-κB (IκBα phosphorylation inhibitor) signaling
and pro-inflammatory mediators were examined. Additionally,
the effect of TMT-induced microglial activation on neuronal
cell survival was examined in a co-culture with HT22
neuroblastoma cells. As a result, TMT generated ROS and
increased the expression of CD11b and NF-κB-mediated
nitric oxide (NO) and tumor necrosis factor (TNF)-α in BV-2
cells. We also observed that NF-κB activation was controlled
by p38 and JNK phosphorylation. Moreover, TMT-induced
ROS generation occurred via nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase in these cells. Interestingly,
pretreatment with the NADPH oxidase inhibitor apocynin
significantly suppressed p38, JNK, and NF-κB activation and
ultimately the production of pro-inflammatory mediators upon
i

TMT exposure. These findings indicate that NADPH oxidasedependent ROS generation activated p38 and JNK MAPKs,
which then stimulated NF-κB to release pro-inflammatory
mediators in the TMT-treated BV-2 cells. In the co-cultured
system, the activation of the microglia by TMT caused the
death of the HT22 cells and it was significantly rescued by
pretreatment

of

apocynin,

SB203580

(p38

inhibitor)

or

SP600125 (JNK inhibitor). These results suggest that TMTgenerated ROS and pro-inflammatory factors might cooperate
to mediate neuronal death. Taken together, TMT could directly
activate microglia to become deleterious to neuronal cell
survival.
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Introduction
Organotin compounds, particularly di- and tri-alkyl tins, are
used as stabilizers in polyvinyl chloride (PVC) and as biocides
(Furuhash et al. 2008). Poisoning accidents involving these
compounds have been reported (Tang et al. 2013). Trimethyltin
(TMT) is known to be highly neurotoxic compared to other
organotin

compounds.

neuropathological

Human

symptoms,

exposure

to

cognitive

TMT

causes

impairments,

hyperactivity, aggressive behavior and seizures (Furuhash et al.
2008; Yoo et al. 2007). These clinical symptoms are closely
related to limbic system dysfunction in the brain (Geloso et al.
2011). In rodent models, TMT administration induces massive
neuronal cell loss with glial reactivity in the brain and
behavioral alternations that include cognitive impairments,
hyperactivity and tonic-clonic seizures (Geloso et al. 2011,
McPherson et al. 2011; Noraberg et al. 1998). However, the
precise mechanism governing its neurotoxicity remains unclear.
Thus far, the suggestions regarding TMT-induced neurotoxic
mechanisms include calcium overload (Geloso et al. 2011),
excitotoxicity

(Gunasekar

et

al.

2001),

mitochondrial

dysfunction (Noraberg et al. 1998), oxidative stress (Geloso et
al.

2011;

Noraberg

et

al.

1998)

and

neuroinflammation

(McPherson et al. 2011; Viviani et al. 1998). Among these
neurotoxic

mechanisms,

neuroinflammation

has

recently

emerged as a key player because extensive glial activation and
pro-inflammatory cytokine production are accompanied by
neuronal death in many neurodegenerative disorders (Nilsberth
１

et al. 2002; Minghetti et al. 2005).

In the central nervous system (CNS), microglia are the
resident macrophage-like cells and play an important role in
immune function (Henn et al. 2009). Lipopolysaccharide (LPS)
(Liu et al. 2011; Xing et al. 2011) and various neurotoxins such
as amyloid beta (Aβ) (Bachstetter et al. 2011; He et al. 2011),
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP)

(Lull and Block 2010) and rotenone (Gao et al. 2013) can
activate microglia to

release

cytotoxic

factors,

such

as

superoxide (O2-), nitric oxide (NO), tumor necrosis factor
(TNF)-α, and interleukin (IL)-1β (Lull and Block 2010;
Ransohoff and Perry 2009), factors that reliably trigger
neuronal death (Lull and Block 2010; Wakselman et al. 2008).
The proinflammatory products from activated microglia are
generally known to appear via mitogen-activated protein
kinases (MAPKs) and the NF-κB pathway (Park et al. 2012;
Peterson

and

Flood

2012).

The

association

between

neuroinflammation and microglial activation was elucidated by
studies

in

AD

(Nilsberth

et

al.

2002),

Parkinson’s

disease (Minghetti et al. 2005) and multiple sclerosis (Akiyama
et al. 2000).

The administration of TMT to rodents induces early,
pronounced glial reactivity with neuronal death and the
enhancement of inflammatory factors including TNF-α, IL-1β,
IL-12, IL-23 and NO in the hippocampus (McPherson et al.
2011; Noraberg et al. 1998). Previously, it was reported that
２

amoeboid microglia with elevated mRNA levels of proinflammatory

factors,

such

as

TNF-α

and

macrophage

inflammatory protein (MIP)-1α, were detected at an early
time point after TMT treatment (d'Hellencourt and Harry 2005).
In the rat hippocampal slice culture (Noraberg et al. 1998) and
mixed neuronal cultures (Fiegel and Dzwonek 2007), selective
microglial changes prior to any sign of neuronal damage have
been reported. Moreover, the microglial activation induced by
TMT potentiates neuronal cell death in a co-culture of neurons
with microglia (Eskes et al. 2003). Similarly, it has also been
reported that TMT can evoke microglial activation in cocultures of microglia with astrocytes (Röhl and Sievers 2005;
Röhl et al. 2009). These in vitro and in vivo studies indicate the
importance of cell-to-cell interactions, particularly between
microglia and neurons and between microglia and astrocytes in
TMT-induced neuroinflammatory reactions (Eskes et al. 2003;
Geloso et al. 2011; McPherson et al. 2011).

However, the direct effect of TMT on microglial cells in vitro
has not been previously evaluated. Some controversial reports
state that TMT either does not directly activate (Röhl and
Sievers 2005; Röhl et al. 2009) or partially activates microglia
(Viviani 1998) with or without any significant morphological
changes in microglia-enriched culture (Eskes et al. 2003; Reali
et al. 2005); however, most of these previous reports have
demonstrated that the microglial activation induced by TMT is
potentiated in co-culture conditions with neurons (Eskes et al.
2003) or astrocytes (Röhl and Sievers 2005; Röhl et al. 2009;
３

Viviani et al. 1998). Additionally, few studies have examined
the underlying mechanism of microglial activation induced by
TMT. From this background, we sought to evaluate whether
TMT can directly activate microglia and the identities of the
cellular mechanisms that are involved in this process using BV2 microglial cells. Furthermore, we also examined the role of
TMT-induced microglial activation on neuronal cell death in a
co-culture system with HT22 neuroblastoma cells.

４

Materials and Methods
Reagents
Dulbecco’s modified Eagle’s medium (DMEM), phosphatebuffered saline (PBS), Hank’s-balanced salt solution (HBSS),
fetal bovine serum (FBS), normal goat serum (NGS) and
antibiotic-antimycotic 100X were purchased from Gibco (Grand
Island, NY, USA). Trimethyltin chloride, 2,7-dichlorofluorescin
diacetate (DCFH-DA), 1-(4,5-dimethylthiazol-2-yl)-3,5diphenylformazan (MTT), dimethyl sulfoxide (DMSO), bovine
serum albumin (BSA), Tween-20, Hoechst 33258, SB203580,
SP600125, apocynin, and BAY11-7082 were from SigmaAldrich (St. Louis, MO, USA). Rabbit antibodies against p-JNK,
p-p38, p-ERK, p-IκBα, p38, and IκBα were purchased
from Cell Signaling Technologies, Inc. (Beverly, MA, USA).
Rabbit anti-JNK, ERK and NF-κB p65 antibodies were from
Santa Cruz Biotechnology (Santa, CA, USA). Mouse antiinducible

nitric

oxide

synthase

(iNOS)

was

from

BD

Biosciences (Franklin Lakes, NJ, USA). Mouse anti-actin was
purchased from EMD Millipore (Billerica, MA, USA). Rat antiCD11b was from AbD Serotec (Oxford, UK). The goat antimouse,

rabbit

and

rat

IgG (HRP-conjugated) secondary

antibodies were from Enzo Life Science (Farmingdale, NY,
USA). All other chemicals were purchased from Sigma-Aldrich.

Cell culture and treatment
The BV-2 cells were maintained at 36℃ in a 5% CO2
incubator with high-glucose DMEM supplemented with 10%
５

(v/v)

FBS,

1x

antibiotic-antimycotic

(consisting

of

100

units/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml
amphotericin B), 2 mM L-glutamine, and 1 mM pyruvate at pH
7.4. At 80% confluence, cells were harvested for subculture.
The cells were seeded on a plate and incubated overnight in the
culture medium containing 10% (v/v) heat-inactivated FBS and
antibiotics. For the western blot, ROS measurement and
immunocytochemistry

experiments,

the

media

were

then

replaced with low-glucose DMEM without FBS and antibiotics
and incubated for at least 4 hr prior to various inhibitor
treatments. For all of the inhibitors, including SB203580 (p38
MAPK inhibitor), SP600125 (JNK MAPK inhibitor), apocynin
(nicotinamide adenine dinucleotide phosphate [NADPH] oxidase
inhibitor) and BAY11-7082 (IκBα phosphorylation inhibitor)
and the vehicle control (0.1% DMSO), the pre-treatments
lasted 1 hr, and TMT dissolved in saline was then added to the
culture media for the indicated times.

Cell viability –MTT Assay
To determine the survival of the BV-2 cells upon TMT
exposure, 1.5 x 104 cells were seeded in each well of a 96well tissue culture plate (BD, Franklin Lakes, NJ, USA). After
sitting overnight, the cells were gently washed with PBS (pH
7.4) twice, and the medium was replaced with low-glucose
DMEM medium with 1% (v/v) FBS. Various concentrations of
TMT were applied to the BV-2 cells. After 24 hr of incubation,
the medium was removed, and the MTT solution (final
concentration, 0.5 mg/ml) was added. Following 3 hr of
６

incubation in a CO2 incubator at 36℃, the MTT solution was
aspirated, and 200 μl of DMSO was added to each well. The
absorbances were then read with a microplate reader (Tecan
infinite M200 Pro, Tecan, San Francisco, USA) at 495 nm. The
absorbance of the control cells was set to 100%.

Measurement of ROS
Intracellular

ROS

generation

was

measured

with

dichlorofluorescein diacetate (DCFH-DA) assays (Yan et al.
2013). In 60-mm2 tissue culture dishes (BD, Franklin Lakes,
NJ, USA), the treated cells at a density of 1 × 106 cells/ml
were washed twice with pre-warmed HBSS. Next, the cells
were incubated with 15 μM DCFH-DA at 36℃ in a CO2
incubator for 30 min. The cells were again washed twice. A
Canto Flow Cytometer (BD Biosciences, CA, USA) was used to
fluorescently quantify the cells (excitation at 488 nm and
emission at 510 nm). To provide statistical data, the value
measured for the control was set to 100%.

Western blot analysis
The treated cells were lysed with radioimmunoprecipitation
assay

(RIPA)

buffer

(Elpis

Biotech,

Daejeon,

Korea)

supplemented with protease and phosphatase inhibitor cocktails
(Roche Diagnostics, Rotkreuz, Switzerland) and centrifuged at
14,000 g for 20 min at 4℃. The supernatant was collected, and
Bradford

assays

were

used

to

measure

the

protein

concentrations. Equal protein amounts (20 μg) were separated
by 10% (W/V) sodium dodecyl sulfate (SDS) polyacrylamide
７

gel electrophoresis and then transferred onto 0.45-μm pore
size nitrocellulose membrane (Bio-Rad Laboratories, Hercules,
CA, USA) for 1 hr at 100 V. After 1 hr of blocking in 5% skim
milk dissolved in 0.1% Tween-20 containing Tris-buffered
saline (TBST) at pH 7.4 for 1 hr at room temperature, the
membranes were incubated overnight at 4℃ with primary
antibodies against p-p38 (1:1000), p-JNK (1:1000), p-ERK
(1:2000), p-IκBα (1:2000), p38 (1:2000), JNK (1:2000),
ERK (1:2000), IκBα (1:2000), iNOS (1:1000) and actin
(1:2000). After washing with TBST three times for 10 min
each, the membrane was incubated with goat anti-rabbit IgGhorseradish peroxidase (HRP) or anti-mouse IgG-HRP for 1
hr and then rinsed three times with TBST. The blot was
immunolabeled

with

enhanced

chemiluminescence

HRP

substrate (Thermo Fisher Scientific Inc., Rockford, IL, USA),
and a ChemiDocTM XRS plus (Bio-Rad laboratories, Hercules,
CA, USA) was used to analyze the immunoblot. Actin was used
as the loading control for the total protein.

Immunocytochemistry
To confirm the NF-κB activation induced by TMT, the
translocation of the NF-κB p65 subunit was observed via an
immunocytochemistry

method.

Additionally,

CD11b

immunofluorescence was detected to examine the differences in
expression between the different groups. CD11b is a cell
surface molecule of microglia that is increased in the activated
microglia and has been widely used as a marker in microglial
activation (Liu et al. 2011; Wakselman et al. 2008). Briefly, 1.5
８

x 104 cells were seeded on poly-L-lysine-coated glass
coverslips. After 12 hr of TMT treatment, fixation with 4%
paraformaldehyde was performed at room temperature for 15
min. The coverslips were washed three times with PBS and
blocked with PBS containing 3% BSA, 0.3% Triton X-100 and
10% NGS for 1 hr. Next, the cells were stained overnight with
the following primary antibodies: rabbit polyclonal NF-κB p65
(1:100) (Santa Cruz) and rat polyclonal CD11b (1:100) (AbD
Serotec). Following three washes with PBS, the coverslips
were

incubated

with

fluorescein

isothiocyanate

(FITC)-

conjugated goat anti-rabbit or donkey anti-rat IgG antibody
(1:200) for 1 hr. Hoechst 33258 was added to the slides 15 min
prior to finishing the incubation with the secondary antibody.
After three additional rinses, the coverslips were placed on the
glass slides with an anti-fading mounting medium (Invitrogen,
Carlsbad,

CA,

USA).

Immunofluorescence

images

were

obtained from a fluorescence microscope (Axioskop 40; Carl
Zeiss, Jena, Germany) at 40x magnification.

Measurement of NO and TNF-α release in the culture medium
In a 24-well tissue culture plate (Thermo Fisher Scientific
Inc.), 2.5 x 104 cells were seeded in low-glucose DMEM with 1%
(v/v) FBS for 24 hr. After 24 hr, the medium was transferred
and centrifuged at 500 g for 5 min at 4℃. The supernatant
fraction was collected for use in the measurements of NO and
TNF-α. For the NO measurements, a general protocol that has
been described previously was followed (Wilms et al. 2003).
Briefly, 90 µL of each sample and 10 µL of Griess reagent
９

(containing

0.1%

N-[1-naphthyl]

ethylenediamine

dihydrochloride in 5% H3PO4 with 1% of sulfanilic acid) were
placed in 96-well tissue culture plate (BD Biosciences). For
the standard values, different concentrations of sodium nitrite
solution and Griess reagent were placed into the plate. The
plate was then gently shaken for 30 min. Absorbance was read
in a microplate reader at 540 nm. The nitrite concentration of
each sample was calculated from the standard curve. To
measure the amount of released TNF-α, a TNF-α enzymelinked immunosorbent assay (ELISA) kit was obtained from
Abcam (Cambridge, UK). Each dilution of the standard and each
sample were placed in the plate, and subsequent experiments
were performed according to manufacturer’s protocol. The
TNF-α measurements were collected using a microplate
reader at 450 nm. The concentration of each sample was
calculated from the standard curve.

Co-culture with HT22 cells using a transwell insert and cell
death determination
Propidium iodide (PI) fluorescence was measured with a
microplate reader (Nieminen et al. 1992) for the cytotoxicity
assay. In a 24-well tissue culture plate, 5.0 x 104 cells were
seeded per well. An insert with a pore size of 0.4 μm
(Millipore, Cat #PICM 012 50) was placed into each well of the
culture plate, and 2.5 x 104 BV-2 cells were seeded on the
insert. Both cell types were adequately submerged in the
culture medium that contained high-glucose DMEM with 10%
(v/v) FBS. After overnight incubation at 36℃ in a 5% CO2
１０

incubator, the medium was replaced with low-glucose DMEM
with 1% FBS without antibiotics. The inhibitors or vehicle pretreatments were applied to the BV-2 cells 1 hr before, and the
TMT treatment was the applied for 24 hr. Once the treatments
were completed, the inserts were removed. Next, PI (final
concentration, 20 μg/ml) was added to the wells, which were
then incubated at 36℃ in 5% CO2 for 30 min. The fluorescence
was measured by a microplate reader at an excitation at 530
nm, with emission at 630 nm. After measuring the fluorescence
of each sample, cell lysis buffer was added to each well to
address the total amount of PI fluorescence. Percentage of cell
death of each sample was calculated as [fluorescence of treated
cells /fluorescence of lysed cells] x 100.

Statistical analyses
The data are presented as mean ± SEM. GraphPad Prism
version 5.0 (San Diego, CA, USA) for Windows was used to
analyze the data. The one-way analyses of variance (ANOVAs)
with Tukey’s multiple comparision test was used to examine
the differences between groups. A p-value below 0.05 was
considered to be statistically significant.

１１

Results
TMT stimulated intracellular ROS generation in BV-2 cells
The BV-2 cells were incubated with various concentrations
(300 nM - 5 μM) of TMT for 24 hr, and cell viabilities were
then evaluated with MTT assays. As shown in Fig. 1a, 300 nM
- 3 μM TMT did not significantly affect cell viability. The cell
viability was 92.9 ± 5.1% at 3 μM TMT, which was
decreased to 81.1 ± 2.7% at 5 μM TMT compared with the
control group. For further investigations, 3 μM TMT was
chosen to rule out the significant cell death induced by TMT.

Oxidative stress is generally proposed to contribute on the
primary events of cytotoxicity that are caused by various
compounds (Eskes et al. 2003; Lull and Block 2010). Previous
studies have shown that TMT triggers oxidative burden in both
the CNS and several cell lines (Gunasekar et al. 2001; Wang et
al. 2008; Qing et al. 2013). We initially determined whether the
toxin stimulated ROS production in BV-2 cells. Following the
TMT

exposure,

DCFH-DA

staining

was

performed

and

quantified by flow cytometry at each indicated time. Increases
in ROS generation were detected within 1 hr of the TMT
treatment (Fig. 1b). A sustained increase in DCF-fluorescence
was observed up to 6 hr and reached 1.85-fold that of the
control (Fig. 1b). As ROS production in phagocytes, such as
microglia,
distributed

is
on

predominantly
the

cell

caused

surface

that

by

NADPH

senses

the

oxidase
stimuli

(Wakselman et al. 2008), we next examined whether NADPH
１２

oxidase might be involved in TMT-induced ROS generation in
BV-2 cells. To inhibit the enzyme activity, 250 μM of
apocynin

was

applied

1

hr

prior

to

TMT

treatment.

Consequently, the intracellular ROS induced by TMT at 6 hr
was markedly diminished (Fig. 1c). These data suggest that
NADPH oxidase might play a crucial role in the production of
oxidative stress in TMT-treated BV2 cells.

TMT activated p38 and JNK MAPK in BV-2 cells
The involvement of MAPK activations in TMT-induced
neurotoxicity has been previously reported in both the murine
hippocampus (Ogita et al. 2004) and neuroblastoma cells
(Jenkins and Barone 2004; Qing et al. 2013). We examined
whether TMT could activate MAPK signaling cascades in BV-2
cells. The treated cells were then subjected to western blot
analyses at each of the indicated time points. As shown in Fig. 2,
TMT led significant increases in p-JNK at 2, 4 and 6 hr after
TMT treatment (Fig. 2a). p-p38 also gradually increased from
4 hr to 8 hr of TMT treatment (Fig. 2b). However, the TMTinduced p-ERK exhibited transient changes throughout the time
course and decreased at 8 hr after TMT treatment (Fig. 2c).

TMT exposure activated NF-κB signaling in BV-2 cells
In activated microglia, NF-κB signaling is considered to
participate in inflammatory processes that result in the
expression of inflammatory mediators, including iNOS and some
cytokines, such as TNF-α and IL-1β (Lull and Block 2010).
NF-κB-dependent mechanism studies have been performed in
１３

BV-2 cells via stimulation with LPS (Liu et al. 2011; Xing et al.
2011), rotenone (Gao et al. 2013) and Aβ (Bachstetter et al.
2011; He et al. 2011) to induce inflammatory processes;
however, it has not yet been reported whether TMT regulates
NF-κB activation in BV-2 cells. We further determined the
alternations of NF-κB signaling that followed exposure to
TMT. Because IκBα is known to be an inhibitory subunit of
the NF-κB complex that prevents the nuclear translocation of
NF-κB, the expression levels of IκBα and phospho-IκBα
protein

were

progressive

analyzed

trends

of

by

western

IκBα

blot.

degradation

Consequently,
and

p-IκBα

elevation were detected over time (Fig. 3). Typically, at 6 and
12 hr post-TMT treatment, IκBα phosphorylation and the
degradation of IκBα were most apparent (Fig. 3a,b); these
findings indicate that the TMT induced NF-κB activation in
BV-2 cells. Next, to examine the involvement of MAPKs on
TMT-induced NF-κB activation, SB203580 (p38 MAPK
inhibitor), SP600125 (JNK MAPK inhibitor) and BAY11-7082
(IκBα phosphorylation inhibitor) were applied prior to TMT
treatment. As shown in Fig. 4a, western blot analyses revealed
that TMT significantly elevated p-IκBα expression and that
its expression was suppressed by treatment with BAY11-7082.
In the same experimental conditions, SB203580 and SP600125
also

reduced

the

TMT-induced

elevation

of

p-IκBα.

Furthermore, the translocation of the NF-κB p65 subunit into
the nucleus was determined after 12 hr of TMT treatment by
immunocytochemistry (Fig. 4b). As shown in Fig. 4b, the NFκB p65 subunits were localized in the cytosol in the controls
１４

(Fig. 4b-1); however, once the cells were stimulated with
TMT, the subunits translocated from the cytosol into the
nucleus (Fig. 4b-2). However, pretreatment with SB203580
(Fig. 4b-3) or SP600125 (Fig. 4b-4) inhibited the nuclear
translocation of the NF-κB p65 subunits that was induced by
TMT treatment. These data suggest that the activation of NFκB was regulated by MAPKs, particularly p38 and JNK, in the
TMT-treated BV-2 cells.

p38 and JNK activations occur earlier than NF-κB activation in
TMT-treated BV-2 cells
According to the data shown in Fig. 4, upon TMT exposure,
NF-κB activation by p38 and JNK was confirmed by
comparing the alterations in p-IκBα and NF-κB p65 nuclear
translocation. The regulation of TMT-induced MAPK activation
was then examined using BAY11-7082. Consequently, the
levels of p-p38 and p-JNK were not affected by BAY11-7082,
but each MAPK inhibitor (i.e., SB203580 and SP600125)
markedly blocked its expression at 6 hr post-TMT treatment
(Fig. 5a, b). These data suggest that MAPK activation is
upstream of the NF-κB pathway. Together, these findings
suggest that the TMT-induced p38 and JNK activations
occurred prior to NF-κB activation in BV-2 cells.

TMT induced increases in iNOS expression and the production of
NO and TNF-α in BV-2 cells
The levels of some proinflammatory molecules, such as NO
and TNF-α, were then examined in the culture media after the
１５

TMT treatments of the BV-2 cells because these factors have
been reported to participate with NF-κB activation in the
responses to various stimuli (Lull and Block 2010; Ransohoff
and Perr 2009; Wakselman et al. 2008). First, we examined
iNOS expression at 12 hr by western blot analysis (Fig. 6a).
TMT significantly increased iNOS expression by approximately
2.5-fold compared to the control; however, this effect was
reversed by pretreatment with SB203580, SP600125 or
BAY11-7082. Next, the amounts of released NO at 24 hr were
quantified using the Griess reagent method (Fig. 6b). TMT
treatment elevated NO production by approximately 6-fold
compared to that observed in the control (control; 0.28 ± 0.16
μM, TMT; 1.67 ± 0.18 μM). Pretreatment with SB203580
reduced the TMT-stimulated NO production by approximately
53%, from 1.67 ± 0.18 μM to 0.79 ± 0.24 μM. SP600125
and BAY11-7082 were also attenuated the TMT-induced NO
level to 0.31 ± 0.17 μM and 0.58 ± 0.29 μM, respectively.
Moreover, TNF-α secretion from the treated BV-2 cells was
determined at 24 hr in an ELISA. Continuous TNF-α secretion
resulted from TMT-treatment and reached 53-fold the control
level. However, the massive increase in TNF-α from TMT
treatment was significantly reversed by pretreatment with
SB203580, SP600125 or BAY11-7082 (Fig. 6c).

CD11b expression was increased in the TMT-treated BV-2
cells
CD11b and other microglial markers, including CD11a, CD11c,
CD18, and others, have been reported to prominently appear in
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many neurodegenerative diseases (Roy et al. 2006). Hence, we
visualized

the

activated

microglial

cells

with

CD11b

immunostaining at 12 hr post-TMT treatment. As Fig. 7-1
shows, a faint cytoplasmic staining for CD11b can be observed
in the control. Following TMT treatment (Fig. 7-2), green
fluorescence was detected more intensively compared to Fig.
7-1, 7-3 and 7-4, indicating that SB203580 and SP600125
prevented the elevation of CD11b expression that resulted from
TMT treatment. These results support the notion that TMT
elicited microglial activation by increasing CD11b surface
molecules in BV-2 cells and that the p38 and JNK MAPK
activations induced by TMT contributed to this increase in
CD11b expression.

The NADPH oxidase inhibitor apocynin prevented the TMTinduced activations of MAPKs and NF-κB in the BV-2 cells
Our observations revealed that NADPH oxidase-dependent
ROS generation occurred in BV-2 cells and that treatment with
apocynin remarkably suppressed the TMT-induced oxidative
stress. Therefore, we further investigated the role of toxininduced ROS generation on microglial activation. Importantly,
reductions in NADPH oxidase activity mediated by apocynin
treatment significantly decreased TMT-induced p-p38 and pJNK (Fig. 8a, b)although apocynin itself was able to reduce pp38 compared to control (Fig. 8a) at 6 hr post-TMT treatment.
Moreover, apocynin inhibited TMT-induced NF-κB activation
and iNOS expression as shown by the western blot analyses of
p-IκBα and iNOS at 12 hr (Fig. 8c, d), and consequently
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reduced release of TMT-induced NO (approximately 70%) and
TNF-α (approximately 94%) after 24 hr of TMT treatment
(Fig. 8e.f). Thus, these data suggest that NADPH oxidase
activity was the major source of TMT-induced ROS generation
and that intracellular ROS signaling is an upstream effector in
BV-2 microglial activation.

TMT-activated microglia evoked cell death in HT22 cells
The following experiment was designed to further explore the
role of TMT-induced microglial activation on neuronal cell
survival. HT22 neuronal cells were seeded on culture plate, and
inserts containing BV-2 cells were fitted into the wells. To
avoid HT22 cell death during the experiment, 1% (v/v) of FBS
was given during the test, and any inhibitors were applied to the
BV-2 cells on the insert. After 24 hr, the inserts were removed,
and cell death of the HT22 cells was examined by the
cytotoxicity assay. Interestingly, treatment with 3 μM TMT
led to neuronal cell death at a rate that exceeded that observed
in the controls by 3.75-fold (control; 7.63 ± 0.42%, TMT;
24.33 ± 0.33%) (Fig. 9). The rates of cell death that resulted
from pre-treatment with SB203580, SP600125 and apocynin
were 14.75 ± 0.61 %, 8.91 ± 1.65 % and 8.28 ± 2.66 %,
respectively, and these treatments effectively prevented TMTinduced neuronal cell death (Fig. 9). The direct exposure of the
HT22 cells to 3 μM TMT, without the BV-2 cells, did not
affect neuronal cell death (data not shown).
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Fig. 1 TMT-stimulated ROS generation in BV-2 cells. (a) For
the cell viability test, the cells were treated with various
concentrations of TMT (300 nM - 5 μM) or vehicle (saline)
for 24 hr, then MTT assay was performed to measure the cell
viability. The value of each sample was normalized to control
group. (b) For ROS measurement, 3 μM TMT treated cells
were incubated for the indicated periods of time (0 – 6 hr)
and then, stained with 15 μM DCFH-DA for 30 min. DCFfluorescence of each sample was analyzed by the flow
cytometry. The value measured at 0 hr was set as 100 %. The
data are represented as mean ± SEM (n = 4). *P < 0.05
compared with control (0 hr). (c) Cells were pre-treated with
250 μM apocynin prior to TMT treatment and then incubated
for 6 hr. The data are represented as mean ± SEM (n = 4). *P
< 0.05 compared with the value of control, #P < 0.05 compared
with the value of TMT

２０

TMT

２１

Fig. 2 p38 and JNK were activated by TMT exposure in BV-2
cells. Treated cells were analyzed by western blot at each time
period. The bar graphs represent the band intensity of each
phospho-form of MAPKs normalized to total. The data are
represented as mean ± SEM (n = 5). *P < 0.05 compared with
the control group

２２

TMT

Fig. 3 NF-κB signaling pathway was activated by TMT
exposure in BV-2 cells. Treated cells were subjected to
western blot analysis. The bar graphs represent the band
intensity of each protein normalized to actin. The data are
represented as mean ± SEM (n = 5). *P < 0.05 compared with
the control group

２３

２４

(b)

Fig. 4 TMT-induced NF-κB activation was reversed by p38
and JNK inhibitor in BV-2 cells. SB203580, SP600125 and
BAY11-7082 were pre-treated for 1 hr and incubated with
TMT for 12 hr. (a) Protein expression of phospho-IκBα was
shown by western blot. The bar graph represents the band
intensity of phospho-form normalized to actin. The data are
represented as mean ± SEM (n = 5). *P < 0.05 compared with
the control group. (b) Following the fixation of treated cells,
immunocytochemistry method was carried to observe the
translocation of NF-κB p65 subunit morphologically. NF-κB
p65 subunit was detected by red fluorescence (Alexa 568),
nucei were stained with blue fluorescence (Hoechest 33258)
and the two different types of images were merged. The
experiments were repeated more than 3 times.
1: control, 2: TMT, 3: TMT+SB203580, 4: TMT+SP600125, 5:
TMT+BAY11-7082

２５

２６

Fig. 5 p38 and JNK phosphorylation were followed by NF-κB
activation upon the TMT exposure in BV-2 cells. Treated cells
were collected at 6 hr and were subjected to western blot
analysis. The bar graphs represent the band intensity of each
phospho-form normalized to total. The data are represented as
mean ± SEM (n = 5). *P < 0.05 compared with the control
group, #P < 0.05 compared with the value of TMT

２７

２８

Fig. 6 TMT increased iNOS expression and the production of
NO and TNF-α in BV-2 cells. (a) At 12 hr, the expression of
iNOS was analyzed by western blot. The bar graphs represent
the band intensity of each protein normalized to actin. (b) At 24
hr, the culture media was taken to access the level of NO by
Griess method. (c) The culture media were also transferred
into TNF-α Elisa kit to measure the level of TNF-α released
from the treated cells. The concentration of TNF-α (pg/ml)
was measured by standard curve. The data are represented as
mean ± SEM (n = 5 - 7). *P < 0.05 compared with the control
group, #P < 0.05 compared with the value of TMT.
1: control, 2: TMT, 3: TMT+SB203580, 4: TMT+SP600125,
5: TMT+BAY11-7082

２９

Fig. 7 TMT enhanced the expression of CD11b in BV-2 cells.
The cells were treated and after 12 hr, immunocytochemistry
was carried to observe the change of CD11b expression among
different groups. CD11b was detected by green fluorescence
(Alexa 488) and nuclei were stained with blue fluorescence
(Hoechst 33258). The two different types of images were
merged. The experiments were repeated more than 3 times
1: control, 2: TMT, 3: TMT+SB203580, 4: TMT+SP600125

３０

*

*
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Fig. 8 Apocynin suppressed TMT-induced MAPKs activations,
p-IKB, iNOS, NO production and TNF-α release in BV-2
cells. (a)-(d) the treated cells were subjected to western blot
analysis to access the expression of phosphorylated p38 and
JNK at 6 hr, p-IκBα and iNOS at 12 hr. The bar graphs
represent the band intensity of each protein form normalized to
total. For (e) and (f), the culture media of treated cells at 24 hr
were collected and used for (e) NO production measurement by
Griess reagent method and (f) TNF-α detection by using Elisa
kit. The data are represented as mean ± SEM (n = 4 - 7) *P
< 0.05 compared with the control group, #P < 0.05 compared
with the value of TMT.
1: control, 2: TMT, 3: TMT+Apocynin, 4: Apocynin

３３

(a)

(b)

３４

Fig. 9 TMT-activated BV-2 cells rendered HT22 neuronal cell
death. (a) HT22 cells were seeded on 24-well culture plate
without insert and then treated with various concentrations of
TMT (5 μM - 40 μM) for 24 hr, then cell death was
determined by PI and MTT assays. (b) HT22 cells were
seeded on the cell culture plate and BV-2 cells were seeded on
the trans-well insert. Different inhibitors; SB203580,
SP600125 and apocynin were treated onto the microglial cells
prior to the administration of 3μM TMT. In 24 hr, HT22 cells
were analysed by PI assay to account the cell death. The data
are represented as mean ± SEM (more than 4 times). *P <
0.05 compared with the control group, #P < 0.05 compared with
the value of TMT

３５

Discussion
The purpose of this study was to investigate whether TMT
can directly activate BV-2 microglia cells and, if so, to identify
the signaling pathways that are involved in its activation. Our
present observations revealed that TMT initially induced robust
intracellular ROS generation that was followed by p38 and JNK
activation. Subsequently, NF-κB was activated, resulting in
NO and TNF-α production in the BV-2 cells. In a co-culture
system of BV-2 and HT22 cells, neuronal cell death was
induced by TMT treatment of the microglia. These results
indicate that BV-2 cells can be directly activated by TMT to
generate an oxidative burden and pro-inflammatory mediators,
such as NO and TNF-α; these soluble factors participate in
neuronal cell death.

Microglia are the innate immune cells of the CNS and play a
crucial

role

in

host

defense

against

various

invaders

(Wakselman et al. 2008). In response to various stimuli,
microglia can be activated, which can include the following
changes: 1) their morphologies can become ramified, amoeboid,
or phagocytic (Eskes et al. 2003; Ransohoff and Perry 2009); 2)
expression of cell surface antigens, including CD11b, Iba-1,
and OX-42 (Wakselman et al. 2008; Yan et al. 2013); and 3)
production of bioactive factors, such as NO, O2-, prostaglandins
(PGs), TNF-α, IL-1, IL-12, and IFN-γ (Lull and Block
2010; Ransohoff and Perry 2009). In the present study, we
initially determined whether TMT could directly activate BV-2
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cells. We observed increased production of NO, and TNF-α
was detected as previously reported by other researchers
(Eskes et al. 2003; Noraberg et al. 1998; McPherson et al.
2011). Based on these findings, it can be assumed that TMT
activates BV-2 microglial cells. Additionally, we monitored the
expression of CD11b, which is a cell surface molecule, to
confirm microglial activation following TMT exposure (Liu et al.
2011). Although CD11b can be observed in resting states, its
expression is increased after the cells become stimulated
(Wakselman et al. 2008). Following TMT treatment, we
observed increased CD11b immunocytofluorescence in BV-2
cells, which indicated that TMT activated the BV-2 cells.

How TMT activates microglia to result pro-inflammatory
effects in the CNS has remained unclear due to the limited
numbers

of

mechanistic

investigations

that

have

been

performed. For the first time, in the present study, we
examined the direct activation of BV-2 cells by TMT exposure
to evaluate the underlying signaling pathways. In in vitro
studies, some typical observations, such as increased TNF-α
release and iNOS over-expression, provided evidence of the
TMT-induced activation of primary microglial cells (Eskes et
al. 2003; Reali et al. 2005); in contrast, no direct microglial
activation has been reported (Röhl and Sievers 2005; Röhl et al.
2009). A few studies have documented that the discrepancies
between in vitro studies using primary microglia-enriched
cultures might have resulted from variations in the resting
states of the microglia that depend on the cell isolation and
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culture maintenance conditions (Heppner et al. 1998; Ransohoff
and Perry 2009; Caldeira et al. 2014). Additionally, BV-2 cells
are frequently used as a substitute for primary microglia. It has
been reported that approximately 90% of the genes of mouse
primary microglial and BV-2 cells overlap following LPS
treatment and that this cell line is partially activated in resting
states (Henn et al. 2009; Stansley et al. 2012). Based on these
reasons, it might be beneficial to analyze microglial activation
more clearly during TMT toxicity via the use of BV-2 cells
rather than other experimental models (Röhl and Sievers 2005;
Röhl et al. 2009).

To evaluate the cellular mechanisms involved in the TMTinduced microglial activation, we performed investigations of
the NF-κB and MAPKs signaling pathways, which previously
been discussed in numerous studies as upstream effectors that
target the production of inflammatory factors in microglia (Lull
and Block 2010; He et al. 2011). In the context of TMT, NFκB activation has been reported in the murine hippocampus
(Kassed et al. 2004), human primary astrocytes (Reali et al.
2005) and a human neuroblastoma cell line (Qing et al. 2013).
Similarly, in our experiment, NF-κB was activated with
evidence of reduced IκBα, increased p-IκBα and nuclear
translocation of the NF-κB p65 subunit. Targeting NF-κB
activation

with

BAY11-7082

(a

IκBα

phosphorylation

inhibitor) resulted in remarkable decreases in NO and TNF-α
levels. These findings are consistent with those of a previous
study (Kim et al. 2014) that observed increased TNF-α, IL３８

1β, IL-6 and iNOS mRNA levels in TMT-treated BV-2 cells
and mouse hippocampi (Viviani et al. 1998). Recently, it was
also reported that dibutyltin, another organotin compound that
causes severe immunotoxicity and developmental toxicity in
animals (Jenkins et al 2004; Ema et al 2009), induces increases
in iNOS, TNF-α and IL-6 mRNA levels in BV-2 cells
(Chantong et al. 2014).

Many inflammatory stimuli, such as LPS (Liu et al. 2011),
rotenone (Gao et al. 2013) and Aβ (Bachstetter et al. 2011;
Xing et al. 2011), have been reported to stimulate BV-2 cells
via

MAPK

inflammatory

activations
factors.

that

result

Relying

on

in

the

modulation

previously

of

reported

information, we examined whether TMT could activate MAPKs
in BV-2 cells. TMT induced p38 and JNK activation, and
pharmacological inhibitions with the p38 MAPK inhibitor
SB203580 and the JNK MAPK inhibitor SP600125 prevented
TMT-induced NF-κB activation, as shown by reduced pIκBα and NF-κB p65 translocation into the nucleus. In
contrast, inactivation of NF-κB with BAY11-7082 did not
affect the TMT-induced p-p38 or p-JNK levels. Next, to
elucidate the role of TMT-induced p38 and JNK activations on
the production of inflammatory factors in BV-2 cells, further
experiments were performed, and remarkable suppressions of
TMT-elevated iNOS, NO and TNF-α levels resulted from
pre-treatment with SB203580, SP600125 or BAY11-7082.
Similarly, decreased CD11b expression was observed following
inhibition of MAPK activities. These results suggest that,
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following TMT exposure, MAPK activity occurs upstream of
NF-κB activation in BV-2 cells. Our present observations are
in agreement with those of previous studies (Bachstetter et al.
2011; Gao et al. 2013; Xing et al. 2011).

For the next step, the ROS generation caused by TMT in
BV-2 cells was initially examined because TMT-induced
intracellular ROS generation has been frequently proposed to be
involved in neurotoxicity (Gunasekar et al. 2001; Jenkins and
Barone 2004). The generation of ROS in microglia has been
suggested to initiate various signaling pathways that are related
to cytotoxic mechanisms, such as NF-κB, MAPKs and
PI3K/AKT signaling cascades (Gao et al. 2013; Lull and Block
2010).

In

our

experiment,

a

rapid

increase

in

DCF-

fluorescence was observed within 1 hr of TMT treatment.
Because the main route of ROS generation in microglia is known
to be mediated through the activity of NADPH oxidase, which is
localized on the surfaces of phagocytic cells and is upregulated in response to various stimuli (Lull and Block 2010;
Yan et al. 2013), we inhibited microglial NADPH oxidase with
apocynin. Apocynin effectively reversed the elevation in the
intracellular ROS induced by TMT. Our results are consistent
with those of other reports that have illustrated the involvement
of NADPH oxidase in ROS generation in response to multiple
stimuli in phagocytic cells. Because NADPH oxidase has been
implicated in the generation of oxidative stress in BV-2 cells in
response to TMT, we further demonstrated the effects of
NADPH oxidase-dependent ROS generation on TMT-induced
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microglial activation. Interestingly, in addition to the reduction
in ROS formation, apocynin prevented the influence of TMT on
all parameters, including TMT-increased phosphorylation of
p38, JNK and IκBα, iNOS expression, and NO and TNF-α
production. Hence, these findings indicate that TMT-induced
MAPKs

and

generation

in

NF-κB

are

BV-2

cells.

targeted
The

by

intracellular

mechanisms

ROS

involved

in

regulation of NADPH oxidase has not been evaluated in this
study. However, it was reported the involvement of PKC in
phagocyte NADPH oxidase activation (Raad et al. 2009). There
are some reports that TMT-increased intracellular calcium
resulting in rat hippocampal neurons (Piacentini et al. 2008)
and TMT-activated PKC leading to cytotoxicity in PC12 cells
(Kane et al. 1998). From these studies, it can be suggested that
PKC and intracellular calcium might be involved in NADPH
oxidase activation in TMT-treated BV-2 cells.

Based on the data we have obtained, we propose that TMT
directly activated microglial cells via a process involving
NADPH oxidase-dependent ROS generation and p38, JNK and
NF-κB activation. Subsequent increases in the bioactive
factors of inflammation, NO and TNF-α, were also observed.
However, the role of microglial activation remains controversial
because microglia interact with several types of cells in the
brain, and a complicated process is turned on by the
recruitment of diverse signals from different types of cells
related to inflammatory stimulus. For example, some studies
have reported that inflammatory stimuli, such as LPS and IFN４１

γ, induce microglial activation, which leads to neuronal cell
death due to the release of TNF-α, but this process can be
rescued by treatment with astrocyte-conditioned media or
anti-TNF-α antibodies in rat primary cultures (Rozenfeld et
al. 2003; Vincent et al. 1997) and BV-2 cells (He et al. 2002).
However, the synergistic effect of TNF-α production has also
been established following the exposure of co-cultures of
microglia and astrocytes to LPS (Solà et al. 2002; Steelman and
Li 2014). Based on this finding, the strength of proinflammatory microglia can be regulated via interactions with
other cells in the brain; therefore, it was necessary to verify
the ultimate effects of activated BV-2 cells on neurons during
TMT intoxication. For this experiment, we used a co-culture of
BV-2 microglial cells with HT22 neuronal cells. The HT22
cells were physically separated from the insert containing the
BV-2 cells, but the neuronal cells were still able to access the
soluble factors released by the BV-2 cells during the treatment.
Therefore, neuronal cell death occurred with a 3 μM dosage of
TMT in the presence of BV-2 cells, while the TMT dosage did
not mediate cell death in HT22 cells. In addition to these results,
the neuronal cell death was also rescued by p38, JNK or
NADPH oxidase inactivation. The data obtained from this coculture experiment suggest some possibility that microglial
activation may be deleterious to neuronal cell survival in TMT
intoxication. Similarly, a recent study noted that the neuronal
cell death observed was induced by activated BV-2 cells upon
LPS exposure (Zhu et al. 2014). Nonetheless, it is still
undefined which bioactive factors produced from TMT-treated
４２

BV-2 cells are harmful to the neuronal cell survival. Further
investigations are required to interpret the role of microglial
activation in terms of cell-to-cell interactions in TMT
neurotoxicity.

Taken together, our results indicate that TMT directly
activates BV-2 cells via oxidative stress and activation of some
signaling pathways. TMT-induced oxidative stress mediated
p38 and JNK phosphorylation and NF-κB activation. NO and
TNF-α

production

was

also observed.

These

activated

microglial cells induced neuronal cell death in HT22 cells for
reasons not yet fully understood. However, all of these results
were reversed by the inhibition of NADPH oxidase activity. A
conclusion that can be made from the present results is that
TMT can directly induce BV-2 cells and that NADPH oxidasedependent ROS generation would be the initial event of a TMTstimulated cellular response.
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국문 초록
유기주석 화합물 (organotin compound)의 일종인 trimethyltin
(TMT)은 중추신경계, 특히 해마 신경세포의 사멸과 신경계의
기능손상을 유발할 수 있는 신경독성물질로 알려져 있다. TMT에
의한 선택적인 신경세포의 손상 기전은 아직 명확히 밝혀져 있지
않으나, 산화성 스트레스, 미세아교세포(microglia)의 활성화와
이에 따른 염증반응 등이 중요한 역할을 할 것으로 추정되고 있다.
한편 미세아교세포의 활성화는 TMT 신경독성의 병리학적 특징의
하나로 잘 알려져 있으나, TMT가 미세아교세포를 어떤 기전으로
활성화시키는
연구에서는
알아보고자

지에
TMT에
하였다.

대한
의한

연구는

제한적이다.

미세아교세포의

미세아교세포주인

BV-2

그러므로
활성화

cell을

본

기전을
이용하여

TMT 처리 후 세포 내 활성산소(ROS)의 생성, 신호전달 경로의
활성화(MAPKs, NF-κB), nitric oxide (NO) 그리고 TNF-α
유리를 확인하였다. 또한 해마 신경세포주인 HT22 cell를 BV-2
cell과 공동배양(co-culture)하여 TMT에 의한 BV-2 cell의
활성화가 신경세포의 생존에 미치는 영향도 검토하였다. 실험 결과
TMT는 BV-2 cell에서 활성산소의 생성을 증가시키고, JNK와
p38 MAPKs의 인산화 유도와 NF-κB의 활성화 및 CD11b의
발현이 증가되는 결과를 얻었다. 그리고 TMT 처리는 BV-2
cell에서 NO와 TNF-α의 유리를 증가시켰다. NADPH oxidase
억제제인 apocynin을 전처리한 경우 TMT에 의한 활성산소의
생성 이외에도 활성화되는 신호전달경로(p38, JNK 그리고 NFκB), 그리고 NO와 TNF-α 유리가 효과적으로 억제되는 것을
확인할 수 있었다. 한편 BV-2 cell과 HT22 cell 공동배양
조건에서는

TMT는

BV-2

cell을

활성화시켜

HT22

cell의

세포사를 초래하였다. 그리고 동일 조건에서 apocynin 그리고
SB203580 (p38 억제제), SP600125 (JNK 억제제) 를 전처리한
５３

경우

BV-2

cell에

의한

HT22

cell의

세포사를

유의하게

억제하였다.
이상의 결과는 TMT는 BV-2 cell을 활성산소의 생성을 통한
MAPKs, NF-κB 경로를 직접 활성화시키고, 그 결과 NO, TNFα 유리를 증가시킬 수 있으며, 유리된 NO, TNF-α 그리고
활성산소가 복합적으로 작용하여 HT22 cell의 세포사를 초래할 수
있음을 확인한 것이다.

주요어 : BV-2 미세아교세포주, HT22 neuroblastoma cells,
mitogen-activated protein kinases (MAPKs), NADPH oxidase
, nuclear factor κB (NF-κB, trimethyltin (TMT)
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