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BACKGROUND AND PURPOSE

Japanese encephalitis virus (JEV) is a member of the family Flaviviridae and JEV infection is a major cause of acute
encephalopathy in children, which destroys cells in the CNS, including astrocytes and neurons. However, the detailed
mechanisms underlying the inflammatory action of JEV are largely unclear.

EXPERIMENTAL APPROACH

The effect of JEV on the expression of matrix metalloproteinase (MMP)-9 was determined by gelatin zymography, Western
blot analysis, real-time PCR and promoter assay. The involvement of the NADPH oxidase and reactive oxygen species (ROS),
MAPKs, and the transcription factor NF-xB in these responses was investigated by using selective pharmacological inhibitors
and transfection with appropriate siRNAs.

KEY RESULTS

JEV induced the expression of the pro-form of MMP-9 in rat brain astrocytes (RBA-1 cells). In RBA-1 cells, JEV induced MMP-9
expression and promoter activity, which was inhibited by pretreatment with inhibitors of NADPH oxidase (diphenylene
iodonium chloride or apocynin), MAPKs (U0126, SB203580 or SP600125) and a ROS scavenger (N-acetylcysteine), or
transfection with siRNAs of p47Pm*, ERK1, INK2 and p38. In addition, JEV-induced MMP-9 expression was reduced by
pretreatment with an inhibitor of NF-xB (helenalin) or transfection with p65 siRNA. Moreover, JEV-stimulated NF-xB activation
was inhibited by pretreatment with the inhibitors of NADPH oxidase and MAPKs.

CONCLUSIONS AND IMPLICATIONS
MMP-9 expression induced by JEV infection of RBA-1 cells was mediated through the generation of ROS and activation of
p42/p44 MAPK, p38 MAPK and JNK1/2, leading to NF-xB activation.

Abbreviations

BBB, blood-brain barrier; BCA, Bicinchoninic acid; COX-2, cyclooxygenase-2; ECM, extracellular matrix; GFAP, glial
fibrillary acid protein; HIV, human immunodeficiency virus; iNOS, inducible nitric oxide synthase; IL-8, interleukin-8;
JEV, Japanese encephalitis virus; MMP-9, matrix metalloproteinase-9; PBS, phosphate-buffered saline; TNF-o, tumor
necrosis factor-o
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Introduction

Japanese encephalitis virus (JEV) is predominantly
an arthropod-borne virus composed of a single-
stranded positive-strand RNA genome approxi-
mately 11 kb in length (Raung et al., 2007). Several
lines of evidence suggest that JEV frequently causes
severe encephalitic conditions in humans. Clinical
symptoms include fever, headache, vomiting, signs
of meningeal irritation, and altered consciousness
leading to high mortality and neurological sequelae
in some of the survivors. The principal target cells
for JEV are in the CNS and include neurons and
astrocytes (Raung et al., 2005). Astrocytes are neuro-
ectodermally derived cells which are critical for
normal function of the CNS, including mainte-
nance of the blood-brain barrier (BBB), support of
axons, and ion and neurotransmitter buffering.
Moreover, astrocytes may be critical for early recruit-
ment of inflammatory cells in the initiation of virus-
induced inflammation (Carpentier etal., 2008).
Clinically, an infection with JEV results in increased
levels of inflammatory factors such as macrophage-
derived chemotactic factor, tumor necrosis factor-o
(TNF-o), and interleukin-8 (IL-8) in the serum and
cerebrospinal fluid (Khanna et al., 1991; Ravi et al.,
1997; Singh et al., 2000). The increased levels of
inflammatory mediators appear to play a protective
role or to initiate an irreversible immune response
leading to cell death. However, the cellular and
molecular mechanisms underlying JEV-infection-
induced inflammation in astrocytes are largely
unknown.

In the context of neuro-inflammatory disease,
matrix metalloproteinases (MMPs) have been impli-
cated in several processes, including BBB and blood-
nerve barrier opening, invasion of neural tissue by
blood-derived immune cells, and direct cellular
damage (Leppert etal.,, 2001; Sellner and Leib,
2006). MMPs are a group of zinc-dependent
endopeptidases which degrade extracellular matrix
and cell surface proteins. They are essential for
embryogenesis, cell migration, tissue remodelling
and modulation of inflammation (Martinez-Torres
etal.,, 2004). One class of MMPs that has been
shown to function as mediators of lesion develop-
ment in response to brain injury are the gelatinases,
MMP-2 and MMP-9. However, there are differences
in the regulation of their expression. MMP-2 is con-
stitutively expressed by several cell types, including
brain cells (Galis et al., 1994; Fabunmi et al., 1996;
Vecil et al., 2000). In contrast, basal levels of MMP-9
are usually low and its expression can be induced by
treatment with TNF-o and IL-1f (Sato and Seiki,
1993; Galis etal.,, 1994; Ries and Petrides, 1995;
Fabunmi et al.,, 1996; Gottschall and Deb, 1996;
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Vecil etal., 2000). Previous studies have reported
that MMP-9 is up-regulated by viral infection in the
nervous system and viruses such as HIV increase
MMP-9 expression (Misse etal., 2001; Ju etal.,
2009). These studies suggested that the expression
of MMP-9 might be similarly up-regulated during
JEV infection.

The generation of reactive oxygen species (ROS)
plays an important role in diverse cellular functions
including signal transduction, oxygen sensing and
host defence (Geiszt and Leto, 2004; Lambeth,
2004) during infection by viruses such as HCV, EBV,
EV71 and JEV (Schwarz, 1996; Peterhans, 1997; Lin
et al., 2004; Cerimele et al., 2005; Ho et al., 2008;
2009; Miura et al., 2008; Kang et al., 2009). Among
the ROS generating enzymes, NADPH oxidases are
the major source of ROS (Takeya and Sumimoto,
2006). NADPH oxidase is a multicomponent protein
formed by membrane-bound cytochrome bsss and
composed of the catalytic subunits gp91/"* and
p22/"* and cytosolic regulatory subunits comprised
of p40rox, p47rx p67/h* and the small GTPase Rac
(Sumimoto et al., 1996; Barbieri et al., 2004; Nish-
ikawa etal., 2007). ROS production is linked to
MMP-9 expression in monocytes and in Kkerati-
nocytes (Shin etal.,, 2008, Wan etal., 2008).
However, the mechanism of JEV-induced ROS for-
mation leading to MMP-9 expression in astrocytes
is, so far, unknown.

Several studies have shown that virus-infected
cells activate signalling cascades to produce media-
tors that initiate inflammatory responses or stimu-
late anti-viral activities. Moreover, oxidative stress
and MAPKSs signalling cascades play important roles
in the induction of pro-inflammatory cytokine
expression following viral infection (Lin et al., 2000;
Casola et al., 2001; Barber et al., 2002; Pazdrak et al.,
2002). In addition, the activation of NF-xB by viral
infection is a key trigger in inducing the expression
of cytokines, chemokines, adhesion molecules,
MMPs, COX-2 and iNOS (Caamano and Hunter,
2002; Santoro et al., 2003). Previous studies indi-
cated that mitogen-activated protein Kkinases
(MAPKs) signalling cascades are involved in virus-
induced MMP-9 expression in infected cells. For
instance, HIV-1 glycoprotein 120 induces the
expression of MMP-9 via p38 MAPK signalling
pathway (Misse etal.,, 2001) and HIV-1 Tat
up-regulates expression of MMP-9 via an MAPK-
NF-xB dependent pathway in human astrocytes (Ju
et al., 2009). Hepatitis B viral HBx protein induces
MMP-9 gene expression through the activation of
p42/p44 MAPK and PI3K/Akt pathways (Chung
et al., 2004). However, whether JEV-induced MMP-9
expression is mediated via these signalling pathways
in astrocytes is unknown.
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In the present study, we investigated the molecu-
lar mechanisms underlying JEV-induced MMP-9
expression in cultured rat brain astrocytes (RBA-1
cells). Here, we show that the JEV-induced expres-
sion of MMP-9 in RBA-1 cells was mediated through
the activation of the NF-kB signalling pathway, fol-
lowing generation of ROS and activation of MAPKSs.

Methods

Preparation of viruses

The T1P1 strain of JEV was propagated in C6/36
cells, as previously described (Chiou et al., 2007).
The C6/36 cells were transferred to 15 mL tubes,
centrifuged at 900x g for 10 min, and the superna-
tant discarded. JEV (moi =0.1) was added to the cells
for adsorption at 28°C for 1 h. After adsorption,
culture medium was added to the tube and the con-
tents were transferred to a T75 flask, followed by
incubation at 37°C in an incubator in room air and
5% CO,. After 3 days, the viral supernatants were
collected and centrifuged at 900x g for 10 min. The
supernatant was transferred to Eppendorf tubes and
stored at —80°C.

The titer of JEV was determined by a plaque
assay. BHK-21 cells (4 x 10° cells per well) were
seeded into a six-well culture plate overnight and
then infected with a 10-fold serially diluted virus
suspension. After 1 h adsorption, the cells were
washed once with phosphate-buffered saline (PBS)
and overlaid with 4 mL methylcellulose (Sigma, St.
Louis, MO, USA; 11 g in 500 mL sterile water), 5%
PBS and 50% MEM). After 5 days, the cells were
fixed with 10% formaldehyde and then stained with
1% crystal violet solution. The virus titer was quan-
tified as PFU (mL cell lysate)™.

Rat brain astrocyte-1 culture

RBA-1 cells were used throughout this study. This
cell line originated from a primary astrocyte culture
of neonatal rat cerebrum and was naturally devel-
oped through successive cell passages (Jou etal.,
19835). RBA-1 cells were stained with glial fibrillary
acid protein as an astrocyte-specific marker and used
within 40 passages. These cells show normal cellular
morphological characteristics and have steady
growth and proliferation in the monolayer system
(Hsieh et al., 2004).

MMP gelatin zymography

After JEV treatment, the culture medium was col-
lected and mixed with equal amounts of non-
reduced sample buffer and separated by
electrophoresis on 10% SDS-polyacrylamide gels
containing 1 mg mL™' gelatin as a protease sub-
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strate. Following electrophoresis, gels were placed in
2.7% Triton X-100 for 30 min to remove SDS, and
then incubated for 24 h at 37°C in developing bufter
(50 mM Tris base, 40 mM HCI, 200 mM NacCl, 5 mM
CaCl,, and 0.2% Briji 35 Novex, Carlsbad, CA, USA)
on a rotary shaker. After incubation, gels were
stained in 30% methanol, 10% acetic acid and 0.5%
w/v Coomassie Brilliant Blue for 10 min followed by
destaining. Mixed human MMP-2 and MMP-9 stan-
dards (Chemicon, Temecula, CA, USA) are used as
positive controls. Gelatinolytic activity was evident
as horizontal white bands on a blue background.
Because cleaved MMPs were not reliably detectable,
only pro-form zymogens were quantified.

Total RNA extraction and real-time PCR
analysis

Total RNA was isolated from RBA-1 cells treated with
JEV for the indicated times in 10 cm culture dishes
with TRIzol according to the protocol of the manu-
facturer. RNA concentration was spectrophotometri-
cally determined at 260 nm. First strand cDNA
synthesis was performed with 2 ug of total RNA
using random hexamers as primers in a final volume
of 20 uL (5 pg uL™! random hexamers, 1 mM dNTPs,
2 units uL! RNasin and 10 units uL' Moloney
murine leukaemia virus reverse transcriptase). The
reaction was carried out at 37°C for 60 min.

One uL of a 1:10 dilution of the cDNA reaction
was amplified using forward and reverse primers for
the MMP-9 or GAPDH as a control, using a Tagman
PCR Master Mix (Applied Biosystems, Carlsbad, CA,
USA). The primer and probe sequences for MMP-9 or
GAPDH gene amplification were custom-designed
by GeneDirex (Taipei, Taiwan). The amplification
profile includes 1 cycle of initial denaturation at
94°C for 5 min, 28 cycles of denaturation at 94°C for
1 min, primer annealing at 62°C for 1 min, exten-
sion at 72°C for 1 min and then 1 cycle of final
extension at 72°C for S min. The expression of
GAPDH was used as an internal control for the assay
of a constitutively expressed gene. The reactions
were performed in a StepOnePlus real-time PCR
system (Applied Biosystems) under the following
thermal cycling conditions: 50°C for 2 min and
95°C for 10 min, followed by 40 cycles of 95°C for
15 s and 60°C for 60 s. The threshold cycle value
was normalized to that of GAPDH.

Western blotting analysis of MMP-9

Conditioned media derived from untreated or JEV-
treated RBA-1 cells were mixed with equal amounts
of reduced sample buffer at 95°C for 5 min before
electrophoresis with 10% SDS-PAGE. The resolved
band was electrotransferred onto nitrocellulose
(NC) membrane, which was incubated overnight at



4°C with a monoclonal antibody against MMP-9 as
described by Wu et al. (2004).

Preparation of cell extracts and Western blot
analysis

Growth-arrested RBA-1 cells were incubated with
JEV at 37°C for various times. The cells were washed
with ice-cold PBS, scraped and collected by centrifu-
gation at 45 000x g for 1 h at 4°C to yield the whole
cell extract, as described previously (Hsieh etal.,
2004). Samples were denatured, subjected to SDS-
PAGE using a 10% (w/v) running gel and transferred
to nitrocellulose membrane. Membranes were incu-
bated overnight using anti-phospho-p42/44 MAPK,
anti-phospho-p38 MAPK, anti-phospho-JNK1/2,
anti-NF-xB (p65) or anti-GAPDH antibody. Mem-
branes were washed with Tris-Tween buffered saline
(composition: 50 mM Tris-HCI, 150 mM NacCl, and
0.1% Tween-20, pH 7.4) four times for 5 min each,
incubated with a 1:2000 dilution of anti-rabbit
horseradish peroxidase antibody for 1 h. The immu-
noreactive bands detected by ECL reagents were
developed by PerkinElmer (Waltham, MA, USA).

Cell fraction isolation

RBA-1 cells were seeded in 10 cm dishes. When they
reached 90% confluence, the cells were starved for
24 h in serum-free medium. After incubation, the
cells were washed once with ice-cold PBS. Homog-
enization buffer A (200 pL; 20 mM Tris-HCI, pH 8.0,
10 mM EGTA, 2 mM EDTA, 2 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride, 25 pug mL™
aprotinin, 10 ug mL™ leupeptin) was added to each
dish, and the cells were scraped into a 1.5 mL tube.
The cytosolic, membrane and nuclear fractions were
prepared by centrifugation as previously described
(Hsieh et al., 2007). The protein concentration of
each sample was determined by the bicinchoninic
acid (BCA) reagents. Samples from these superna-
tant fractions (30 ug protein) were denatured and
then subjected to SDS-PAGE using a 10% (w/v)
running gel and transferred to NC membranes. The
degradation of IxBa and translocation of NF-xB were
identified and quantified by Western blot analysis
using anti-IkBo. and anti-NF-xB (p65) antibodies
respectively. The immunoreactive bands detected by
ECL reagents were developed by Hyperfilm-ECL.

Rat MMP-9 promoter cloning, transient
transfection and promoter activity assays

The upstream region (-1280 to +108) of the rat
MMP-9 promoter was cloned to the pGL3-basic
vector containing the luciferase reporter system. All
plasmids were prepared by using QIAGEN plasmid
DNA preparation Kits (Carlsbad, CA, USA). The
MMP-9 promoter reporter construct was transfected
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into RBA-1 cells using the Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA) according
to the instructions of the manufacturer. To assess
promoter activity, cells were collected and disrupted
by sonication in lysis buffer (25 mM Tris-phosphate,
pH 7.8, 2mM EDTA, 1% Triton X-100 and 10%
glycerol). After centrifugation, aliquots of the super-
natants were tested for luciferase activity using the
luciferase assay system. Firefly luciferase activities
were standardized to B-galactosidase activity.

Transient transfection with siRNAs

The RBA-1 cells were cultured on 12-well plates to
70-80% confluence and transiently transfected with
siRNAs (p477'*, ERK1, p38, JNK2, p65 or scrambled
siRNA) wusing Lipofectamine 2000 (Invitrogen).
Briefly, siRNA (100 nM) was formulated with Lipo-
fectamine. The transfection complex was diluted
into 400 uL. of DMEM/F-12 medium and added
directly to the cells for 2h. The medium was
replaced with DMEM/F-12 for 24 h and then
infected with JEV. The culture medium was analysed
by gelatin zymography. The transfection with
siRNAs had no apparent cytotoxic effect (as deter-
mined by the conversion of the tetrazolium salt XTT
to orange-coloured formazan; Weislow et al., 1989;
data not shown).

Measurement of intracellular ROS
accumulation

The fluorescent probe DCF-DA was used to monitor
net intracellular accumulation of ROS. This method
is based on the oxidative conversion of non-
fluorescent DCFH-DA to fluorescent DCF by H,O..
RBA-1 cells were washed with warm Hank'’s Balanced
Salt Solution (HBSS) and incubated in HBSS or cell
medium containing 10 uM DCFH-DA at 37°C for
45 min. Subsequently, HBSS or cell medium contain-
ing DCFH-DA was removed and replaced with fresh
cell medium. RBA-1 cells were then incubated with
JEV. The fluorescence intensity (relative fluorescence
units) was measured at 485 nm excitation and
530 nm emission using a fluorescence microplate
reader (Appliskan™, Thermo, Fremont, CA, USA).

Determination of NADPH oxidase activity by
chemiluminescence assay

After incubation, cells were gently scraped and cen-
trifuged at 400x ¢ for 10 min at 4°C. The cell pellet
was resuspended with 35 uL per well of ice-cold
RPMI-1640 medium, and the cell suspension was
kept on ice. To a final 200 puL volume of pre-warmed
(37°C) RPMI-1640 medium containing either
NADPH (1 uM) or lucigenin (20 uM), 5 uL of cell
suspension (0.2 x 10° cells) were added to initiate
the reaction followed by immediate measurement of
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chemiluminescence in an Appliskan luminometer
(Thermo) in out-of-coincidence mode. Appropriate
blanks and controls were established, and chemilu-
minescence was recorded. Neither NADPH nor
NADH enhanced the background chemilumines-
cence of lucigenin alone (30-40 counts per min).
Chemiluminescence was continuously measured for
12 min, and the activity of NADPH oxidase was
expressed as counts per million cells

Inoculation of JE virus in mice and
experimental procedures

All animal care and experimental procedures com-
plied with the guidelines of Animal Care Committee
of Chang Gung University and NIH Guides for the
Care and Use of Laboratory Animals. ICR mice aged
6-8 weeks were purchased from the National Labo-
ratory Animal Centre (Taipei, Taiwan). A group of
five mice were injected i.p. with a dose of 1 x 10’
PFU per mouse of JEV suspension diluted with PBS
to a final volume of 100 pL. Another five mice were
inoculated with a virus-free solution diluted from
the cell culture medium; these were used as the
control to confirm the infection of mice inoculated
with virus suspension. A further group of five mice
were given one dose of MMP-2/MMP-9 inhibitor I
(1.637 ug kg™' body weight) for 1h, prior to JEV
infection. The movement and body coordination of
inoculated mice were monitored daily for at least 1
week to detect symptoms, such as movement disor-
ders (mostly rigidity of the hind-limbs). In order to
examine the cellular expression of the MMP-9 and
to confirm JEV infection into the brain, immuno-
histochemical staining was performed on sections of
the brain, which were deparaffinized, rehydrated
and washed with PBS. Non-specific binding was
blocked by preincubation with PBS containing
5 mg mL™ of BSA for 1 h at room temperature. The
sections were incubated with an anti-MMP-9 or
anti-NS1 (glycoprotein of JEV) antibody at 37°C for
1 h and then with an anti-mouse horseradish per-
oxidase antibody at room temperature for 1 h.
Bound antibodies were detected by incubation
in 0.5mgmL" of 3,3-diaminobenzidine/0.01%
hydrogen peroxide in 0.1 M Tris-HCl buffer, as chro-
mogen (Vector Lab, Burlingame, CA, USA).

Data analysis

Concentration-effect curves were fitted and ECso
values were estimated using the GraphPad Prism
program (GraphPad Software, La Jolla, CA, USA).
Data were expressed as mean * SEmean. and
analysed by one-way ANOVA followed with
Tukey’s post hoc test. A value of P < 0.05 was con-
sidered significant.
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Materials

Anti-phospho-p42/p44 MAPK, anti-phospho-p38
MAPK and anti-phospho-JNK1/2 antibodies were
from Cell Signaling (Danver, MA, USA). Anti-
MMP-9, anti-IxBa, anti-phospho-IxkBo. and anti-
NF-xB (p65) antibodies were from Santa Cruz (Santa
Cruz, CA, USA). Anti-GAPDH antibody was from
Biogenesis (Bournemouth, UK). Antibody to NS1
glycoprotein of JEV was from Abcam (Cambridge,
MA, USA). U0126, SB203580, SP600125 and helena-
lin (HLN) were from Biomol (Plymouth Meeting, PA,
USA). Apocynin (APO) was from ChromaDex (Santa
Ana, CA, USA). Diphenylene iodonium chloride
(DPI) was from Biomol. MMP-2/MMP-9 inhibitor II
was from Calbiochem (Gibbstown, NJ, USA). BCA
protein assay reagent was from Pierce (Rockford, IL,
USA). The p47°%*, ERK1, p38, JNK2, p65 and
scrambled siRNAs were from Invitrogen. Gelatin,
enzymes and other chemicals were from Sigma.

Results

JEV induces MMP-9 expression

In order to determine the effect of JEV infection on
MMP-9 expression, RBA-1 cells were treated with
JEV for up to 48 h (Figure 1A). The MMP-9 activity
and protein expression in the cell medium were
determined by gelatine zymography and Western
blot analyses. Exposure to JEV induced MMP-9
protein expression in a time-dependent manner
(Figure 1A,B). There was a significant increase in
MMP-9 protein by 16 h and a maximal response was
achieved after 48 h incubation. The apparent
up-regulation occurred in the 92 kDa pro-form
zymogen of MMP-9. In contrast, the GAPDH was
not changed by incubation with JEV. To examine
further whether the increase in MMP-9 activity by
JEV resulted from the increase of MMP-9 mRNA
expression, the levels of MMP-9 mRNA in RBA-1
cells were determined by real-time PCR and pro-
moter assay. JEV (moi = 1) induced MMP-9 mRNA
accumulation in a time-dependent manner in RBA-1
cells (Figure 1C,D). These results suggested that JEV-
induced MMP-9 expression occurs at transcriptional
and translational levels.

JEV-induced MMP-9 expression is mediated
via NADPH oxidase/ROS

JEV has been shown to damage neuronal cells
through a ROS-mediated pathway (Lin et al., 2004).
Thus, to determine whether JEV could induce ROS
production in astrocytes, we used a fluorescent
probe DCF-DA to measure the generation of ROS in
RBA-1 cells. We found that treatment with JEV
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Figure 1

Japanese encephalitis virus (JEV) induces matrix metalloproteinase
(MMP)-9 expression in rat brain astrocytes (RBA)-1 cells. (A) RBA-1
cells were infected with JEV for various time intervals. The conditioned
media were analysed by gelatin zymography. The whole cell lysates
were analysed by Western blot using an anti-GAPDH antibody (as an
internal control). (B) Cells were infected with JEV (moi = 1) for various
time intervals. The conditioned media were analysed by Western blot
using an anti-MMP-9 antibody. (C) RBA-1 cells were infected with JEV
for various time intervals. The RNA samples were analysed by real-time
PCR for the levels of MMP-9 mRNA. (D) Cells were transiently trans-
fected with an MMP-9-luc reporter gene, and then infected with JEV
for various time intervals. The promoter activity of MMP-9 was
measured. Data are expressed as mean = SEM of three independent
experiments. *P < 0.05; #P < 0.01 as compared with the basal level.
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induced a significant increase in ROS levels, measur-
able by 5min and sustained over 90 min
(Figure 2A). NADPH oxidase is an important source
for the production of ROS (Takeya and Sumimoto,
2006), and to determine whether ROS was generated
by NADPH oxidase in our experimental model, we
used two inhibitors of NADPH oxidase (APO and
DPI) and a ROS scavenger (NAC) (Lee et al., 2008)
were used. Pretreatment with these inhibitors
clearly inhibited JEV-induced ROS production in
RBA-1 cells (Figure 2B). The activated form of
NADPH oxidase is a multimeric protein complex
consisting of at least three cytosolic subunits of
p47rox p67hx and p407*, The phosphorylation of
p47/"*Jeads to a conformational change allowing its
interaction with p22?"* and is indicative of NADPH
activation (Sumimoto et al., 1996). Therefore, we
determined the effect of JEV on activation of
NADPH oxidase and translocation of p47/* in
RBA-1 cells. Our results showed that JEV induced a
significant increase in NADPH oxidase activity in a
time-dependent manner with a maximal response
within 30 min (Figure 2C), which was suppressed by
pretreatment with APO and DPI (Figure 2D). More-
over, as illustrated in Figure 2E, JEV stimulated a
time-dependent increase in translocation of p47/"
to the membrane, which was attenuated by pretreat-
ment with DPI and APO (Figure 2F). These results
indicated that JEV induces the generation of ROS via
increased NADPH oxidase activity.

The generation of ROS has been shown to induce
MMP-9 expression in various cell types (Shin et al.,
2008; Wan et al., 2008). In RBA-1 cells, pretreatment
with NAC, DPI or APO for 1 h prior to exposure to JEV
(moi=1) significantly attenuated MMP-9 expression,
in a concentration-dependent manner (Figure 2G).
In other experiments, transfection of RBA-1 cells
with p47/"* siRNA, before treatment with JEV for
16 h, down-regulated the expression of p47/h*
protein and reduced MMP-9 expression induced by
JEV (Figure 2H). These results indicated that JEV-
induced expression of MMP-9 protein was mediated
via the generation of ROS by NADPH oxidase. We
turther investigated whether ROS were involved in
the expression of mRNA for MMP-9 following JEV
infection. Pretreatment with NAC, DPI or APO sig-
nificantly blocked JEV-induced MMP-9 mRNA accu-
mulation and promoter activity (Figure 2L,J). These
results indicated that in RBA-1 cells, JEV-induced de
novo MMP-9 mRNA synthesis was mediated through
NADPH oxidase and generation of ROS.

JEV-induced MMP-9 expression is mediated
via p42/p44 MAPK

Previous studies have shown that virus-induced
MMP-9 expression is mediated through p42/p44
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Figure 2

Japanese encephalitis virus (JEV)-induced matrix metalloproteinase (MMP)-9 expression was mediated via the generation of reactive oxygen species
(ROS) inrat brain astrocytes-1 cells. (A) Cells were labelled with DCF-DA (10 uM), and then infected with JEV (moi= 1) for the indicated time intervals.
The fluorescence intensity (relative DCF fluorescence) was measured at 485 nm excitation and 530 nm emission. (B) Cells were labelled with
DCF-DA, pretreated with 170 mM NAC, 10 uM diphenylene iodonium chloride (DPI) or 100 uM apocynin (APO) for 1 h, and then infected with JEV
(moi=T1)for 1 h. The fluorescence intensity was measured. (C) Cells were infected with JEV (moi = 1) for the indicated time intervals. NADPH oxidase
activity was measured. (D) Cells were pretreated with APO or DPI and then infected with JEV for 30 min. The NADPH oxidase activity was measured.
(E) Cells were stimulated with JEV (moi = 1) for the indicated time intervals. The membrane and cytosolic fractions were analysed by Western blot
using an anti-p47°"* antibody. Gos and GAPDH were used as marker proteins for membrane and cytosolic fractions respectively. (F) Cells were
pretreated with DPI (10 uM) or APO (100 uM), and then infected with JEV (moi = 1) for 90 min. The membrane and cytosolic fractions were analysed
by Western blot analysis using an anti-p47°"* antibody. (G) Cells were pretreated with NAC, DPI or APO for 1 h, and then incubated with JEV (moi
=1)for 16 h. The level of MMP-9 expression was determined by gelatin zymography. (H) Cells were transfected with p47P"°*siRNA, and then treated
with JEV for 16 h. The conditioned media were assessed for MMP-9 expression by gelatin zymography. The whole cell lysates were analysed by
Western blot using an anti-p47°"* or anti-GAPDH antibody. (I) Cells were pretreated with 10 mM NAC, 10 uM DPl or 100 uM APO for 1 h, and then
incubated with JEV (moi = 1) for 6 h. The RNA samples were analysed by real-time PCR for the levels of MMP-9 mRNA. (J) Cells were transiently
transfected with an MMP-9-luc reporter gene, pretreated with NAC, DPI or APO for 1 h, and then incubated with JEV for 6 h. The promoter activity
of MMP-9 was measured. Data are expressed as mean * SEM of three independent experiments. *P < 0.05; #P < 0.01 as compared with the basal
level (A, C and E). *P < 0.05 as compared with the cells exposed to JEV alone (B, D, F, and J). CE, cystolic extract; ME, membranous extract.

1572  British Journal of Pharmacology (2010) 161 1566-1583



G
GAPDH=> | b G SO S |
pro-MMP-9-> IR
74
E & e
g e!.
B2 =
@ ;:_
i
& 1.
JC1C]
NAC (mM) —| 10 | — [u.1| 1 [ 10
JEV (mof) —_— 1

GAPDH=> | w0 «» =» a» «» " |
pro-MMP-9=- NN

o ﬂﬂﬂ

-1 =01
- 1

“ 4 0 2

pro-MMP-9 expresion
(foid of basal)

o = N

DPI (uM)
JEV (mof)

LI T T ¥ )

pro-MMP-9=> Iy
6+

——
gl

APO (M) | — | 100

JEV {mofi)

Figure 2
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MAPK phosphorylation in various cell types (Chung
et al., 2004; Behren et al., 2005; Shin et al., 2008). In
our model, pretreatment with U0126, an inhibitor
of MEK1/2 (an upstream component of p42/p44
MAPK) significantly attenuated, in a concentration-
dependent manner, the MMP-9 expression induced
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by JEV (Figure 3A). In further experiments, transfec-
tion of RBA-1 cells with ERK1 siRNA, before incuba-
tion with JEV for 16h, down-regulated the
expression of ERK1 protein and reduced MMP-9
expression induced by JEV (Figure 3B). To determine
whether the phosphorylation of p42/p44 MAPK was
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Figure 3

Involvement of p42/p44 MAPK in Japanese encephalitis virus (JEV)-induced matrix metalloproteinase (MMP)-9 expression in rat brain astrocytes-1
cells. (A) Cells were pretreated with U0126 for 1 h and infected with JEV (moi = 1) for 16 h. (B) Cells were transfected with ERK1 siRNA, and then
infected with JEV for 16 h. (A, B) The conditioned media were assessed for MMP-9 expression by gelatin zymography. The cell lysates were
analysed by Western blot using an anti-ERK1 or anti-GAPDH antibody. (C) Cells were pretreated with 1 uM U0126 for 1 h and then infected with
JEV (moi = 1) for the indicated time intervals. (D) Cells were pretreated with 10 mM NAC, 10 uM diphenylene iodonium chloride (DPI), or 100 uM
apocynin (APO) for 1 h and then infected with JEV (moi = 1) for 5 min. The cell lysates were analysed by Western blot using an anti-phospho-
p42/p44 MAPK or anti-GAPDH antibody. Data are expressed as mean + SEM of three independent experiments. *P < 0.05; #P < 0.01 as compared

with the cells exposed to JEV alone.

involved in MMP-9 expression, an activation of
these kinases was assayed using an antibody specific
for the phosphorylated, active forms of p42/p44
MAPK by Western blot. As shown in Figure 3C, JEV
stimulated a time-dependent phosphorylation of
p42/p44 MAPK in RBA-1 cells. A maximal response
was obtained within 3-5 min and slightly declined
close to the basal level within 30 min. Pretreatment
with U0126 blocked JEV-stimulated p42/p44 MAPK
phosphorylation during the period of observation.
These results suggested a link between activation of
p42/p44 MAPK and MMP-9 expression induced by
JEV in RBA-1 cells.

ROS generation has been shown to stimulate
p42/p44 MAPK phosphorylation (Komatsu et al.,
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2008; Sarro et al., 2008) and, in our experimental
system, pretreatment of RBA-1 cells with NAC, DPI
or APO caused a significant attenuation of JEV-
stimulated p42/p44 MAPK phosphorylation
(Figure 3D). Taken together, these results suggest
that JEV-induced MMP-9 expression was mediated
through the ROS-dependent activation of p42/p44
MAPK in RBA-1 cells.

JEV-induced MMP-9 expression is mediated
via p38 MAPK

In the rat glioma cell line, HIV-1 gp120 has been
shown to activate p38 and this was associated with
MMP-9 secretion (Misse et al., 2001). In our RBA-1
cells, pretreatment with the p38 MAPK inhibitor,



A

GAPDH->| S S - S S - |
pro-MMP-9-> NN )

c
S
-
% *
9%
oo
$87
g
o
o-
SB203580 (uM) | — | 30 | — | 0.1| 1 |3n
JEV (moi) _ 1

— Scram si-p38

capoH-> |
pos-> [ ]

JEV induces MMP-9 expression in astrocytes

Cc

. i control SB203580
Time(min)T— 1 3 5 10 30 0 1 3 5 10 30

GAPDH->|----------9-|

n 4--p-p38
-
;ma-
E3
£ 5 2
23
2 &,
a)
01 3 510300 1 3 5 1030
Time (min)
D

p-p3g=b| R e e e

Inhibitor — | APO| DPI | NAC
Salldaad &8 a8 JEV (min) | — | 10
si-RNA _ IScraml p38 —_ ‘Scraml p38
JEV (moi) - 1
Figure 4

Involvement of p38 MAPK in Japanese encephalitis virus (JEV)-induced matrix metalloproteinase (MMP)-9 expression in rat brain astrocytes-1 cells.
(A) Cells were pretreated with SB203580 for 1 h and then infected with JEV (moi = 1) for 16 h. (B) Cells were transfected with p38 siRNA, and
then infected with JEV for 16 h. (A, B) The conditioned media were assessed for MMP-9 expression by gelatin zymography. The cell lysates were
analysed by Western blot using an anti-p38 or anti-GAPDH antibody. (C) Cells were pretreated with T uM SB203580 for 1 h and then infected
with JEV (moi = 1) for the indicated time intervals. (D) Cells were pretreated with T0 mM NAC, 10 uM diphenylene iodonium chloride (DPI), or

100 uM apocynin (APO) for 1 h and then infected with JEV (moi = 1) fo
anti-phospho-p38 MAPK or anti-GAPDH antibody. Data are expressed as m
as compared with the cells exposed to JEV alone.

SB203580, significantly attenuated JEV-induced
MMP-9 expression, in a concentration-dependent
manner (Figure 4A). Furthermore, transfection with
p38 siRNA down-regulated the expression of p38
protein and reduced MMP-9 expression induced by
JEV (Figure 4B). In order to determine whether
phosphorylation, that is, activation, of p38 MAPK
was involved in MMP-9 expression, we used an anti-
body specific for the phosphorylated, active form of
p38 MAPK in Western blots. As shown in Figure 4C,
JEV stimulated a time-dependent phosphorylation
of p38 MAPK in RBA-1 cells. A maximal response
was obtained within 10 min and slightly declined
within 30 min. Pretreatment with SB203580
blocked JEV-stimulated p38 MAPK phosphorylation
during the period of observation. Taken together,
these results suggested that the activation of p38

r 10 min. The cell lysates were analysed by Western blot using an
ean = SEM of three independent experiments. *P < 0.05; #P < 0.01

MAPK was involved in the expression of MMP-9
induced by JEV in RBA-1 cells.

The activation of p38 MAPK is stimulated by ROS
in cardiomyocytes (Kulisz et al., 2002; Chen et al.,
2009). In RBA-1 cells, pretreatment with NAC, DPI
or APO caused a significant attenuation of JEV-
induced phosphorylation of p38 MAPK (Figure 4D).
These results suggested that the activation of p38
MAPK in RBA-1 cells by JEV infection was mediated
via ROS generation, leading to MMP-9 expression.

JEV-induced MMP-9 expression is mediated
via JNK1/2

The expression of MMP-9 induced by IL-1B-was
mediated through JNK1/2 in RBA-1 cells (Wu et al.,
2004). As shown in Figure 5A, pretreatment with
an inhibitor of JNK1/2, SP600125, significantly
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Involvement of JNK1/2 in Japanese encephalitis virus (JEV)-induced matrix metalloproteinase (MMP)-9 expression in rat brain astrocytes-1 cells.
(A) Cells were pretreated with SP600125 for 1 h and then infected with JEV (moi = 1) for 16 h. (B) Cells were transfected with J]NK2 siRNA, and
then infected with JEV for 16 h. (A, B) The conditioned media were assessed for MMP-9 expression by gelatin zymography. The cell lysates were
analysed by Western blot using an anti-JNK2 or anti-GAPDH antibody. (C) Cells were pretreated with 1 uM SP600125, 10 mM NAC, 10 uM
diphenylene iodonium chloride (DPI) or 100 uM apocynin (APO) for 1 h, and then infected with JEV (moi = 1) for the indicated time intervals. (D)
Cells were pretreated with 10 mM NAC, 10 uM DPI or 100 uM APO for 1 h, and then infected with JEV (moi = 1) for 30 min. The cell lysates were
analysed by Western blot using an anti-phospho-JNK1/2 or anti-GAPDH antibody. Data are expressed as mean = SEM of three independent
experiments. *P < 0.05; #P < 0.01 as compared with the cells exposed to JEV alone.

attenuated MMP-9 expression induced by JEV, in a
concentration-dependent manner. In another set of
experiments, transfection with JNK2 siRNA down-
regulated the expression of JNK2 protein and
reduced MMP-9 expression induced by JEV
(Figure 5B). As shown in Figure 5C, JEV also stimu-
lated a time-dependent phosphorylation of JNK1/2
with a maximal response within 30 min in RBA-1
cells. Pretreatment with SP600125 blocked JEV-
stimulated JNK1/2 phosphorylation during the
period of observation (Figure 5C). Taken together,
these results suggested a link between activation of
JNK1/2 and expression of MMP-9 induced by JEV in
RBA-1 cells.

Generation of ROS initiated the activation of
JNK1/2 by TNF-o (Schwabe and Brenner, 2006; Shen
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and Liu, 2006). As shown in Figure SD, pretreatment
with NAC, DPI or APO caused a significant attenu-
ation of JEV-stimulated JNK1/2 phosphorylation.
These results suggested that the activation of JNK1/2
was mediated via ROS production, leading to
MMP-9 expression in RBA-1 cells by JEV infection.

JEV-induced MMP-9 mRNA expression is
mediated through MAPKs

The possible regulation of MMP-9 mRNA transcrip-
tion by MAPKs was investigated using selective
pharmacological inhibitors. As shown in Figure 6A
and B, the pretreatment of RBA-1 cells with U0126,
SB203580 or SP600125 significantly blocked JEV-
induced MMP-9 mRNA accumulation and promoter
activity. These results further indicated that in
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Figure 6

Involvement of MAPKs in matrix metalloproteinase (MMP)-9 mRNA
expression induced by Japanese encephalitis virus (JEV) in rat brain
astrocytes-1 cells. (A) Cells were pretreated with 1T uM of U0126
(U0), SP600125 (SP) or SB203580 (SB) for 1 h, and then infected
with JEV (moi = 1) for 6 h. The RNA samples were analysed by
real-time PCR for the levels of MMP-9 mRNA. (B) Cells were tran-
siently transfected with an MMP-9-luc reporter gene, pretreated with
1 uM of U0126, SB203580 or SP600125 for 1 h, and then infected
with JEV for 6 h. The promoter activity of MMP-9 was measured.
Data are expressed as mean = SEM of three independent experi-
ments. *P < 0.05; #P < 0.01 as compared with the cells exposed to
JEV alone.

RBA-1 cells, regulation of MMP-9 expression
through activation of MAPKs occurred mainly at the
transcriptional level.

JEV stimulates NF-xB activation mediated
through p42/p44 MAPK, p38 MAPK and
JNK1/2, and leads to MMP-9 expression
Inflammatory responses to viral infections are
highly dependent on the activation of the transcrip-
tion factor NF-kB (Caamano and Hunter, 2002; Li
and Verma, 2002). First, we determined whether the

JEV induces MMP-9 expression in astrocytes

activation of NF-xkB was involved in JEV-induced
MMP-9 expression in RBA-1 cells. As shown in
Figure 7A, pretreatment with an NF-xB inhibitor
HLN attenuated MMP-9 expression in a
concentration-dependent manner. Further, transfec-
tion with p6S5 siRNA down-regulated the expression
of p65 protein and attenuated JEV-induced MMP-9
expression in RBA-1 cells (Figure 7B).

The activation of the NF-xB pathway involves
degradation of the inhibitor, IkBo, followed by
NF-xB translocation into the nucleus. The cytosolic
and nuclear fractions of RBA-1 cells stimulated with
JEV for various times were used to determine the
degradation of IxBo. and NF-xB translocation by
Western blot using an anti-IkBo or anti-NF-xB (p635)
antibody respectively. As shown in Figure 7C, JEV
stimulated the translocation of NF-xB (p65) into
nucleus and the degradation of IkBo. within 30 to
45 min.

In addition, many of the genes regulated by
MAPKs are dependent on NF-xB for transcription.
We therefore assessed the activation of NF-xB, fol-
lowing JEV stimulation, in the presence of the
inhibitors of ROS generation, MAPKs and NF-xB.
JEV-stimulated activation of NF-xB was significantly
inhibited by pretreatment with HLN, UO0126,
SP600125, SB203580, NAC, DPI and APO
(Figure 7D), implying that NF-xB translocation was
essential for MMP-9 induction mediated through
NADPH oxidase, ROS, p42/p44 MAPK, p38 MAPK
and JNK1/2 in RBA-1 cells.

This regulation of MMP-9 gene transcription
through NF-xB pathways induced by JEV was con-
firmed by real-time PCR and promoter assay. As
shown in Figure 7E and F, JEV-induced MMP-9
mRNA accumulation and promoter activity were
inhibited by pretreatment with HLN. These results
indicated that JEV induced MMP-9 gene transcrip-
tion via a NF-xB signalling pathway in RBA-1 cells.

JEV-induced MMP-9 expression in the mouse
brain tissue

MMP-9 is over-expressed in brains of animals,
affected by neurodegenerative diseases associated
with a chronic inflammatory process (Leppert et al.,
2001; Mandal et al., 2003; Sellner and Leib, 2006).
Therefore, we looked for MMP-9 expression in his-
tological sections of brain from JEV infected mice.
Immunohistochemical staining with antibodies
against MMP-9 and NS1 showed that, in brains from
JEV-infected mice, both NS1 glycoprotein of JEV and
MMP-9 were strongly expressed (Figure 8). In addi-
tion, JEV infection caused brain damage, as revealed
by H&E staining, and which was reduced by pre-
treatment with MMP-2/MMP-9 inhibitor II. These
data demonstrated that JEV infection induced
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Figure 7

NF-xB translocation is a functional index during Japanese encephalitis virus (JEV)-induced matrix metalloproteinase (MMP)-9 expression in rat
brain astrocytes-1 cells. (A) Cells were pretreated with helenalin (HLN) for 1 h and then infected with JEV (moi = 1) for 16 h. (B) Cells were
transfected with p65 siRNA, and then infected with JEV for 16 h. (A, B) The conditioned media were assessed for MMP-9 expression by gelatin
zymography. The cell lysates were analysed by Western blot using an anti-NF-xB p65 or anti-GAPDH antibody. (C, D) Time dependence of
JEV-induced NF-kB translocation and lkB-o. degradation. Cells were pretreated with or without 1 uM helenalin, 1 uM U0126, 1 uM SP600125,
1 uM SB203580, 10 mM NAC, 10 uM diphenylene iodonium chloride (DPI) and 100 pM apocynin (APO) for 1 h, and then were stimulated with
JEV (moi = 1) for the indicated time intervals. Nuclear and cytosolic fractions were analysed by Western blot using an anti-NF-xB (p65),
anti-phospho-IxBa, anti-lkBo antibody or anti-GAPDH antibody. (E) Cells were pretreated with 1T uM helenalin for 1 h, and then infected with JEV
(moi = 1) for 6 h. The RNA samples were analysed by real-time PCR for the levels of MMP-9 mRNA. (F) Cells were transiently transfected with an
MMP-9-luc reporter gene, pretreated with helenalin for 1 h and then infected with JEV for 6 h. The promoter activity of MMP-9 was measured.
Data are expressed as mean * SEM of three independent experiments. *P < 0.05; #P < 0.01 as compared with the cells exposed to JEV alone (A
and F) or exposed to vehicle alone (C).
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Japanese encephalitis virus (JEV) infection induced matrix metalloproteinase (MMP)-9 expression and brain damage in mice. Immunohistochemi-
cal staining (IHC) for MMP-9 and NS1 in sections of the brain and H&E staining for the brain from virus-free culture medium-treated mice (Sham),
JEV-injected mice (JEV) and MMP-2/MMP-9 inhibitor Il-pretreated mice (Inhibitor/JEV). The black arrow indicates tissue damage. The purple arrow
indicates MMP-9 expression. The red arrow indicates NS1 glycoprotein of JEV. Photographs were taken at 200x magnification.

MMP-9 expression in the brain and was associated
with brain damage in vivo.

Discussion

Neurological diseases caused by neurotropic viruses
are often characterized by a massive neuronal dys-
function and destruction (Raung et al., 2007). Based
on neural cell composition and the barrier between
the peripheral and CNS, astrocytes could play a role
in the transmission of virus from peripheral blood
flow into the CNS. In the CNS, MMPs have been
shown to degrade components of the basal lamina,
leading to disruption of the BBB and to contribute
to the neuroinflammatory responses in many neu-
rological diseases (Mandal ef al., 2003). In certain in
vivo situations, it has been observed that the
inflammation-related MMPs, such as MMP-9 and
matrilysin, are over-expressed in brains with neuro-
degenerative diseases, associated with a chronic
inflammatory process. Furthermore, some in vitro
studies have shown that other neural cells, such as
astrocytes, are also infected by JEV (Chen etal.,
2000b). However, the mechanisms of MMP-9
expression induced by JEV in astrocytes are largely
unknown. In this study, our results have demon-
strated that JEV stimulated MMP-9 expression that
was mediated through the generation of ROS and
activation of NADPH oxidase, p42/p44 MAPK, p38
MAPK, JNK1/2 and NF-xB in RBA-1 cells.

Oxidative stress is a major factor in the develop-
ment and the progression of many pathological
conditions, including JEV-induced damage of neu-
ronal cells (Schwarz, 1996; Peterhans, 1997; Lin
et al., 2004; Cerimele et al.,, 2005; Ho et al., 2008;
2009; Miura et al.,, 2008; Kang et al., 2009). Our
results revealed that JEV infection in RBA-1 cells
stimulated the cellular production of ROS mediated
through the activation of NADPH oxidase. In addi-
tion, the activation of NADPH oxidase was due to
the translocation of p47”"* from the cytosol to the
cell membrane, which was inhibited by pretreat-
ment with APO and DPI. Previous studies have also
reported that MMP-9 expression is induced by oxi-
dative stress after metal nanoparticle stimulation
(Shin et al., 2008; Wan et al., 2008). In our study,
JEV-induced MMP-9 protein and mRNA expression,
as well as promoter activity, were attenuated by pre-
treatment with APO, NAC, and DPI or transfection
with p47/"* siRNA. These results, taken together,
indicated that the expression of MMP-9 in RBA-1
cells, induced by JEV, involved the activation of
NADPH oxidase and the generation of ROS.

MMP-9 gene expression has been shown to be
regulated by diverse MAPKs in different cell types
(Schwingshackl ef al., 1999; Wang et al., 2002; Arai
et al., 2003). Our results revealed that JEV stimulated
rapid phosphorylation of p42/p44 MAPK, which
was significantly inhibited by pretreatment with
U0126. In addition, the JEV-induced expression
of MMP-9 protein was significantly inhibited by
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pretreatment with U0126 or transfection with ERK1
siRNA, indicating that p42/p44 MAPK cascade par-
ticipated in MMP-9 induction in RBA-1 cells. These
results are consistent with those obtained with
hepatitis B viral HBx- and papillomavirus E2
protein-induced MMP-9 expression, via the p42/p44
MAPK pathway (Chung et al., 2004; Behren et al.,
2005). Next, we confirmed the involvement of p38
MAPK in JEV-induced MMP-9 expression in RBA-1
cells. Our data showed that JEV stimulated phos-
phorylation of p38 MAPK and led to MMP-9 expres-
sion, which was blocked by pretreatment with
SB203580 or transfection with p38 siRNA. These
results indicated that JEV-induced MMP-9 expres-
sion was partially mediated through the activation
of p38 MAPK pathway, consistent with other results
showing that the activation of p38 MAPK is neces-
sary for HIV-1 gp120-induced MMP-9 expression in
rat glioma cell line (Misse et al., 2001). Apart from
p42/p44 MAPK and p38 MAPK, we found that JEV-
induced MMP-9 expression was mediated through
the activation of JNK1/2, as pretreatment with
SP600125 or transfection with JNK2 siRNA attenu-
ated JEV-induced responses. These observations are
consistent with reports that the activation of JNK1/2
has been shown to induce MMP-9 expression in
several cell types (Woo etal., 2004; 2005). These
results suggest that the JEV-stimulated MMP-9
expression was mediated through MAPKs in RBA-1
cells. Moreover, previous studies have reported that
ROS regulate MAPKSs activation (Kulisz et al., 2002;
Schwabe and Brenner, 2006; Komatsu et al., 2008;
Sarro et al., 2008). In this study, we ascertained that
MAPKs activated by JEV infection were diminished
by pretreatment with the APO, DPI and NAC. These
results suggested that JEV-induced MAPKSs activation
was mediated through NADPH oxidase activation
and ROS generation in RBA-1 cells.

It has been well established that certain inflam-
matory responses following exposure to extracellu-
lar stimuli are highly dependent on the activation of
NF-xB which plays an important regulatory role in
the expression of certain genes (Chen et al., 2000a;
Bian et al., 2001). In this study, MMP-9 expression
induced by JEV was abolished by pretreatment with
HLN or transfection with p65 siRNA, indicating that
the activation of NF-xB was involved in the JEV-
induced expression of MMP-9. Moreover, a rapid
activation of NF-xB following JEV exposure was
observed, which was also inhibited by HLN.
However, it remains unclear how the production of
ROS and the activation of these MAPKs are associ-
ated with NF-xB gene expression. Interestingly, our
results demonstrated that JEV-stimulated NF-«B acti-
vation was inhibited by pretreatment with NAC,
DPI, APO, U0126, SB203580 or SP600125, indicat-
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Figure 9

Cytokines released from rat brain astrocytes-1 cells induced by Japa-
nese encephalitis virus (JEV) infection. After 24 h cultured in serum-
free medium, the cells were treated with JEV (moi = 1) for 48 h. The
cultured medium was collected and the levels of cytokines were
determined using a cytokine array assay kit. Data are expressed as
mean *+ SEM of three independent experiments. *P < 0.05; #P < 0.01
as compared with the control.

ing that the production of ROS and the activation of
MAPK pathways may also play a role in NF-xB-
dependent gene expression. Moreover, our data con-
firmed that JEV-induced MMP-9 expression
triggered by these signalling components was medi-
ated through regulating MMP-9 promoter transcrip-
tion activity and mRNA expression.

In this study, our results demonstrated that JEV-
stimulated NF-xB translocation was essential for
MMP-9 induction mediated through NADPH
oxidase/ROS and MAPKs in RBA-1 cells. In addition,
we also found that JEV infection could induce the
expression of cytokines, such as CINC-2, CINC-3,
CNTE, fractalkine, IFN-y, IL-1a, IL-1B, TIMP-1 and
TNF-o in RBA cells, which may be involved in the
expression of MMP-9 (Figure 9). The roles of these
mediators in the expression of MMP-9 will be the
subject of a future study. Based on our findings, a
schematic pathway depicts a model for the activa-
tion of these signalling molecules leading to MMP-9
expression in RBA-1 cells exposed to JEV (Figure 10).
These findings concerning JEV-induced MMP-9
expression in RBA-1 cells imply that JEV might play
an important role in CNS inflammation and neuro-
logical disease. Understanding the underlying
mechanisms of MMP-9 expression and its subse-
quent involvement in inflammatory processes in
the CNS may provide useful therapeutic targets that
could improve the treatment of brain inflammatory
conditions caused by JEV infection.
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Figure 10

Scheme of the JEV-mediated signalling pathways linked to matrix
metalloproteinase (MMP-9) expression in brain astrocytes. Japanese
encephalitis virus (JEV)-induced MMP-9 expression is mediated
through  NADPH oxidase/reactive oxygen species (ROS)/MAPKs
leading to NF-kB activation. This signalling pathway might contrib-
ute to sustained expression of MMP-9 which is implicated in brain
inflammation. Moreover, JEV may induce expression of some cytok-
ines, including IL-1¢, IL-B, TNF-oe and IFN-y in rat brain astrocytes-1
cells.
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