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BACKGROUND AND PURPOSE

Neuroinflammation through microglial activation is involved in the pathogenesis of neurodegenerative diseases including
Parkinson’s disease (PD), a major neurodegenerative disorder characterized by dopaminergic neuronal death in the substantia
nigra. We examined our novel synthetic compound VSC2 for its anti-inflammatory properties towards development of a PD
therapy.

EXPERIMENTAL APPROACH
We tested the effects of VSC2 on production of various NF-xB-dependent proinflammatory molecules and Nrf2-dependent
antioxidant enzymes in BV-2 microglia and in vivo.

KEY RESULTS

The vinyl sulfone compound, VSC2, most effectively suppressed the production of NO in LPS-activated microglia. It also
down-regulated expression of inducible NOS (iNOS), COX-2, IL-1B and TNF-o and inhibited nuclear translocalization and
transcriptional activity of NF-xB. VSC2 increased total and nuclear Nrf2 levels, induced Nrf2 transcriptional activity and was
bound to Keap1 with high affinity. Expression of the Nrf2-regulated antioxidant enzyme genes NAD(P)H quinone
oxidoreducase-1 (NQO-1), haem oxygenase-1 (HO-1) and glutamylcysteine ligase (GCL) were up-regulated by VSC2. In the
MPTP mouse model of PD, oral administration of VSC2 decreased the number of activated microglia in the substantia nigra,
lowered the levels of iINOS, COX-2 and IL-1B, and protected the dopaminergic neurons. VSC2 also elevated the levels of
NQOT1, HO-1, GCL and Nrf2 in the nigrostriatal area.

CONCLUSIONS AND IMPLICATIONS
VSC2 has both anti-inflammatory and antioxidant properties and prevented neuroinflammation in microglia and in an animal
model of PD. This suggests VSC2 as a potential candidate for PD therapy.

Abbreviations

ARE, antioxidant response element; GCLC, glutamate-cysteine ligase catalytic subunit; GCLM, glutamate-cysteine ligase
modulatory subunit; HO-1; haem oxygenase-1; iNOS; inducible NOS; NQO1, NAD(P)H: quinone oxidoreductase 1;
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD, Parkinson’s disease; ROS, reactive oxygen species; RT, reverse
transcription; SN, substantia nigra; TH, tyrosine hydroxylase; VSC2, (E)-1-(2-((2-methoxyphenyl)sulfonyl)vinyl)-
2-chlorobenzene
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Tables of Links

Enzymes

COX-2

HO-1, haem oxygenase 1
iNOS, inducible NOS

Curcumin
Dopamine
IL-18

NO
TNF-o

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Neuroinflammation is commonly observed in several neuro-
degenerative disorders including Parkinson’s disease (PD) and
Alzheimer’s disease and is mainly caused by microglial acti-
vation. Although neuroinflammation is a mechanism that
protects the organism from infection and injury, if not turned
off in a timely manner, it can become chronic and contribute
to neurodegeneration (see Tansey and Goldberg, 2010;
Blandini, 2013).

The primary neuropathological feature of PD is the exten-
sive loss of dopaminergic neurons in the substantia nigra
(SN). The currently available treatments for PD only relieve
the symptoms without delaying the degeneration itself, and
drugs that can modify the disease progression are being
actively sought. While the reasons for the selective loss of the
nigral dopaminergic neurons still remain to be clarified, oxi-
dative stress and neuroinflammation are believed to be major
contributors. Increased reactive oxygen species (ROS) produc-
tion within the microglia by enzymes such as NADPH
oxidase, as well as ROS produced by nearby cells, are known
to elicit activation of the MAPK pathways and IxB kinase and
nuclear translocalization of the transcription factor NF-xB
(Gloire et al., 2006). This in turn leads to increased produc-
tion of proinflammatory enzymes such as inducible NOS
(iNOS), COX-2, the cytokines TNF-o and IL-18 and NO, all of
which can contribute to neurodegeneration. Indeed, we and
others have previously reported that ways to suppress pro-
duction of these proinflammatory molecules can protect the
nigral dopaminergic neurons in animal models of PD
(Teismann and Ferger, 2001; Zhou et al., 2005; Cho et al.,
2009; Son et al., 2012; Stuckenholz et al., 2013).

The transcription factor Nrf2 has been shown to down-
regulate inflammatory responses. For example, TNF-o-
induced lung inflammation and LPS-induced NF-xB
activation were greatly increased in Nrf2 knockout mice
(Thimmulappa et al., 2006). Inflammatory mediators such as
TNF-0, IL-1B, COX-2 and iNOS were overexpressed in the
Nrf2 knockout mice and these mice were hypersensitive to
neuroinflammation induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP; Rojo etal., 2010) and LPS
(Innamorato et al.,, 2008). NF-xB activation (Jeong etal.,
2004) and microglial activation (Innamorato et al., 2008)
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induced by LPS could be attenuated by diverse Nrf2 activa-
tors, such as phenethyl isothiocyanate, sulforaphane and cur-
cumin. It has also been reported that Nrf2 activation is
closely related with down-regulation of the NF-xB-associated
inflammatory activity in macrophages and microglia (Lin
etal., 2008; Koh etal., 2011; Lee etal., 2011; Kang et al.,
2013). Although the mechanism by which Nrf2 down-
regulates neuroinflammation awaits elucidation, it is gener-
ally believed that the mechanism involves the Nrf2-regulated
antioxidant enzyme activities that eliminate intracellular
ROS within microglia. These enzymes include NAD(P)H:
quinone oxidoreductase 1 (NQO1), haem oxygenase-1
(HO-1) and glutamate-cysteine ligase (GCL).

Chalcone has a unique o,B-unsaturated ketone, a struc-
ture which is thought to elicit anti-inflammatory properties,
among others (see Bukhari et al., 2013). We have recently
discovered that introduction of a vinyl sulfone to this
o,B-unsaturated carbonyl moiety leads to a significant
increase in the ability to activate the Nrf2 signalling pathway.
We have subsequently generated 56 different vinyl sulfone
derivatives (Woo et al., 2014), some of which are shown in
Table 1. In the present study, we demonstrate that one of
these compounds, a vinyl sulfone with a methoxy group at
the 2’ position (VSC2; (E)-1-(2-((2-methoxyphenyl)sulfonyl)
vinyl)-2-chlorobenzene) has an excellent anti-inflammatory
and antioxidant profile in microglia both in vitro and in vivo.

Methods

Syntheses of vinyl sulfone compounds

The vinyl sulfone compounds were prepared by the methods
previously reported by us (Woo et al., 2014) and their struc-
tures were confirmed by NMR. The full chemical names are
listed in Table 1.

Cell culture

BV-2 mouse microglial cells were cultured in DMEM contain-
ing 10% FBS, 100 IU-L™ penicillin and 10 pg-mL™ streptomy-
cin at 37°C, 95% air and 5% CO, in humidified atmosphere.

Preparation of proteins for Western blot
Nuclear fractions and cell lysates were obtained using the
protocol described previously (Woo et al., 2014). To obtain in


http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1376
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Table 1

Vinyl sulfone compounds with their respective chemical names

VSC2 is anti-inflammatory and neuroprotective

Compound? Chemical names

VSC2

VSC3

VSC4

VSC2a
VSC2b
VSC2c
vscad
VSC2e
VSC2f
VSC2g
VSC2h

(E)-1-(2-((2-Methoxyphenyl)sulfonyl)vinyl)-2-chlorobenzene
(E)-1-(2-((3-Methoxyphenyl)sulfonyl)vinyl)-2-chlorobenzene
(E)-1-(2-((4-Methoxyphenyl)sulfonyl)vinyl)-2-chlorobenzene
(E)-1-(2-((2-Methoxyphenyl)sulfonyl)vinyl)-2-trifluoromethylbenzene
(E)-1-(2-((2-Methoxyphenyl)sulfonyl)vinyl)-3-trifluoromethylbenzene
(E)-1-(2-((2-Methoxyphenyl)sulfonyl)vinyl)-4-trifluoromethylbenzene
(B)-1-(2-((2-Methoxyphenyl)sulfonyl)vinyl)-2-fluorobenzene
(B)-1-(2-((2-Methoxyphenyl)sulfonyl)vinyl)-3-fluorobenzene
(B)-1-(2-((2-Methoxyphenyl)sulfonyl)vinyl)-4-fluorobenzene
(B)-1-(2-((2-Methoxyphenyl)sulfonyl)vinyl)-3-chlorobenzene
(B)-1-(2-((2-Methoxyphenyl)sulfonyl)vinyl)-4-chlorobenzene

2Syntheses of these compounds have previously been reported by us (Woo et al., 2014).

vivo samples, the striatal tissue was dissected out on ice and
immediately homogenized in fourfold (w/v) 10 mM phos-
phate buffer (pH 7.0) containing 0.1% NP-40. After centrifu-
gation at 14 000x g for 15 min, the supernatant was obtained.

Western blot analyses

As previously described (Son et al., 2012; Woo et al., 2014),
equal amounts (30 pg) of protein were separated, transferred
onto a membrane and blocked. The membranes were incu-
bated overnight with primary antibody against NF-xB
(1:1000), iNOS (1:1000), COX-2 (1:200), Nrf2 (1:2000), HO-1
(1:1000), GCLC (1:3000), GCLM (1:200), NQO1 (1:1000),
lamin B (1:200), hsp90 (1:1000) or B-actin (1:20000) at 4°C
and then with HRP-conjugated secondary antibodies for 1 h
at room temperature. Protein bands were visualized using
chemiluminescence substrate and quantitatively analysed by
densitometry.

RT-PCR

Total RNA was isolated from cells using TRIzol reagent.
Reverse transcription was carried out using M-MuLV reverse
transcriptase and random primer at 25°C for 10 min, 37°C for
60 min and 70°C for 10 min. RT-PCR was performed on the
cDNA obtained from 4 pg of total RNA as described previ-
ously (Woo et al., 2014). Real-time PCR was performed using
TOPreal qPCR 2 x PreMix with SYBR green (Enzynomics,
Daejeon, Korea) and a CFX real-time PCR detection system
(Bio-Rad) according to the manufacturer’s instructions. The
sequences of primers used were as follows: NQO1 (forward,
5-GCGAGAAGAGCCCTGATTGTACTG-3’; reverse, 5-TCTC
AAACCAGCCTTTCAGAATGG-3"), HO-1 (forward, 5-CAAG
CCGAGAATGCTGAGTTCATG-3’; reverse, 5-GCAAGGGAT
GATTTCCTGCCAG-3’), GCLC (forward, 5-ACATCTACCAC
GCAGTCAAGGACC-3’; reverse, 5-CTCAAGAACATCGCCT
CCATTCAG-3’), GCLM (forward, 5-GCCACCAGATTTGAC
TGCCTTTG-3'); reverse, S-TGCTCTTCACGATGACCGAGTA

CC-3"), IL-1B (forward, 5’-TGTAATGAAAGACGGCACACC-3%;
reverse, S-TCTTCTTTGGGTATTGCTTGG-3’), TNF-o. (for-
ward, 5’-CTGTAGCCCACGTCGTAGC-3’; reverse, 5S'-TTGAGA
TCCATGCCGTTG-3’), iNOS (forward, 5-GGCAGCCTGTGA
GACCTTTG-3’; reverse, 5-GCATTGGAAGTGAAGCGTTTC-
3’), COX-2 (forward, 5-TGAGTACCGCAAACGCTTCTC-3’;
reverse, 5-TGGACGAGGTTTTTCCACCAG-3) and GADPH
(forward, 5’-CGACTTCAACAGCAACTCCCACTCTTCC-3%;
reverse, 5-TGGGTGGTCCAGGGTTTCTTACTCCTT-3").

Antioxidant response element (ARE)-luciferase
activity assay

BV-2 cells were seeded on 12-well plates and transiently trans-
fected with 1 ug of ARE-pGL4 plasmid (Hara et al., 2006) and
0.2 pg pRL-TK plasmid using Lipofectamine 2000 reagent (Inv-
itrogen, Carlsbad, CA, USA) for 48 h. Cells were treated with
various concentrations of VSC2 for 6 h. Luciferase activities in
the cell lysates were measured using dual-luciferase reporter
assay system (Promega, Madison, WI, USA). The luciferase
activity was then normalized against the control pRL-TK.

NF-xB binding element-luciferase assay

BV-2 cells were seeded on 12-well plates and transiently trans-
fected with 1 pg of NF-xB-luciferase plasmid and 0.2 pg
pRL-TK plasmid using Lipofectamine 2000 reagent for 48 h.
Cells were treated with various concentrations of VSC2 with
0.2 ug-mL™ LPS for 6 h. Luciferase activities in the cell lysates
were measured using dual-luciferase reporter assay system
(Promega). The luciferase activity was then normalized
against the control pRL-TK.

Cytotoxicity assay

BV-2 cells were seeded on 96-well plates and treated with
various concentrations of VSC2 for 24h. The intracellular ATP
levels were measured using the CellTiter-Glo luminescent cell
viability assay kit (Promega).
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Griess assay

BV-2 cells were seeded on 96-well plates and treated with
various concentrations of VSC2 with 0.2 ug-mL™" LPS. After
24 h, the NO; level in the medium was measured as described
previously (Cho etal.,, 2009). The concentration of com-
pounds causing 50% inhibition (ICso) of LPS-induced NO
induction was calculated by sigmoidal non-linear regression
analysis (GraphPad Prism 4.0, La Jolla, CA, USA).

Measurement of TNF-o

BV-2 cells were seeded on 6-well plates and treated with
various concentrations of VSC2 with 0.2 ug-mL™ LPS. After
24 h, TNF-a in cell culture medium was measured by ELISA
using TNF-o ELisa kit.

Measurement of IL-1J3

BV-2 cells were seeded on 6-well plates and treated with
various concentrations of VSC2 with 0.2 ug-mL™" LPS for
24 h, and the cell lysate was obtained. The nigral tissue was
dissected out on ice and immediately homogenized in four-
fold (w/v) 10 mM phosphate buffer (pH 7.0) containing 0.1%
NP-40. After centrifugation at 14 000x g for 15 min, the
supernatant was obtained. IL-1f was measured by ELIsA using
IL-1P ELsA Kit.

Production of an animal model of PD and

its treatment

The procedures for the model of PD have been described
earlier (Woo etal., 2014). Male C57Bl/6 mice (n = 13 per
group) were given VSC2 by oral gavage, suspended in
N-methyl-2-pyrrolidone and 20% Tween 80 in saline, at
10 mg-kg™ per day, every day for 3 consecutive days. To
make the PD model, MPTP (20 mg-kg™, dissolved in saline)
was injected intraperitoneally four times, 2 h apart, in a
single day. The first MPTP injection was made 24 h after the
first VSC2 administration.

Immunohistochemistry

Seven days after the first MPTP injection, the animals were
anaesthetized with 30 mg-kg™' zoletil and 1 mg-kg™' xylazine
and transcardially fixed in 4% paraformaldehyde. Brains were
taken out, postfixed in 4% paraformaldehyde, cryoprotected
and then cut into 20 um sections. The substantia nigra (SN)
pars compacta area was delineated according to the mouse
brain atlas (Franklin and Paxinos, 1997). A total of five sec-
tions (every fourth section, 80 um apart) from each animal
was taken and we made sure that the nigral sections from the
different treatment groups represented similar anatomical
regions by carefully checking with the mouse brain atlas.
They were subjected to tyrosine hydroxylase (TH) immu-
nostaining. Additional five sections, each posteriorly adjacent
to those immunostained against TH, were subjected to Iba-1
immunostaining. After incubation with either anti-TH
(1:2000) or anti-Iba-1 (1:300) antibodies, the sections were
exposed to biotinylated secondary antibody followed by
avidin/biotinylated HRP using the Vectastain ABC kit. The
immunoreactivities were visualized by incubation in 0.05%
3,3’-diaminobenzidine and 0.003% H,O,. Iba-1 immunoposi-
tive cells were quantitated by densitometry. Images of SN
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region from each section were captured using a Zeiss Observer
Z1 Microscope operated by the ZEN software (Carl Zeiss,
Gottingen, Germany). The immunodensity value of each
region was measured after converting the image to grey scale
using Image Guage 4.0 (Fuji Photo Film Co., Tokyo, Japan).
The final immunodensity values were calculated by subtract-
ing background density, obtained from regions lacking
immunoreactions. All values for each group were averaged
and represented % of vehicle-treated group + SEM.

TH-Iba-1 double immunofluorescence
staining

For double immunofluorescence staining against TH and
Iba-1, five nigral sections (every fourth section, 80 um apart)
that were anteriorly adjacent to those immunostained against
TH (explained earlier) were taken from all animals. They were
blocked with PBS containing 1% BSA, 0.2% Triton X-100 and
0.05% sodium azide and then incubated overnight with
anti-TH (1:2000) and anti-Iba-1 (1:300) antibodies, followed
by incubation for 1h with Fluor Alexa 546-labelled anti-
mouse IgG (1:200) and Fluor Alexa 488-labelled anti-rabbit
IgG (1:200). They were viewed under a confocal microscope
(LSM 710; Carl Zeiss Microscopy GmbH, Jena, Germany).

Surface plasmon resonance

Surface plasmon resonance experiments were performed on a
Biacore T100 instrument (GE Healthcare, Uppsala, Sweden)
at 25°C to test if VSC2 binds to Keapl protein. Anti-His
antibody was first immobilized on CMS chips using the
amine coupling kit and His capture kit (GE Healthcare).
At a flow rate of 10 uL-min™, each flow cell was activated
for 7 min with an equal mixture of 0.4 M 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide = hydrochloride = and
0.1 M N-hydroxysuccinimide. The anti-His antibody
(50 pug-mL™) in 10 mM sodium acetate (pH 4.5) was injected
for 7 min, resulting in immobilization level of about 4000
resonance units. The surface on the CMS chip was then
deactivated for 7 min with 1 M ethanolamine (pH 8.5). Puri-
fied His-tagged Keapl was then captured by injecting the
protein (100 ug-mL™") at a flow rate of 10 uL-min™ for 150 s
over the immobilized anti-His antibody. VSC2, prepared as
0.5-10 mM stock solutions in 10% DMSO, was diluted in
HBS-EP* (GE Healthcare) to make the final DMSO concentra-
tion of 1%. Binding experiments were performed by passing
various concentrations of VSC2 in running buffer (1% DMSO
in HBS-EP") at a flow rate of 30 uL-min! for 180 s, followed by
dissociation for 300 s. At each cycle, the sensor chip was
regenerated by passing 10 mM glycine-Cl (pH 1.5) at a flow
rate of 30 uL-min' for 60 s. The recorded sensograms were
then analysed (BIAevaluation software, GE Healthcare). To
correct for non-specific interactions, the reference surface
data (running buffer only) was subtracted from the reaction
surface data. The Kp was calculated after globally fitting the
data using a 1:1 binding model.

Data analyses

Data are expressed as mean = SEM. Data were analysed using
the two-tailed Student’s f-test or one- or two-way aANova, fol-
lowed by post Dunnett’s multiple comparison test and
Tukey’s multiple comparison test. Statistical tests were carried



out using Prism. A value of P < 0.05 was considered statisti-
cally significant for all analyses.

Materials

FBS, horse serum, RPMI 1640, DMEM, penicillin-
streptomycin, trypsin/EDTA and TRIzol reagent were from
Life Technologies (Seoul, Korea). LPS, PMSF and MPTP were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Primary
antibodies used were: rabbit polyclonal anti-mouse Nrf2,
GCL catalytic subunit (GCLC) (Novus Biologicals, Littleton,
CO, USA), GCL modulatory subunit (GCLM), NF-xB and
Iba-1 (Wako Chemicals, Osaka, Japan) antibodies; goat poly-
clonal anti-mouse COX-2, lamin B (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), HO-1 (Enzo Life Sciences,
Farmingdale, NY, USA), Hsp90 (Cell Signaling, Danvers, MA,
USA) and NQO1 (Ab Frontier, Seoul, South Korea) antibodies;
and mouse monoclonal anti-mouse B-actin and tyrosine
hydroxylase (TH) antibodies (Sigma-Aldrich). Anti-rabbit IgG,
anti-goat IgG and anti-mouse IgG were from Sigma-Aldrich.
Alexa Fluor 546 goat anti-mouse IgG and Alexa Fluor 488
goat anti-rabbit IgG were purchased from Molecular Probe
(Eugene, OR, USA). Recombinant His-tagged Keapl protein
was provided by Bioprogen (Daejeon, Korea). First strand
cDNA synthesis kit for reverse transcription (RT)-PCR was
purchased from MBI Fermentas (Ontario, Canada). ELIsA Kits
for IL-1B and TNF-o were from R&D Systems (Minneapolis,
MN, USA) and eBioscience (San Diego, CA, USA) respectively.
Bradford protein assay kit was from Bio-Rad (Hempstead,
UK). Vectastain ABC kit and biotinylated secondary antibod-
ies were purchased from Vector Laboratories (Burlingame,
CA, USA). Enhanced luminal-based chemiluminescence
Western blotting detection system was obtained from Pierce
Chemical (Rockford, IL, USA).

Results

VSC2 down-regulates NO production in
activated microglia that correlates with

Nrf2 activity

To determine whether vinyl sulfone derivatives might exhibit
anti-inflammatory properties, we selected three methoxy
vinyl sulfone compounds having a chloro group at 2’ posi-
tion. VSC2, VSC3 and VSC4. These compounds differed in
that a methoxy group was substituted at 2’, 3" and 4’ positions
of the phenyl group respectively (Figure 1A). BV-2 microglia
cells were activated by LPS and the amount of NO produced
in the presence of each compound was assessed. The data
showed that all three compounds suppressed NO production
in a dose-dependent manner, with VSC2 demonstrating the
highest activity (Figure 1B). Significant inhibition was
achieved at 1 uM VSC2 and almost complete inhibition at
5 uM (Figure 1B), with an ICs of 1.52 uM. VSC3 and VSC4
were relatively less active (ICso = 2.96 and 16.22 pM respec-
tively). Curcumin, used as a positive control compound,
had an ICs, of 13.24 uM. Interestingly, we had previously
noted that VSC2 had the highest potency in inducing
Nrf2-dependent gene expression (3.8-fold compared with
vehicle-treated control for HO-1 at 20 uM), followed by
VSC3 (2.8-fold) and VSC4 (1.6-fold) (Woo et al., 2014). Thus,

VSC2 is anti-inflammatory and neuroprotective
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Figure 1

VSC2 down-regulates NO production in activated microglia that
correlates with Nrf2 activity. (A) Chemical structures of VSC2, VSC3
and VSC4; (B) BV-2 cells were exposed to various concentrations of
vinyl sulfones and 0.2 ug mL™" LPS. After 24 h, the NO in the cell
culture medium was measured. Curcumin was used as a positive
control compound. The data are expressed as % of LPS-induced
increase = SEM and % of LPS-treated + SEM; *P < 0.05, **P < 0.01
versus LPS-treated. (C) BV-2 cells were exposed to 20 uM of various
vinyl sulfones (listed in Table 1) and 0.2 pg-mL™" LPS. After 24 h, NO
in the cell culture medium was measured. % of LPS-treated was
plotted against degrees of HO-1 induction, and the best-fit line was
generated by Sigma Plot software.

it was possible that a correlation existed between the
NO-suppressing and Nrf2-activating activities of these com-
pounds. For confirmation, we investigated the effects of nine
different VSC2 derivatives on NO production and compared
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Table 2
Effects of VSC2-derivatives on HO-1 and NO production

Compound

VSC2a 2-CF;3
VSC2b 3-CF;
VSC2c 4-CF;3
vscCad 2-F
VSC2e 3-F
VSC2f 4-F
VSC2 2-Cl
VSC2g 3-Cl
VSC2h 4-Cl
Vehicle®

LPS-treated

HO-1 (%)® NO (%)®
328 +31.8 29.9 + 3.1
256 +39.8 44.6+1.7
357 £11.7 321429
373 £11.1 24.0+0.7
353 +23.4 31.9+0.5
259 +19.6 489+1.5
382 +£12.6 15.2+0.5
245+17.6 321+1.7
330 £19.8 31.5+2.4
100 16.2+0.6
100.0

?HO-1-inducing activity at 20 uM in BV-2 cells, determined previously by Woo et al., (2014), expressed as % of untreated control + SEM. °NO
production at 20 pM in LPS-treated BV-2 cells, expressed as % of LPS-treated control = SEM. “Vehicle: 0.04% DMSO.

them with their Nrf2-activating activities (Table 2). The
results revealed a fairly good linearity (Figure 1C). The data
taken together suggested that the NO-suppressing activity of
the vinyl sulfone compounds was likely to be associated with
Nrf2 signalling. The subsequent experiments were performed
on VSC2, the compound with the highest potency.

VSC2 suppresses expression of
proinflammatory enzymes in

activated microglia

We tested whether VSC2 might alter the gene expression of
iNOS, the NO-synthesizing enzyme in microglia. As shown
in Figure 2A and B, iNOS gene expression, dramatically
enhanced by LPS, was dose-dependently suppressed by VSC2
at both mRNA and protein levels. Production of the proin-
flammatory enzyme COX-2 was also suppressed in a similar
pattern (Figure 2C and D). VSC2 had no cytotoxicity by itself
in the same concentration range (Figure 2E), demonstrating
that the reductions were not due to cell death. The data from
densitometric analyses of RT-PCR (gel photos on top,
Figure 2A and C) and real-time RT-PCR (histograms on
bottom) corresponded with each other very well, indicating
that the two methods could be utilized interchangeably at
least under our experimental conditions. Such findings were
consistently observed in all of the subsequent experiments
that measured mRNA levels (Figures 3A, B and 6A-D).

VSC2 suppresses production of
proinflammatory cytokines in

activated microglia

VSC2 was examined for its effects on production of the pro-
inflammatory cytokines. LPS-induced elevation of IL-1f3 was
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suppressed by VSC2 (Figure 3A and B), with 1 uM already
dramatically lowering both mRNA and protein levels. TNF-o
was also down-regulated in a dose-dependent manner, with
significant down-regulation observed at 1-5uM VSC2
(Figure 3C and D).

VSC2 suppresses NF-kB signalling in
activated microglia

Effects of VSC2 on NF-kB, the transcription factor responsi-
ble for expression of proinflammatory genes, were tested. As
shown in Figure 4A, the NF-xB p65 subunit, which was dra-
matically increased in the nuclear fraction upon LPS treat-
ment, was lowered in a VSC2-dose-dependent manner.
The nuclear fraction was not contaminated by cytosolic
proteins as confirmed by the absence of immunore-
activity to the cytosolic marker hsp90. The trans-
criptional activity of nuclear NF-xB was also tested after
transfecting the cells with a plasmid containing the NF-xB
binding element and luciferase gene. Determination of the
luciferase activity revealed that the VSC2 treatment effi-
ciently lowered the NF-kxB-dependent gene transcription
(Figure 4B).

VSC2 binds Keapl and activates Nrf-2
signalling in microglia

Whether VSC2 might activate the microglial Nrf2 signalling
was determined. As shown in Figure 5A, nuclear Nrf2 was
dose-dependently increased by VSC2, with a significant
increase at 1 uM. Because the activated cytosolic Nrf2 is not
subjected to degradation by the ubiquitin-proteasome system
(Fourquet et al., 2010), the total level would be expected to
increase. Indeed, VSC2 caused elevation of total cellular Nrf2
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VSC2 suppresses expression of proinflammatory enzymes in activated microglia. BV-2 cells were exposed to various concentrations of VSC2 and
0.2 ug-mL™" LPS. (A, C) The cells were harvested after 6 h and RT-PCR (gel photos above) and real-time RT-PCR (histograms below) were
performed against INOS and COX-2, using GAPDH as an internal control. (B,D) The cells were harvested after 24 h and Western blot analyses were
performed against iNOS and COX-2, using B-actin as an internal control. The data are expressed as % of LPS-treated + SEM; *P < 0.05, **P < 0.01
versus LPS-treated. (E) Viability of BV-2 cells that had been exposed to various concentrations of VSC2 for 24 h was assessed by intracellular ATP
assay. No changes in viability were observed.
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protein (Figure 5B). We also tested whether VSC2 might lead
to elevation of the Nrf2 transcriptional activity by transfect-
ing the cells with a plasmid containing ARE, the Nrf2-binding
element, and determining the luciferase reporter activity. The
results showed that VSC2 was indeed able to increase the
ARE-dependent luciferase activity in a dose-dependent
manner (Figure 5C).

Because Nrf2 activation is known to require release from
its binding protein Keapl, we tested whether VSC2 might
directly act on Keapl. This was done by detecting changes
in surface plasmon resonance of Keapl in the presence of
VSC2. For this, Keapl was immobilized on a sensor chip
and VSC2 in free solution was allowed to interact with
Keapl. Analysis of the sensograms indicating real-time
interaction showed a dose-dependent increase (Figure SD)
and the Kp was determined to be 5.05 x 107 The data
together indicated the presence of a direct binding between
VSC2 and Keapl.
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VSC2 induces gene expression of antioxidant
enzymes in microglial cells

Because the Nrf2-dependent antioxidant enzymes have been
associated with anti-inflammatory properties (Rushworth
etal., 2008; Paine etal., 2010), we asked whether these
enzyme genes might be induced in microglial cells by VCS2
in the same concentration range. The NQO1 mRNA level
appeared to be dramatically and dose-dependently elevated
by VSC2, as its level in untreated BV-2 cells was very low
(Figure 6A). Western blot analysis also revealed the elevation
of NQO1 protein that was already evident at 1uM
(Figure 6E). HO-1, the enzyme that converts haem to biliver-
din and carbon monoxide, was also increased dose-
dependently at both mRNA and protein levels by VSC2, with
significant increases observed at 5 uM (Figure 6B and F). GCL,
an enzyme in the biosynthetic pathway for the major cellular
antioxidant glutathione, consists of two subunits, the modu-
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latory (GCLM) and catalytic (GCLC) subunits (Botta et al.,
2008; Lu, 2009). RT-PCR against GCLM and GCLC showed
that both subunits were effectively induced by VSC2
(Figure 6C and D). Dose-dependent increases were also
observed at the protein level (Figure 6G and H).

VSC2 inhibits microglial activation in an
animal model of PD

We determined whether VSC2 could suppress neuroinflam-
mation in vivo by utilizing the MPTP-elicited model of PD in
mice. Iba-1, a microglial marker (Sierra et al., 2007), was used
to visualize microglial cells in the SN, the region of the dopa-
minergic neurons that undergo degeneration in PD. As seen
in Figure 7A, an increase in the Iba-1-immunoreactive cells
was evident in the SN region in the MPTP-treated animals,
but this was not observed in the VSC2-co-treated animals.
Higher magnification revealed that the MPTP treatment
caused the microglia cells to assume amoeboid morphology
typical of activated microglia (Loane and Byrnes, 2010). In
comparison, the microglia in the VSC2-co-treated animals
and vehicle-treated animals had a ramified morphology of
resting microglia. Quantitative analysis showed that the Iba-1
immunodensity was doubled in the MPTP animals (196 +
20% of vehicle-treated control), whereas the level remained
low in the VSC2-co-treated (124 + 21%). Double immuno-
fluorescent staining for TH and Iba-1 (Figure 7B) also con-
firmed that the number of microglia is greatly reduced in the
VSC2-co-treated group. Upon merging, the TH-positive dopa-
minergic neurons were detected only where microglia was
absent, indirectly confirming the role of activated microglia
in dopaminergic neurodegeneration. VSC2 alone had no

apparent effect on Iba-1 or TH staining in the SN (data not
shown).

We also determined whether the proinflammatory system
might also be suppressed by VSC2 in the same in vivo system.
Western blot analysis revealed that, as expected, iNOS and
COX-2 were elevated in the MPTP-treated PD model com-
pared with the vehicle-treated model. These increases were
attenuated when the animals were co-treated with VSC2 (by
33% and 25% for iNOS and COX-2 respectively) (Figure 7C).
The cytokine IL-1fB, up-regulated in the MPTP animals, was
also abolished in the VSC2-co-treated animals (Figure 7D).
Whether the Nrf2-dependent system is induced in the same
VSC2-treated animals was tested. As expected, Western blot
analyses on the striatal tissues revealed dramatic elevations in
the levels of Nrf2 (435% of untreated control) as well as the
Nrf2-dependent antioxidant enzymes HO-1 (378%) and
GCLM (378%) and NQO1 (Figure 7E). Among the antioxi-
dant enzymes, NQO1 appeared to be most dramatically
increased, but the degree of induction could not be accurately
assessed due to the non-detectable level in the untreated
control.

Discussion and conclusions

Currently, there is no therapy available that suppresses the
progression of neurodegeneration in PD and neuroinflamma-
tion is believed to play a significant role in the pathogenesis
of the disease (see Tansey and Goldberg, 2010; Blandini,
2013). Hence, anti-inflammatory agents that modify the
disease progress would be highly beneficial. In the present
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study, we introduce a novel synthetic compound VSC2 that
has a potent activity in down-regulating the production of
proinflammatory mediators both in vitro and in vivo. VSC2
interacted with Keapl, caused Nrf2 activation and led to
expression of the Nrf2-dependent antioxidant enzymes in
microglia.

Compounds with anti-inflammatory properties have
been shown to provide neuroprotection in animal models of
PD. We have previously reported that doxycycline (Cho
et al., 2009) and a novel synthetic compound 7-hydroxy-6-
methoxy-2-propionyl-1,2,3,4-tetrahydro-isoquinoline  (Son
et al., 2012) suppressed the production of proinflammatory
mediators and protected the nigral dopaminergic neurons in
the mouse model of PD. Natural compounds such as licoch-
alcone E (Kim et al.,, 2012) and sulforaphane (Jazwa et al.,
2011; Morroni et al., 2013) and a new synthetic triterpenoid
(Kaidery et al., 2013) have also been observed to possess
similar properties. Herein, we introduce another compound
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that can effectively down-regulate the production of inflam-
matory molecules NO, iNOS, COX-2, TNF-o. and IL-1f and
the transcriptional activity of NF-xB in activated microglia,
suppress microglial activation and protect the nigral
neurons.

Evidence shows that Nrf2 is involved in the regulation of
neuroinflammation in various PD models (Innamorato et al.,
2008; 2010; Rojo et al., 2010). In other systems, existence of a
cross-talk between the Nrf2 system and NF-xB pathway has
been reported (Wakabayashi et al., 2010) and NF-xB activa-
tion induced by LPS could be attenuated by natural Nrf2
activators (Jeong et al., 2004). We demonstrate in the present
study that VSC2 induces Nrf2 activation by the following
observations: (i) the compound bound to Keap1, the Nrf2-
inhibiting protein whose modification releases and activates
Nrf2 (Villeneuve et al., 2010); (ii) the compound increased
Nrf2 in the nucleus, the site of action for the transcription
factor; (iii) the compound led to the stabilization of Nrf2 (i.e.
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increased total Nrf2 level), indicative of liberation of Nrf2
from Keapl; (iv) the compound increased the transcriptional
activity of Nrf2; and (v) the compound led to induction of
expression of the Nrf2-regulated genes.

It is likely that the anti-inflammatory property of VSC2 is
at least in part obtained via Nrf2 activation. The correlation
between Nrf2-activating and anti-inflammatory activities
among the various vinyl sulfones also supports this view. The
vinyl sulfone compounds do not directly scavenge free radi-
cals (data not shown), eliminating the possibility that VSC2
might directly remove ROS. Therefore, it is most likely that
the Nrf2-regulated antioxidant enzymes within microglia,
induced by VSC2, remove ROS and prevent the ROS-induced
NF-xB activation and the subsequent production of proin-
flammatory molecules. Additionally, it is possible that VSC2
might concurrently act on other pathways that influence the
system.

VSC2 appeared to directly interact with the Keapl
protein. Keapl is known to contain multiple cysteine resi-
dues, some of which have been identified as the thiol whose
modification causes a conformational change in the protein
(Kaspar etal.,, 2009). VSC2 has an activated vinyl group,
which is a Michael-type addition acceptor expected to be

attacked by cellular nucleophiles such as the thiol group of
cysteine. Previous studies have shown that Michael reaction
acceptors activate the Nrf2 pathway (Dinkova-Kostova et al.,
2001) and that the o,B-unsaturated carbonyl group acceptor
interferes with Keapl-Nrf2 binding (Wu et al., 2010). It is
therefore possible that VSC2 acts on the cysteine thiol(s) of
Keapl causing a conformational change and liberation of
Nrf2.

Natural compounds such as sulforaphane, curcumin and
chalcones exhibit antioxidant and anti-inflammatory prop-
erties. However, many of the natural compounds have
limited metabolic stability and low brain penetration rate,
resulting in low efficacy especially when aiming at disorders
of the CNS. We found that our vinyl sulfone compounds have
stability against microsomal and plasma enzymes in an
acceptable range (data not shown). This may have contrib-
uted to the relatively potent microglia-suppressing and neu-
roprotective effects of VSC2 in our animal model. VSC2 was
effective at a moderately low dose of 10 mg-kg™, given by oral
gavage. In comparison, a higher dose seems to be required for
sulforaphane: Clarke efal. (2011) showed that after oral
gavage of 35 or 140 mg-kg™', the amount of sulforaphane
detected in the brain was 1/1000 of that in the small intestine

British Journal of Pharmacology (2015) 172 1087-1100 1097
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and that no free sulforaphane was detected after 2 h. Phar-
macokinetic and toxicity studies are being carried out to
assess the utility of VSC2 as a drug for the CNS.

Use of drugs that activate the Nrf-2 signalling pathway
should be especially relevant for treatment of PD, among
age-related chronic diseases. The nigral system is particularly
prone to ROS generation due to the presence of dopamine
itself and the related enzymes. Degenerating nigral dopamin-
ergic neurons release a number of cellular factors such as
neuromelanin, o-synuclein and matrix metalloproteinase-3
that trigger microglial activation (see Hwang, 2013). Cyto-
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toxic and inflammatory mediators released from the micro-
glia in turn exert damage to nearby dopaminergic neurons,
completing the vicious cycle that is thought to underlie the
progressive nature of the neurodegeneration (see Blandini,
2013). As such, VSC2 should be able to block this chain of
events at both ends. In the dopaminergic neurons, it can
prevent oxidative damage and release of immunogenic mol-
ecules and in microglia it can preclude accumulation of ROS
and proinflammatory molecules. Therefore, the neuroprotec-
tion by VSC2 shown in the PD animal model is likely to come
from the combined effects of these mechanisms.



In conclusion, we have synthesized a novel compound
VSC2 that, in cultured microglia and in vivo, (i) prevents
NF-xB activation and production of iNOS, NO, COX-2, TNF-o.
and IL-1B; and (ii) induces activation of Nrf2 signalling and
expression of antioxidant enzymes HO-1, NQO1, GCLC and
GCLM. This is accompanied by protection of the SN dopa-
minergic neurons. Together with our previous finding that
VSC2 can directly protect dopaminergic neurons and allevi-
ate the PD-associated motor dysfunction, VSC2 should be
useful towards the development of a therapy for PD.
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