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a  b  s  t  r  a  c  t

Neuroinflammation  and  oxidative  stress  are  involved  in  the  pathogenesis  of  neurodegenerative  dis-
eases  such  as  Alzheimer’s  diseases  and  Parkinson’s  disease.  Naturally  derived  kavalactones  isolated  from
Piper  methysticum  (Piperaceae)  have  been  shown  to  exhibit  neuroprotective  effects.  We  have  previously
reported  that  a chemically  synthesized  kavalactone  derivative,  2′,6′-dichloro-5-methoxymethyl-5,6-
dehydrokawain  (compound  1)  protects  against  oxidative  stress-induced  neuronal  cell death  through
activation  of  Nrf2  signaling.  In the present  study,  we examined  the effect  of compound  1  on  neuroin-
flammation.  In  BV2  microglial  cells,  compound  1 strongly  inhibited  LPS-stimulated  iNOS  induction  and
NO production,  but  did  not  affect  LPS-stimulated  induction  of  COX2.  At  6 h  after  LPS challenge,  when
iNOS  induction  was  not  clearly  seen,  treatment  with  LPS  or compound  1  alone  increased  expression
of  heme  oxygenase  1 (HO-1)  whose  transcription  is  regulated  by  Nrf2.  When  treated  with  both,  com-
pound  1  enhanced  LPS-stimulated  HO-1  induction,  which  was  more  evident  at  24  h  after  LPS  treatment.
Furthermore,  LPS-stimulated  activation  of  Nrf2  signaling  and  nuclear  translocation  of  Nrf2  were  poten-
tiated by  compound  1.  The  mechanism  by  which  compound  1 activated  Nrf2 signaling  was  supposed
to  be  a  covalent  modification  of  the sulfhydryl  groups  of  Keap1  by an  �,�-unsaturated  carbonyl  group
present  in  the compound  1. Treatment  with  hemin,  a HO-1  inducer,  and  with  [Ru(CO)3Cl2]2, a  CO  donor,
decreased  LPS-stimulated  iNOS  induction  and  NO  production.  In contrast,  siRNA-mediated  knockdown  of
HO-1  expression  reduced  the  inhibitory  effect  of  compound  1 on LPS-stimulated  iNOS  induction  and  NO

production.  The  compound  1 inhibited  LPS-stimulated  ERK  phosphorylation  after  LPS  treatment.  Finally,
compound  1 suppressed  LPS/IFN-�-stimulated  NO production  in primary  microglial  cells.  These  results
suggest  that  compound  1  is  capable  of  inhibiting  LPS-stimulated  iNOS  induction  and  NO  production  via
activation  of  Nrf2  signaling  and  HO-1  induction  in  microglial  cells.  Taken  together,  compound  1 has  a

inflam
potential  to reduce  neuro

activation  of  Nrf2 signaling.

Abbreviations: Nrf2, nuclear factor E2-related factor 2; HO-1, heme oxygenase-
;  Keap1, kelch-like ECH-associated protein 1; CO, carbon oxide; TLR4, toll like
eceptor 4; NO, nitric oxide; iNOS, inducible isoform of nitric oxide synthase; LPS,
ipopolysaccharide; IFN-�, interferon-�.
∗ Corresponding author. Research Team for Mechanism of Aging, Tokyo
etropolitan Institute of Gerontology.
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mation  as well  as  oxidative  stress  in neurodegenerative  diseases  through
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1. Introduction

Microglial activation and neuroinflammation as well as oxida-
tive stress are implicated in a variety of neurodegenerative diseases
including Alzheimer’s disease and Parkinson’s disease [1].  Pharma-
cological or nutritional intervention to attenuate these processes
has a potential to alleviate neurodegenerative diseases.
Transcription factor Nrf2 (nuclear factor E2-related factor 2)
is a master regulator of detoxifying/antioxidant phase II enzymes
including heme oxygenase 1 (HO-1). Nrf2 binds to a specific DNA
sequence termed antioxidant response element (ARE) present in

dx.doi.org/10.1016/j.phrs.2013.02.002
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
mailto:mito@tmig.or.jp
dx.doi.org/10.1016/j.phrs.2013.02.002
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he promoter region of phase II enzymes and enhances their tran-
cription [2,3]. Under unstressed conditions, Nrf2 associates with

 cytoplasmic repressor Keap1 (kelch-like ECH-associated protein
) and undergoes proteasome-dependent degradation. Covalent or
xidative modification of the cysteine sulfhydryl groups of Keap1
y electrophiles or reactive oxygen species (ROS), respectively,

eads to conformational changes of Keap1, resulting in nuclear
ranslocation of Nrf2. Nuclear translocation is also enhanced by
hosphorylation of Nrf2 by protein kinases [4].  Naturally derived
ompounds such as curcumin and sulforaphane interact with
eap1 and activate Nrf2 signaling [5,6]. Accumulating evidence has
emonstrated that activation of Nrf2 signaling attenuates oxidative
tress in neurodegenerative diseases through induction of phase
I antioxidant enzymes such as HO-1 [7].  On the other hand, it
as been also reported that Nrf2 activation and HO-1 induction
re involved in the regulation of inflammation [8].  In macrophages
nd glial cells, HO-1 induction caused by LPS stimulation results in
roduction of carbon monooxide (CO), which in turn inhibits LPS
ignaling [9].  In macrophages, the HO-1/CO pathway suppresses
PS signaling by regulating the interaction of toll like receptor 4
TLR4) with caveolin-1 [10]. Furthermore, naturally derived com-
ounds have been shown to suppress LPS signaling via HO-1

nduction in glial cells [11–13].
Piper methysticum popularly known as Kava belongs to the pep-

er family (Piperaceae) [14]. Kava beverage is produced by water
xtraction of roots, which has been traditionally used in social and
eremonial events and consumed in the South Pacific Islands. Kava
xtracts have anxiolytic, sedative and analgesic effects, and most
f these pharmacological effects have been ascribed to six kavalac-
ones isolated from kava extracts including yangonin, kawain and

ethysticin [15]. Medicines and supplements containing kava
xtracts had been used worldwide, but were withdrawn from the
arkets due to hepatotoxicity [16,17]. The hepatotoxicity, how-

ver, was later suggested to be caused by contamination with
lkaloids [18]. A recent clinical trial demonstrated that the water
xtracts of kava exhibit significant anxiolytic and anti-depressant
ctivities with no safety concerns [19].

The administration of naturally derived kavalactones to mice
meliorated cerebral infarction [20]. It has been reported that
aturally derived kavalactones attenuate cell death caused by
myloid � via activation of Nrf2 signaling in rat pheochro-
ocytoma PC12 cells, a model of neuronal cells [21]. In an

ttempt to identify a more potent Nrf2 activator, we  synthesized
 series of chemically modified kavalactones and found that
′,6′-dichloro-5-methoxymethyl-5,6-dehydrokawain [(E)-6-(2′,6′-
ichlorostyryl)-4-methoxy-5-(methoxymethyl)-2H-pyran-2-one]
hereinafter referred to as compound 1) activates Nrf2 signaling

ore strongly than naturally derived compounds in PC12 cells
22]. The compound 1 ameliorated H2O2-induced PC12 cell
eath through activation of Nrf2 signaling and induction of
hase II antioxidant enzymes including HO-1. Thus, we  and
thers have demonstrated that compound 1 and naturally
erived kavalactones are effective in neuroprotection in part
hrough reduction of oxidative stress via activation of Nrf2
ignaling.

Nitric oxide (NO) is involved in a variety of important physiologi-
al processes including vasodilatation, neurotransmission and host
efense [23]. However, an excessive amount of NO is detrimen-
al, resulting in inflammatory diseases such as neurodegenerative
iseases as well as rheumatoid arthritis, gastritis, bowel inflamma-
ion and bronchitis [24]. In macrophages and microglial cells, NO
s synthesized by inducible isoform of nitric oxide synthase (iNOS),
hich catalyzes the reaction of l-arginine to l-citrulline and NO.
he iNOS expression is induced in response to various stimuli such
s lipopolysaccharide (LPS), interferon, tumor necrosis factor � and
nterleukin 1� [25].
al Research 71 (2013) 34– 43 35

In the present study, we  investigated if the chemically syn-
thesized kavalactone derivative, compound 1, could attenuate
neuroinflammation in addition to oxidative stress. In microglial
BV2 cells, we examined the effect of compound 1 on LPS-stimulated
iNOS induction and NO production and explored the under-
lying mechanisms with a special focus on Nrf2 signaling and
HO-1 induction. We  finally studied if compound 1 could inhibit
LPS/interferon-� (IFN-�)-stimulated NO production in primary
microglial cells similarly in BV2 cells.

2. Materials and methods

2.1. Antibodies

The antibodies recognizing Akt, p-Akt, ERK1/2, p-ERK1/2, p38,
p-p38, iNOS, COX2, NF�B and lamin A/C were purchased from
Cell Signaling Technology (Beverly, CA, USA). Anti-HO-1 and -�-
actin antibodies were from Stressgen Bioreagents (Ann Arbor, MI,
USA) and Sigma–Aldrich (St. Louis, MO,  USA), respectively. Anti-
body against Nrf2 was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

2.2. A chemically synthesized kavalactone derivative

The kavalactone derivative, compound 1, 2′,6′-dichloro-5-
methoxymethyl-5,6-dehydrokawain [(E)-6-(2′,6′-dichlorostyryl)-
4-methoxy-5-(methoxymethyl)-2H-pyran-2-one] was chemically
synthesized and its chemical structure was  confirmed by nuclear
magnetic resonance (NMR) and mass spectrometric analyses as
previously described [22].

2.3. BV2 cell culture and treatments

The murine BV2 microglial cell line was obtained from Dr.
Makoto Sawada (Nagoya University, Nagoya, Japan). Cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% heat-inactivated fetal bovine serum (FBS), 100 U/ml of peni-
cillin and 100 �g/ml streptomycin in a humidified atmosphere of
5% CO2 at 37 ◦C. Cells were seeded in 6-well plates at a density
of 4 × 105 cells/well. Cells were treated with LPS (Sigma–Aldrich)
at 1 �g/ml. An NO donor, S-nitroso-N-acetyl-dl-penicillamine
(SNAP), a HO-1 inducer, ferriprotoporphyrin IX chloride (hemin),
and a CO donor, tricarbonyldichlororuthenium ([Ru(CO)3Cl2]2),
were obtained from Wako Pure Chemical Industries (Osaka, Japan),
Frontier Scientific (Logan, UT, USA) and Sigma–Aldrich, respec-
tively.

2.4. Primary microglial cell culture and treatments

Microglial cells were isolated from the mixed cultures of
cerebrocortical cells from postnatal day 1–2 C57/BL6 mice, as
described previously [26]. In brief, cortical tissue was trypsinized
for 3 min, dissociated with a fire-polished pipette. Mixed glial
cells were cultured for 9–12 day in DMEM (Nissui, Tokyo,
Japan) supplemented with 10% FBS (Hyclone Labratories, Logan,
UT, USA), 2 mM l-glutamine, 0.2% d-glucose, 5 �g/ml insulin,
0.37% NaHCO3, 100 U/ml penicillin, 100 �g/ml streptomycin, with
medium changes every 5 day. Microglial cells were then sep-
arated from the underlying astrocytic layer by gentle shaking
of the flask for 2 h at 37 ◦C in a shaker-incubator (120 rpm).
Microglial cells were then isolated as strongly adhering cells

after unattached cells were removed. The cells were plated
in 24-well plates (8 × 105 cells/dish). The purity of microglia
was >98%, which was evaluated by staining with Iba-1, a
marker for microglia/macrophage. Cells were treated with LPS
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Fig. 1. Effects of compound 1 and naturally derived kavalactones on LPS-stimulated
iNOS induction and NO production in BV2 cells. BV2 cells were incubated for 1 h
in  the absence (control) or presence of 10 �M compound 1 and naturally derived
kavalactones (yangonin, kawain and methysticin), and then treated with or without
LPS (1 �g/ml). Twenty-four hours after LPS treatment, cell lysates were harvested
and  subjected to Western blot analysis for iNOS, COX2 and �-actin. A representative
blot from three independent experiments is shown along with densitometric data
(mean ± SE, n = 3). The band intensities were normalized by �-actin and the data
were presented as a ratio relative to control with LPS. Cell culture media were also
6 R. Terazawa et al. / Pharma

Sigma–Aldrich) at 200 ng/ml and IFN-� (Pepro Tech, Rocky Hill,
J, USA) at 25 ng/ml.

.5. Measurement of nitrite production

The nitrite accumulated in the culture medium was measured
s an indicator of NO production using the Griess reagent kit
Promega, Madison, WI,  USA). Cell culture media were centrifuged
t 4 ◦C for 5 min  and the supernatant was subjected to measure-
ent of nitrite.

.6. Western blot analysis

Whole cell extracts were prepared using the RIPA buffer (10 mM
ris–HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-
0, 0.1% SDS, 0.1% sodium deoxycholate) containing protease

nhibitor cocktails and phosphatase inhibitor cocktails 1 and 2
Sigma–Aldrich). Nuclear and cytoplasmic fractions were isolated
sing the NE-PER nuclear and cytoplasmic extraction reagents
Thermo Fisher Scientific, San Jose, CA, USA). Extracts were sep-
rated by SDS-PAGE and transferred onto PVDF membranes. After
locking with 5% skim milk for 1 h, membranes were incubated
vernight at 4 ◦C with a primary antibody and then reacted with

 HRP-conjugated secondary antibody for 1 h. Immunoreactive
roteins were visualized using the ECL Prime Western blotting
etection reagents (GE Healthcare, Piscataway, NJ, USA) and the
AS 4000 imaging system (Fuji Film, Tokyo, Japan). Quantitative
nalysis of band intensities was performed using the Multi Gauge
oftware (Fuji Film). Densitometric data of Western blots from
hree independent experiments were used for statistical analysis.

.7. Transfection and luciferase assay

The pGL4 vector (Promega) containing ten copies of the antiox-
dant response element (ARE) enhancer sequences present within
he promoter region of glutathione S-transferase Ya subunit gene
27] upstream of the minimal promoter fused to a firefly luciferase
ene was used as an ARE reporter gene. The ARE firefly luciferase
eporter vector and the Renilla luciferase expression vector (phRL;
romega) were transfected into cells by using lipofectamine 2000
eagent (Invitrogen, Carlsbad, CA, USA). Luciferase activities were
easured using the Pikkagene Dual luciferase assay system (TOYO

-Net, Tokyo, Japan). Firefly luciferase activity was normalized to
enilla luciferase activity.

.8. Small interfering RNA transfection

Small interfering RNA (siRNA) for mouse HO-1 was purchased
rom Thermo Scientific Dharmacon (Lafayette, CO, USA). Negative
ontrol Medium GC Duplex #2 obtained from Invitrogen was  used
s a negative control siRNA. The siRNAs were transfected into cells
y using lipofectamine 2000 reagent according to the manufac-
urer’s protocol (Invitrogen).

.9. Statistical analysis

All data were analyzed using one-way ANOVA followed by
isher’s LSD test. P < 0.05 was considered statistically significant.

. Results

.1. Compound 1 and naturally derived kavalactones reduce
PS-stimulated iNOS induction and NO production in BV2

icroglial cells

Treatment for 24 h with compound 1 and naturally derived
avalactones (yangonin, kawain and methysticin) (Suppl. Fig. 1)
harvested for measurement of nitrite (mean ± SE, n = 3). **P < 0.01 vs. control without
LPS, #P < 0.05, ##P < 0.01 vs. control with LPS.

did not affect the viability of BV2 microglial cells at a concentra-
tion of 10 �M (data not shown). We  therefore investigated their
effects on LPS-stimulated iNOS induction and NO production at
10 �M in BV2 cells. As shown in Fig. 1, pretreatment for 1 h with
compound 1 as well as yangonin, kawain and methysticin resulted
in an inhibition of LPS-stimulated NO production. The inhibitory
effect of compound 1 was much stronger than those of naturally
derived kavalactones. Consistent with these findings, iNOS induc-
tion at 24 h after LPS challenge was suppressed more effectively
by compound 1 than by yangonin, kawain and methysticin. How-
ever, compound 1 and naturally derived kavalactones did not affect
LPS-stimulated cyclooxygenase 2 (COX2) induction. These results
suggest that both compound 1 and naturally derived kavalactones
are capable of reducing iNOS induction and NO production in LPS-
stimulated BV-2 cells.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.phrs.2013.02.002.

3.2. Compound 1 inhibits LPS-stimulated iNOS induction and NO

production in BV2 cells in a concentration-dependent manner

Since compound 1 was  more effective than naturally derived
kavalactones in inhibiting LPS-stimulated iNOS induction and

http://dx.doi.org/10.1016/j.phrs.2013.02.002


R. Terazawa et al. / Pharmacological Research 71 (2013) 34– 43 37

Fig. 2. Effects of treatment with increasing concentrations of compound 1 on LPS-
stimulated iNOS induction and NO production in BV2 cells. BV2 cells were incubated
for  1 h in the absence or presence of increasing concentrations of compound 1 (2,
5,  10 and 30 �M),  and then treated with or without LPS (1 �g/ml). Twenty-four
hours after LPS treatment, cell lysates were harvested and subjected to Western
blot  analysis for iNOS and �-actin. A representative blot from three independent
experiments is shown. Cell culture media were also harvested for measurement of
n
#

N
s
i
p
i
c

3
6

i
L
s
s
a
b
t

3
H

m
b
(
i
t
i
T
i
n
L
(

Fig. 3. Effects of time of treatment with compound 1 on LPS-stimulated iNOS induc-
tion and NO production in BV2 cells. BV2 cells were incubated for 1 h in the absence
or  presence of 10 �M compound 1, and then treated with or without LPS (1 �g/ml).
Six and 24 h after LPS treatment, cell lysates were harvested and subjected to West-
ern blot analysis for iNOS and �-actin. A representative blot from three independent

in BV2 cells. After treatment with compound 1, LPS and both,
Nrf2 nuclear translocation was  evident after 60 min  (Fig. 5A). At
120 min, treatment with LPS, compound 1 and both increased

Fig. 4. Effects of compound 1 on LPS-stimulated HO-1 induction in BV2 cells. BV2
cells were incubated for 1 h in the absence or presence of 10 �M compound 1, and
then treated with or without LPS (1 �g/ml). Six and 24 h later, cell lysates were har-
vested and subjected to Western blot analysis for HO-1 and �-actin. A representative
itrite (mean ± SE, n = 3). **P  < 0.01 vs. cells without compound 1 and without LPS,
#P < 0.01 vs. cells without compound 1 and with LPS.

O production (Fig. 1), we focused on compound 1 in the
ubsequent experiments. We  treated BV2 cells for 1 h with increas-
ng concentrations of compound 1 (0, 2, 5, 10 and 30 �M)
rior to LPS challenge. The results showed that compound 1

nhibits LPS-stimulated iNOS induction and NO production in a
oncentration-dependent manner (Fig. 2).

.3. Induction of iNOS and production of NO are not clearly seen
 h after treatment with LPS in BV2 cells

We  examined if the inhibitory effect of compound 1 on
NOS induction and NO production is seen earlier than 24 h in
PS-stimulated BV2 cells. At 6 h after LPS treatment, iNOS expres-
ion was not clearly seen compared with that at 24 h (Fig. 3). In
upport of this finding, NO production was not at all elevated
t 6 h after LPS challenge, indicating that it takes more than 6 h
efore LPS-stimulated iNOS induction and subsequent NO produc-
ion become apparent in BV2 cells.

.4. Pretreatment with compound 1 potentiates LPS-stimulated
O-1 induction in BV2 cells

It has been shown that LPS enhances HO-1 expression in
acrophages [8,9]. In BV2 cells, HO-1 expression was increased

y 1.4 fold at 6 h after LPS treatment and by 3.0 fold at 24 h
Fig. 4). Treatment with compound 1 alone resulted in an increase
n HO-1 expression at 6 h (1.6 fold) and 24 h (1.7 fold). When
reated with both, compound 1 enhanced LPS-stimulated HO-1
nduction at both 6 and 24 h (2.6 and 5.1 fold, respectively).
hese results suggest that compound 1 is capable of potentiat-
ng LPS-stimulated HO-1 induction in BV2 cells. It is important to

ote that HO-1 expression was increased in BV2 cells at 6 h after
PS treatment, when iNOS protein induction was  not clearly seen
Fig. 3).
experiments is shown. Cell culture media were also harvested for measurement of
nitrite (mean ± SE, n = 3). **P < 0.01 vs. cells without compound 1 and without LPS,
##P < 0.01 vs. cells without compound 1 and with LPS.

3.5. Nuclear translocation of Nrf2 and activation of Nrf2 signaling
caused by LPS are enhanced by pretreatment with compound 1

Since expression of phase II enzymes including HO-1 is regu-
lated by Nrf2 at the transcription level, we  examined the effects
of LPS, compound 1 and both on nuclear translocation of Nrf2
blot from three independent experiments is shown along with densitometric data
(mean ± SE, n = 3). The band intensities were normalized by �-actin and the data
were presented as a ratio relative to cells without compound 1 and without LPS
**P < 0.01 vs. cells without compound 1 and without LPS.



38 R. Terazawa et al. / Pharmacological Research 71 (2013) 34– 43

Fig. 5. Effects of compound 1 on Nrf2 nuclear translocation and Nrf2 signaling in LPS-stimulated BV2 cells. (A) BV2 cells were incubated for 1 h in the absence or presence
of  10 �M compound 1, and then treated with or without LPS (1 �g/ml). At indicated time points, nuclear fractions were harvested and subjected to Western blot analysis
for  Nrf2 and lamin A/C, a nuclear marker. A representative blot from three independent experiments is shown along with densitometric data (mean ± SE, n = 3). The band
intensities were normalized by lamin A/C and the data were presented as a ratio of Nrf2 at 120 min  to that at 0 min. *P ≤ 0.05, **P  ≤ 0.01 vs. cells with both LPS and compound
1.  (B) BV2 cells were transfected with the ARE firefly luciferase reporter vector and Renilla luciferase control vector. Twenty-four hours after transfection, cells were incubated
f ithout LPS (1 �g/ml) for 24 h, followed by luciferase assays. The firefly luciferase activity
w wn as a ratio to cells without compound 1 and without LPS (mean ± SE; n = 3; **P ≤ 0.01).
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Fig. 6. Effects of treatment with hemin on LPS-stimulated iNOS induction and NO
production in BV2 cells. BV2 cells were treated with or without LPS (1 �g/ml) in
the absence or presence of hemin, an HO-1 inducer (20, 50 and 100 �M).  Twenty-
or  1 h in the absence or presence of 10 �M compound 1, and then treated with or w
as  normalized to the Renilla luciferase activity. The ARE enhancer activity was sho

rf2 nuclear translocation by 2.9, 2.1 and 5.3 fold, respectively, as
ompared to the basal level at 0 min. In addition, we performed
uciferase reporter assay to evaluate the effects of treatments on
rf2 signaling. LPS and compound 1 increased the ARE (antioxi-
ant response element) enhancer activity by 12 fold and 3 fold,
espectively. When treated with both, the enhancer activity was
ynergistically increased by 23 fold (Fig. 5B). These results indicate
hat compound 1 activates Nrf2 signaling by itself and also poten-
iates LPS-stimulated Nrf2 signaling. Combined with the previous
ata (Fig. 4), it is suggested that compound 1 is capable of enhanc-

ng LPS-stimulated activation of Nrf2 signaling and induction of
O-1.

.6. HO-1 overexpression by treatment with hemin inhibits
PS-stimulated iNOS induction and NO production in BV2 cells

HO-1 has been shown to inhibit LPS-stimulated iNOS induction
n macrophages [28]. We  thus analyzed the effects of HO-1 over-
xpression on LPS-stimulated iNOS induction and NO production
sing hemin, a strong inducer of HO-1 expression. We  treated cells
ith increasing concentrations of hemin (0, 20, 50 and 100 �M)

n the absence of LPS and confirmed that hemin indeed induced
O-1 expression in BV2 cells (Fig. 6). When treated with LPS alone,
O-1 expression was increased by 2.3 fold as observed before

n Fig. 4, which was significantly upregulated by treatment with
emin. Hemin treatment markedly inhibited LPS-stimulated iNOS

nduction even at 20 �M and the inhibitory effect was  most promi-

ent at 100 �M. Consistent with these findings, hemin treatment
trongly suppressed NO production in a concentration-dependent
anner. These results suggest that HO-1 inhibits LPS-stimulated

NOS induction and NO production in BV2 cells.

four  hours later, cell lysates were harvested and subjected to Western blot analysis
for  HO-1, iNOS and �-actin. A representative blot from three independent experi-
ments is shown. Cell culture media were also harvested for measurement of nitrite
(mean ± SE, n = 3). **P < 0.01 vs. cells without compound 1 and without LPS, ##P < 0.01
vs.  cells without compound 1 and with LPS.
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Fig. 7. Effects of treatment with [Ru(CO)3Cl2]2 on LPS-stimulated iNOS induction
and NO production in BV2 cells. BV2 cells were treated with or without LPS (1 �g/ml)
in  the absence or presence of [Ru(CO)3Cl2]2, a CO donor (10 and 30 �M).  Twenty-
four hours later, cell lysates were harvested and subjected to Western blot analysis
for  HO-1, iNOS and �-actin. A representative blot from three independent experi-
ments is shown. Cell culture media were also harvested for measurement of nitrite
(mean ± SE, n = 3). **P < 0.01 vs. cells without compound 1 and without LPS, ##P < 0.01
vs.  cells without compound 1 and with LPS.

Fig. 8. Effects of treatment with SNAP on HO-1 induction in BV2  cells. BV2 cells
R. Terazawa et al. / Pharma

.7. Treatment with [Ru(CO)3Cl2]2 inhibits LPS-stimulated iNOS
nduction and NO production in BV2 cells

HO-1 catalyzes the oxidative degradation of heme to free iron,
iliverdin and CO [29]. The HO-1/CO system has been shown to be

nvolved in a variety of cellular processes including inflammation.
ere, we examined if CO could inhibit LPS-stimulated iNOS induc-

ion and NO production in BV2 cells. Treatment with increasing
oncentrations of [Ru(CO)3Cl2]2, a CO donor (0, 10 and 30 �M),  did
ot affect the expression level of HO-1 in LPS-stimulated BV2 cells,
ut the CO donor decreased LPS-stimulated iNOS induction and NO
roduction at 30 �M (Fig. 7), suggesting that CO generated by HO-1
ay  participate in the inhibition.

.8. Treatment with S-nitroso-N-acetyl-dl-penicillamine (SNAP)
nduces HO-1 expression in BV2 cells

It has been previously reported that NO activates Nrf2 signaling
y S-nitrosylation of Keap1 in PC12 cells [30]. We  thus analyzed
he effect on HO-1 expression of SNAP, an NO donor. As shown in
ig. 8, SNAP significantly increased HO-1 expression as well as NO
roduction at 100 �M or higher. These results together with the
revious data (Figs. 6 and 7) suggest that NO produced by activa-
ion of LPS signaling and subsequent induction of iNOS expression
ctivates Nrf2 signaling and induces HO-1 expression, resulting in
nhibition of LPS-stimulated iNOS induction and NO production in
art via CO production.

.9. Knockdown of HO-1 expression by siRNA reduces the
nhibitory effects of compound 1 on LPS-stimulated iNOS
nduction and NO production in BV2 cells

In an attempt to demonstrate the direct role of HO-1 in the
nhibition by compound 1 of LPS-stimulated iNOS induction and
O production, we transfected BV2 cells with a control siRNA or
O-1 siRNA and then treated cells with or without LPS and with
r without compound 1. HO-1 expression was effectively reduced
y siRNA transfection (Fig. 9). The inhibitory effect of compound 1
n LPS-stimulated iNOS induction was decreased in HO-1 siRNA-
ransfected cells (0.55 fold) compared to control siRNA-transfected
ells (0.24 fold). Similarly, HO-1 knockdown reduced the inhibitory
ffect of compound 1 on LPS-stimulated NO production from 0.05
old to 0.71 fold. These results suggest that HO-1 plays a direct role
n the inhibition of LPS-stimulated iNOS induction and NO produc-
ion by compound 1.

.10. Compound 1 inhibits LPS-stimulated ERK phosphorylation
n BV2 cells

LPS binding to the cell surface receptor triggers activation of
LR4 and the downstream signaling molecules including I�B and
itogen-activated protein kinases such as c-Jun NH2-terminal

rotein kinase (JNK), p38 MAP  kinase and extracellular signal-
egulated kinase (ERK). LPS signaling activates transcription factors
uch as nuclear factor kappa B (NF�B) and activator protein 1 (AP1),
ulminating in the expression of pro-inflammatory genes includ-
ng iNOS and COX2 [31,32]. Here, we investigated the effects of
ompound 1 on intracellular signal transduction. Treatment with
ompound 1 alone did not affect phosphorylation of p38, JNK and
kt, but inhibited that of ERK (Fig. 10A). On the other hand, com-
ound 1 significantly inhibited ERK phosphorylation at 15 min  after
PS treatment (x0.56 fold, P < 0.01 vs. without compound 1), but

id not affect JNK and Akt phosphorylation (Fig. 10B). The nuclear
ranslocation of NF�B induced by LPS stimulation was not signifi-
antly different between compound 1-treated and untreated cells.
ur results suggest that the ERK but not NF�B pathway may be

were treated with increasing concentrations of SNAP, an NO donor (1, 10, 100, 300
and  500 �M).  Six hours later, cell lysates were harvested and subjected to Western
blot analysis for HO-1 and �-actin. A representative blot from three independent
experiments is shown. Cell culture media were also harvested for measurement of
nitrite (mean ± SE, n = 3). *P < 0.05, **P  < 0.01 vs. cells without SNAP.
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Fig. 9. Effects of HO-1 knockdown on LPS-stimulated iNOS induction and NO pro-
duction in BV2 cells. BV2 cells were transfected with a control siRNA or HO-1 siRNA.
Twenty-four hours after transfection, cells were incubated for 1 h in the absence or
presence of 10 �M compound 1, and then treated with or without LPS (1 �g/ml).
Twenty-four h after LPS treatment, cell lysates were harvested and subjected to
Western blot analysis for HO-1, iNOS and �-actin. A representative blot from three
independent experiments is shown along with densitometric data (mean ± SE, n = 3).
The  band intensities were normalized by �-actin. Cell culture media were also har-
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ested for measurement of nitrite. For each siRNA transfection, the fold change
elative to cells treated without compound 1 and with LPS is shown (mean ± SE;

 = 3; **P < 0.01; NS, not significant).

nvolved in the inhibition by compound 1 of LPS-stimulated iNOS
nduction and NO production.

.11. Compound 1 inhibits LPS/IFN-�-stimulated NO production
n primary microglial cells

In order to confirm the physiological and pathological rele-
ance of our results obtained in BV2 cultured microglial cells, we
tudied the effect of compound 1 on NO production in mouse pri-
ary microglial cells. We  initially treated primary microglial cells
ith LPS alone, but the LPS-stimulated NO production was  rela-

ively small. Therefore, we used IFN-� (25 ng/ml) as well as LPS
200 ng/ml) to stimulate microglia according to the experimental
onditions described in the previous literatures [33–35].  We  pre-
reated cells with compound 1 for 24 h and then incubated with
PS/IFN-� for 12 h. In support of the observation in BV2 cells (Fig. 1),
ompound 1 inhibited NO production after LPS/IFN-� stimulation
n primary microglial cells (Fig. 11).

. Discussion
In the present study, we  demonstrated that a chemically synthe-
ized kavalactone derivative, compound 1, inhibits LPS-stimulated
NOS induction and NO production in BV2 microglial cells. At 6 h
fter LPS challenge, when iNOS induction was not clearly seen,
al Research 71 (2013) 34– 43

treatment with LPS or compound 1 alone resulted in an increase in
HO-1 expression. When treated with both, compound 1 enhanced
LPS-stimulated HO-1 induction, which was more evident at 24 h
after LPS treatment. In support of these findings, LPS-stimulated
activation of Nrf2 signaling and nuclear translocation of Nrf2 were
potentiated by compound 1. Treatment with hemin, an inducer
of HO-1 expression, and [Ru(CO)3Cl2]2, a CO donor, inhibited
iNOS induction and NO production in LPS-stimulated BV2 cells.
In contrast, knockdown of HO-1 expression by siRNA reduced the
inhibitory effects of compound 1 on LPS-stimulated iNOS induction
and NO production. Our results indicate that pretreatment with
compound 1 potentiates LPS-stimulated Nrf2 activation and HO-1
induction, thereby inhibiting iNOS induction and NO production in
BV2 cells (Fig. 12). Furthermore, SNAP, an NO donor, increased HO-1
expression. Based on temporal profile of iNOS and HO-1 expres-
sion, we speculated that at an earlier time after LPS treatment,
LPS activates Nrf2 signaling and induces HO-1 expression, which
in turn inhibits iNOS induction and NO production. At a later time
when a significant amount of NO is produced by induction of iNOS
caused by LPS stimulation, NO also activates Nrf2 signaling and
induces HO-1 expression, further inhibiting iNOS induction and NO
production.

We have previously reported that compound 1 ameliorates
H2O2-induced PC12 cell death through induction of phase II antiox-
idant enzymes via activation of Nrf2 signaling [22]. The compound
1 increased phosphorylation of ERK1/2 and p38 prior to nuclear
translocation of Nrf2, and pretreatment with inhibitors of MEK1/2
and p38 diminished induction of HO-1 caused by compound 1,
suggesting that compound 1 may  activate Nrf2 signaling by phos-
phorylation of Nrf2. If compound 1 activated intracellular signaling
in BV2 cells, it would be possible that it activates not only Nrf2
signaling but also LPS signaling. Unlike in PC12 cells, treatment with
compound 1 did not activate phosphorylation of p38, JNK and Akt,
but rather slightly inhibited ERK phosphorylation. This is proba-
bly due to cell-type specific differences in the effects of compound
1 on signal transduction. It is therefore unlikely that compound 1
activates Nrf2 signaling by phosphorylation of Nrf2 in BV2 cells.

In addition to Nrf2 phosphorylation, covalent modification by
electrophiles of the sulfhydryl groups of Keap1 has been pro-
posed as another mechanism of Nrf2 activation. Naturally derived
phytochemicals such as curcumin, caffeic acid phenethyl ester
(CAPE) and zerumbone have 2, 1 and 1 �,�-unsaturated car-
bonyl groups, respectively [5,6,36]. They are supposed to interact
with the sulfhydryl groups of Keap1 as electrophiles or Michael
reaction acceptors, activating Nrf2 signaling. We  have previously
reported that sesquiterpene lactones extracted from Calea urticifo-
lia (Compositae) and feverfew activate Nrf2 signaling in a manner
dependent on the number of �,�-unsaturated carbonyl groups each
compound bears [37]. Since compound 1 has one �,�-unsaturated
carbonyl group, it is likely that compound 1 directly interacts with
Keap1, thereby activating Nrf2 signaling.

It has been reported that a variety of compounds inhibit
LPS-stimulated induction of pro-inflammatory genes through sup-
pression of signal transduction. Here, we  examined the effects of
compound 1 on LPS-stimulated signal transduction. The results
showed that compound 1 inhibited LPS-stimulated phosphoryla-
tion of ERK, but did not affect that of JNK and Akt. The nuclear
translocation of NF�B induced by LPS stimulation was  also not
inhibited by compound 1. NF�B plays an important role in LPS-
stimulated induction of pro-inflammatory genes and the inhibition
of NF�B activation is often involved in the reduction of LPS-
stimulated gene expression. Our results, however, suggest that

the NF�B pathway may  not be involved in the inhibition by com-
pound 1 of LPS-stimulated iNOS induction, which is consistent
with the finding that compound 1 inhibited induction of iNOS
but not COX2 in LPS-stimulated BV2 cells. These results suggest
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Fig. 10. Effects of compound 1 on signal transduction in BV2 cells. (A) BV2 cells were treated with 10 �M compound 1 alone. At indicated time points, cell lysates were
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arvested and subjected to Western blot analysis for indicated proteins. A represen
or  1 h in the absence or presence of 10 �M compound 1, and then treated with LPS
uclear  fractions were harvested and subjected to Western blot analysis for indicat

hat compound 1 suppresses LPS-stimulated iNOS induction and

O production in part through inhibiting ERK phosphorylation in
V2 cells. In addition to transcriptional regulation, iNOS expression
as been shown to be also regulated at post-transcriptional and -
ranslational levels [38–42].  For instance, alpha-lipoic acid inhibits

ig. 11. Effects of compound 1 on LPS/IFN-�-stimulated NO production in primary
ultured microglial cells. Mouse primary cultured microglial cells were incubated
or  24 h in the absence (control) or presence of 10 �M compound 1, and then treated
ith or without LPS (200 ng/ml)/IFN-� (25 ng/ml). Twelve hours later, cell culture
edia were harvested for measurement of nitrite (mean ± SE, n = 3). **P < 0.01 vs.

ontrol without LPS/IFN-�, ##P < 0.01 vs. control with LPS/IFN-�.
 blot from three independent experiments is shown. (B) BV2 cells were incubated
ml). At indicated time points after LPS treatment, cell lysates and the cytosolic and
teins. A representative blot from three independent experiments is shown.

the induction of iNOS gene expression at a posttranscriptional step
via iNOS mRNA stabilization, rather than promoter activation [38].
Kaempferol inhibits NO production and iNOS protein expression
in LPS-stimulated RAW264.7 cells at the translational level [39].
Peroxidized products of EPA/DHA suppress the induction of iNOS
gene expression through both of the transcriptional and posttrans-
criptional steps [40]. The precise mechanisms by which compound
1 inhibits LPS-stimulated iNOS induction through HO-1 induction

and CO production remain to be studied.

Naturally derived kavalactones have been shown to pass
through the blood brain barrier [43] and ameliorate cerebral

Fig. 12. Schematic representation of molecular mechanisms underlying the
inhibitory effect of compound 1 on iNOS induction and NO production. LPS induces
iNOS expression and NO production. In parallel, LPS activates Nrf2 signaling and
induces HO-1 expression. HO-1 inhibits iNOS induction in part through generation
of  CO. NO also activates Nrf2 signaling and induces HO-1 expression, inhibiting iNOS
induction. After LPS stimulation, HO-1 induction takes place earlier than iNOS induc-
tion.  The compound 1 enhances LPS-stimulated Nrf2 signaling and HO-1 induction
and  thereby inhibits iNOS induction and NO production.
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nfarction in a mouse model [20]. In the present study, we  demon-
trated that compound 1 as well as naturally derived kavalactones
nhibit LPS-stimulated iNOS induction and NO production in BV2
ells. The compound 1 was also found to suppress LPS/IFN-�-
timulated NO production in primary microglial cells (Fig. 11). On
he other hand, we and other group reported that compound 1
nd naturally derived kavalactones inhibit oxidative stress-induced
C12 cell death, respectively [21,22]. Taken together, it is sug-
ested that compound 1 as well as naturally derived kavalactones
ould inhibit oxidative stress in neurons and neuroinflammation
n microglia in the brain. It is noteworthy that Nrf2 activation is
nvolved in both processes, but the underlying mechanisms may
e different between in neurons and in microglia. Nrf2 may  be
ctivated in neurons through activation of signal transduction and
ovalent modification of the sulfhydryl groups of Keap1 by an �,�-
nsaturated carbonyl group, but in microglia mainly through the

atter mechanism. Administration of small molecular compounds
ike compound 1 and naturally derived kavalactones, which are able
o reduce both oxidative stress and neuroinflammation through
ctivation of Nrf2 signaling, could be a promising strategy to alle-
iate neurodegenerative diseases such as Alzheimer’s disease and
arkinson’s disease.

. Conclusions

In BV2 microglial cells or mouse primary cultured microglia,
hemically synthesized kavalactone derivative, compound 1,
nhances LPS-stimulated activation of Nrf2 signaling and HO-

 induction, presumably via covalent modification of Keap1,
esulting in inhibition of LPS-stimulated iNOS induction and NO
roduction. The compound 1 has a potential to reduce neuroin-
ammation in neurodegenerative diseases through activation of
rf2 signaling.
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