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Summary

Hydroxyhydroquinone or 1,2,4-benzenetriol (BT) detected in the beverages has a structure that coincides
with the water-soluble form of a sesame lignan, sesamol. We previously showed that sesame antioxidants
had neuroprotective abilities due to their antioxidant properties and/or inducible nitric oxide synthase
(iNOS) inhibition. However, studies show that BT can induce DNA damage through the generation of
reactive oxygen species (ROS). Therefore, we were interested to investigate the neuroprotective effect of BT
in vitro and in vivo. The results showed that instead of enhancing free radical generation, BT dose-
dependently (10–100 lM) attenuated nitrite production, iNOS mRNA and protein expression in lipo-
polysaccharide (LPS)-stimulated murine BV-2 microglia. BT significantly reduced LPS-induced NF-jB and
p38 MAPK activation. It also significantly reduced the generation of ROS in H2O2-induced BV-2 cells and
in H2O2-cellfree conditions. The neuroprotective effect of BT was further demonstrated in the focal cerebral
ischemia model of Sprague–Dawley rat. Taken together, the inhibition of LPS-induced nitrite production
might be due to the suppression of NF-jB, p38 MAPK signal pathway and the ROS scavenging effect.
These effects might help to protect neurons from the ischemic injury.

Introduction

Previous studies show that neuroprotective abili-
ties of sesame antioxidants are related to their
antioxidant properties and/or nitric oxide (NO)
inhibition [1, 2]. Interestingly, hydroxyhydroqui-
none or 1,2,4-benzenetriol (BT) detected in the
instant coffee [3] has a structure that coincides with
the water-soluble form of a sesame lignan, sesamol
(Figure 1). BT has been known as one of benzene
metabolites for years [4]. The urinary concentra-

tion of BT is increased linearly to the intensity of
exposure to benzene in both men and women [5,
6]. Surprisingly, coffee drinking increases urinary
hydrogen peroxide (H2O2) levels which are derived
mainly from BT excreted in urine [7, 8].

BT and other benzene metabolites, such as
hydroquinone (HQ), benzoquinone (BQ), catechol,
can induce DNA damage through the generation
of reactive oxygen species (ROS). BT generates
H2O2, which is the dominant active species, and
O ��2 and OH, which plays subordinate roles [9].
However, polyphenols from beverages, green tea,
black tea, and coffee also generate H2O2 in vitro
[10]. ROS can damage DNA, RNA, and proteins in
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cells and contribute to the pathobiology of many
diseases including neurodegeneration and brain
ischemia [11, 12].

Chronic administration of HQ, BQ or BT to
rats for 6 weeks significantly decreases red blood
cells and bone marrow cell counts and changes
organ weights. In addition, BQ and BT elicit
histological injuries in liver, thymus, spleen, kid-
ney and peripheral lymph nodes [13]. Treatment of
mice with benzene (800 mg/kg), or HQ (100 mg/
kg), BT (25 mg/kg), or BQ (2 mg/kg) for 3 days,
at doses that impair hematopoiesis, sensitize bone
marrow leukocytes to produce increased amounts
of NO in response to lipopolysaccharides (LPS)
and interferon-c (IFN-c) [14]. They also increase
the sensitivity of the cells to both granulocyte-
macrophage colony-stimulating factor (GM-CSF)
and macrophage colony-stimulating factor (M-
CSF) in the enhancement of NO production [14].
NO and inflammatory mediators, such as tumor
necrosis factor-a (TNF-a) released from LPS-
activated microglia can damage dopaminergic
neurons [15]. The long-term supplementation of
BT (1.2%, w/w) increases mouse lipid peroxida-
tion and type IV and I allergy responses [16].

On the other hand, the cell growth of human
myeloid HL-60 cell line is increased by treatment
with HQ or BQ [17] and the cell differentiation is
inhibited by the pretreatment with HQ or BT
prior to inducing with retinoic acid (RA) [18].
Therefore, the enhanced cell growth and GM-
CSF-induced colony formation or inhibited cell
differentiation and apoptosis by BT treatment
could be beneficial or harmful to the cells under
stress [11–14]. Since BT is structurally related with
sesamol, we examined whether BT had the neu-
roprotective effect on the activated microglia BV-2
cells under LPS or oxidative stress and on the
ischemic rat brains.

Methods

Materials

LPS from Escherichia coli serotype 0111:B4 was
obtained from Sigma (St Louis, MO, USA) and
BT was purchased from Acros Organics (Geel,
Belgium). 2¢,7¢-Dichlorodihydrofluorescein diace-
tate (H2DCF-DA) was obtained from Molecular
Probe (Eugene, Oregon, USA).

Cell culture

The murine BV-2 cell line was maintained in
DMEM supplemented with 10% FBS, 100 U/ml
penicillin and 100 lg/ml streptomycin at 37�C in a
humidified incubator under 5% CO2. Confluent
cultures were passed by trypsinization. For exper-
iments, cells were washed twice with warm
DMEM (without phenol red), and then treated
in serum-free medium. In all experiments, cells
were treated with BT for the indicated times after
the addition of activating agent. BT was dissolved
in phosphate-buffered saline (PBS).

Cell viability assay

The cell viability was measured with blue formazan
that was metabolized from colorless 3-(4,5-di-
methyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) by mitochondrial dehydrogenases,
which were active only in live cells. BV-2 cells were
preincubated in 24-well plates at a density of
5�105 cells per well for 24 h, and then washed with
PBS. Cells with various concentrations of BT were
treated with LPS for 24 h, and grown in 0.5 mg/ml
MTT at 37�C. Sixty minutes later, 200 ll solubi-
lization solution was added to each well and
absorption values were read at 540 nm on an
automated SpectraMAX 340 (Molecular Devices,
Sunnyvale, CA, USA) microtiter plate reader.
Data were expressed as the mean percent viable
cell vs. control.

Lactate dehydrogenase (LDH) release assay

Cytotoxicity was determined by measuring the
release of LDH. BV-2 cells were treated with
various concentrations of BT and/or LPS for 24 h
and the supernatant was used to assay LDH
activity. The reaction was initiated by mixing
0.1 ml of cell free supernatant with potassium

Figure 1. Chemical structures of sesamol and 1,2,4-benzenet-
riol (BT).
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phosphate buffer containing NADH and sodium
pyruvate in a final volume of 0.2 ml to 96-well plate.
The rate of absorbance values was read at 490/
630 nm on an automated SpectraMAX 340 microt-
iter plate reader. Data were expressed as the mean
LPS-treated cells (100%) vs. control or BT-treated.

Isolation of RNA and RT-PCR

After treatment, total cellular RNA was extracted
with a cold RNA extraction solution (Ultraspec
RNA; Biotecx Laboratory Inc., Houston, TX,
USA). The RT-PCR assays were performed with a
TitanTM One Tube RT-PCR System kit (Boehrin-
ger Mannheim, Germany). Briefly, 1 lg of total
RNA from each sample was added to 50 ll of a
reaction mixture containing 0.2 mM dNTP,
0.4 lM each of sense and antisense specific prim-
ers, 5 mM dithiothreitol (DTT), 5 U RNase inhib-
itor, 1 lL of AMV reverse transcriptase and
ExpandTM High Fidelity enzyme mix. The primer
sequences are as follows: 5¢-CATGGGCTTGCCC
CTGGAAGTTTCTCTTCAAAG, 3¢-GCAGCAT
CCCCTCTGATGGTGCCATCG for iNOS (754-
bp fragment), and 5¢-GTGGGCCGCTCTAGG
CACCAA, 3¢-CTCTTTGATGTCACGCACGAT
TTC for b-actin (540-bp fragment), as a control for
the RNA isolation and reverse-transcription. RT-
PCR was carried out in a Perkin-Elmer Cetus
thermocycler (Norwalk, CT, USA). The prepara-
tions in themicrotubeswere incubated for 30 min at
50�C, then amplified using a three-temperature
PCR system usually consisting of denaturation at
94�C for 45 s, primer annealing at 55�C (for iNOS)
or 60�C (for b-actin) for 45 s, and extension at 72�C
for 2 min. The number of cycles was determined for
samples not reaching the amplification plateau (28
cycles for iNOS and 25 cycles for b-actin). The PCR
product was visualized by electrophoresis in a 2%
agarose gel, followed by staining with 0.5 mug/ml
ethidiumbromide. Verification of specific genes was
established by their predicted size under UV light.
Quantification of the band density was performed
by densitometric analysis (Digital Image Analysis
System, PDI, Huntington Station, NY, USA), and
calculated as the optical density � area of band.

Preparation of cell extracts

The test medium was removed from culture dishes
and cells were washed twice with ice-cold PBS,

scraped off with a rubber policeman, and centri-
fuged at 200� g for 10 min at 4�C. The cell pellets
were resuspended in an appropriate volume
(approx. 4�107 cells/ml) of lysis buffer (20 mM
Tris–HCl, pH 7.5, 137 mM NaCl, 1 mM phen-
ylmethylsulfonylfluoride (PMSF), 10 lg/ml apro-
tinin, 10 lg/ml leupeptin, and 5 lg/ml pepstain
A), and sonicated. Protein concentration of sam-
ples was determined by Bradford assay (Bio-Rad,
Hemel, Hempstead, UK) and samples equilibrated
to 2 mg/ml with lysis buffer.

Western blotting

Protein samples containing 50 lg of protein were
separated on 12% sodium dodecyl sulfate-poly-
acrylamide gels and transferred to immobilon
polyvinylidene difluoride membranes (Millipore,
Bedford, USA). The membranes were incubated
for 1 h with 5% dry skim milk in TBST buffer
(0.1 M Tris–HCl, pH 7.4, 0.9% NaCl, 0.1%
Tween-20) to block non-specific binding. Then
they were incubated with rabbit anti-mouse
iNOS (1:2000, Calbiochem, San Diego, CA,
USA), HSP70 (1 lg/ml, Calbiochem), b-actin
(1:5000, Calbiochem) and anti-phospho p38
MAPK (1:1000, Promega, Madison, WI, USA).
Subsequently, the membranes were incubated
with secondary antibody streptavidin-horseradish
peroxidase-conjugated affinity goat anti-rabbit
IgG (Jackson, West Grove, PA, USA). iNOS,
b-actin, HSP70, and phosphorylated MAPK
proteins were detected by a chemiluminescence
detection system according to the manufacturer’s
instructions (ECL, Amersham, Berkshire, UK).
The band intensity was quantified with a densi-
tometric scanner (PDI, Huntington Station, NY,
USA).

Nitric oxide assay

Nitrite, measured by Griess reaction, was taken as
a measure of NO production. Briefly, 100 ll of
culture supernatant (12–24 h) was reacted with an
equal volume of Griess reagent (1 part 0.1%
naphthylethylene-diamine, 1 part 1% sulfanil-
amide in 5% H3PO4) in 96-well tissue culture
plates for 10 min at room temperature in the dark.
The absorbance at 540 nm was determined using a
microplate reader (spectraMAX 340, Molecular
Devices, Sunnyvale, CA, USA).
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Reactive oxygen species generation

Intracellular accumulation of ROS was determined
with H2DCF-DA. This nonfluorescent compound
accumulates within cells upon de-acetylation.
Dichlorodihydrofluorescein (H2DCF) then reacts
with ROS to form fluorescent dichlorofluorescein
(DCF). BV-2 cells were plated in 96-well plates and
grown for 24 h before addition of DMEM in the
presence of 10 lM H2DCF-DA for 60 min at
37�C, treated with 1 mM H2O2 for 60 min, then
washed twice with room temperature HBSS (with-
out phenol red). Cellular fluorescence was moni-
tored on a Fluoroskan Ascent fluorometer
(Labsystems Oy, Helsinki, Finland) using an exci-
tation wavelength of 485 nm and emission wave-
length of 538 nm.

Cell-free ROS generation

Cell-free ROS generation was measured with
H2DCF-DA in the cell-free condition. H2DCF-
DA was dissolved in methanol and de-acetylated
in cell-free medium. Sesamol (50 lM) or BT (50
and 100 lM) was mixed with 10 lM H2DCF plus
1 mM H2O2 alone or with 0.1 mg/ml FeSO4Æ7H2O
for 10 min in the dark. The reaction solution was
plated in 96-well plates and was monitored on a
Fluoroskan Ascent fluorometer. The fluorescence
was measured as above.

NF-jB assay

To prepare nuclear extracts for NF-jB assay, the
treated cells were first resuspended in buffer con-
taining 10 mM HEPES (pH 7.9), 1.5 mM MgCl2,
10 mM KCl, 0.5 mM dithiothreitol, and 0.2 mM
PMSF, followed by vigorous vortex for 15 s before
standing at 4�C for 10 min; then samples were
centrifuged at 2000 rpm for 2 min. The pelleted
nuclei were resuspended in 30 ll buffer containing
20 mM HEPES (pH 7.9), 25% glycerol, 420 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM
dithiothreitol, and 0.2 mM PMSF and incubated
for 20 min on ice, and nuclear lysates were then
centrifuged at 15,000 rpm for 2 min. Supernatants
containing the solubilized nuclear proteins were
stored at )70 �C for subsequent NF-jB assay. NF-
jB activity was measured by a NF-jBp65 AC-
TIVELISA kit (BIOCARTA, Carlsbad, CA, USA)
according the manufacturer’s instruction. The

absorbance at 405 nm was determined using a
microplate reader (spectraMAX 340).

Infarction assay

Twenty male Sprague–Dawley (SD) rats (200–
250 gm) were purchased from National Animal
Center, Taipei and randomly divided into the
control (saline), and BT groups. The experiment
was approved by Animal Study Protocol Review
of Taichung Veterans General Hospital. Each SD
rat was anesthetized with chlorohydrate (400 mg/
kg) intraperitoneally and its body temperature was
maintained at 37�C with a heating pad (CMA/
150). A midline neck incision was made and the
right carotid artery was exposed and separated
from the vago-sympathetic trunk. The right
carotid artery was loosely encircled with a 4-O
suture for later occlusion. The SD rat’s head was
placed in a stereotaxic frame (David Kopf, CA,
USA) with the nose bar positioned 4.0 mm below
the horizontal line. Following a midline incision,
the skull was partially removed to expose the right
middle cerebral artery. The middle cerebral artery
was loosely encircled with an 8-O suture for later
occlusion. A focal cerebral ischemia was induced
by occlusion of the right common carotid artery
and the right cerebral artery (CCA+MCA) for
60 min, followed by reperfusion. A laser probe
(0.8 mm in diameter) of a Laser Doppler Blood
Flow monitor (MBF 3D, Moor Instruments,
Axminster, England) was positioned onto the
cortex with its tip close to the middle cerebral
artery. Cerebral blood flow dropped to less than
5% of basal after the occlusion of the MCA.
Cerebral blood flow reached its minimal levels
within 5 min after the start of the occlusion and
was confirmed to remain at this level throughout
the monitoring period to ensure the validity of the
stroke model. BT was injected intravenously at the
thigh vein after occlusion of the MCA occlusion.

Twenty-four hours after cerebral ischemia, each
SD rat was anesthetized and perfused transcar-
dially with isotonic heparinized saline and 2,3,5-
triphenyltetrazolium chloride (TTC). The brain
was then removed and sliced into five 2-mm-thick
coronal sections for TTC staining as described by
Bederson et al. (19). All TTC data were analyzed
by ANOVA with Student’s t- tests. P<0.05 was
considered to be statistically significant.
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Statistical analysis

All data were expressed as the mean±SEM. For
single variable comparisons, Student’s t-test was
used. For multiple variable comparisons, data
were analyzed by one-way analysis of variance
(ANOVA) followed by Scheffe’s test. P-values less
than 0.05 were considered significant.

Results

Inhibition of NO production by BT

The effects of BT on NO production in LPS-
stimulated BV-2 were investigated. The cells were
treated with LPS alone or with various concentra-
tions of BT for 12–24 h. NO production was
assayed by measuring the levels of a stable NO
metabolite, nitrite in the conditioned medium. At
the concentrations (10–100 lM) used in this study,
none of the LPS or BT treatments caused toxicity
to cells as judged by the MTT and LDH assays
(Figure 2). BT treatment of BV-2 cells after LPS
stimulation dose-dependently decreased nitrite
accumulation. BT at 100 lM concentration effec-
tively inhibited NO production by 70% before
20 h of culturing time in LPS-stimulated BV-
2 cells (Figure 3).

Inhibition of iNOS by BT

To determine whether the inhibitory ability of BT
on NO production was due to a decrease in the
cytosolic iNOS protein level, BV-2 cells were
treated with LPS and BT for 16 h, and the levels
of iNOS protein were detected by Western blot-
ting. As shown in Figure 4, treatment with BT,
similar to sesamol, led to a significant decrease in
iNOS protein levels. BT (50–100 lM) inhibited
LPS-induced iNOS protein production by 50–
60%.

Suppression of iNOS mRNA accumulation by BT

RT-PCR analyses were performed to assess the
effect of BT on iNOS mRNA steady-state levels.
BV-2 cells were treated with various concentrations
of BT and LPS for 4 h. As shown in Figure 5,
accumulation of iNOS mRNA levels was sup-
pressed by BT. Similar to sesamol, treatment with

higher concentrations of BT resulted in a signifi-
cant decrease in LPS-induced iNOS mRNA levels.

BT inhibited LPS-induced p38 MAPK activation

To further evaluate whether the MAPK signaling
pathways are involved in the induction of iNOS,
we examined the ability of LPS to activate each of
the three MAPKs in BV-2 cells. We previously
showed that LPS activated p38 and JNK, but not
ERK MAPK. The phosphorylation of p38
reached a maximum between 15 and 20 min and

Figure 2. Effect of BT on the cell viability and cytotoxicity in
LPS-stimulated BV-2 microglia. Cells were treated with 1 lg/
ml LPS then various concentrations of BT (50 and 100 lM)
were added for 24 h. BT was not toxic to BV-2 cells with or
without LPS (a) or increased the LDH released (b) as com-
pared with BV-2 cells with LPS. *p>0.05.
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JNK remained high for 120 min [15]. These results
were consistent with observations that only p38
MAPK inhibitor (SB203580) could inhibit LPS-
induced NO production [15]. Similar to sesame
antioxidants [20], BT at a concentration of 50–
100 lM, significantly decreased (50–70%) LPS-
activated p38 MAPK (Figure 6).

BT suppressed LPS-induced NF-jB activation

The NF-jB activity was assayed by an ELISA kit.
As shown in Figure 7, BT and sesamol, which has
a similar chemical structure, inhibited the LPS-
induction of specific NF-jB activity. Both agents
could inhibit LPS-induced NF-jB activation by
30–40% at the concentration of 50 lM.

ROS scavenging effect of sesamol and BT

The scavenging effect of sesamol and BT on ROS
generation in a cell-free condition was assessed

with H2O2 alone or with FeSO4 Æ 7H2O. Sesamol
at the concentration of 50 lM was able to reduce
ROS generation by H2O2 (1 mM) alone or with
FeSO4 Æ 7H2O (0.1 mg/ml). BT dose-dependently
scavenged ROS generation (Figure 8).

BT reduced ROS generation in H2O2-stimulated
microglia

The effect of BT on ROS generation in BV-2 cells
was assessed with an oxidative stress inducer.
Treatment of BV-2 cells with H2O2 (0.1, 1,
10 mM) dose-dependently increased the release
of ROS significantly from 30 min and maximally
at 2 h (data not shown). BT was able to reduce the
generation of ROS by H2O2 (1 mM) in BV-2 cells,
and dose-dependently diminished ROS generation
(Figure 9). In contrast, sesamol at the lower
concentrations diminished ROS generation but
increased ROS by auto-oxidation at the higher
concentration.

Figure 3. Effect of BT on nitrite production in LPS-stimu-
lated BV-2 microglia. Cells were treated with 1 lg/ml LPS
then various concentrations of BT (10, 50 and 100 lM) were
added for 24 h. Nitrite content was measured using the Griess
reaction. Values indicate nitrite production from culture su-
pernatants of LPS treated alone and cells exposed to LPS
plus BT. Values represent the mean±SEM of five separate
experiments on BV-2 microglia. *p £ 0.05.

Figure 4. Modulation of LPS-induced iNOS expression by
BT. Cell lysates were prepared and subjected to Western blot-
ting from control or cell stimulated with 1 lg/ml LPS, alone
or in combination with increasing concentrations (10, 50 and
100 lM) of BT for 16 h. Depicted is a represented data of
iNOS protein expression (upper panel) and the statistical
analysis of the changes of iNOS protein (lower panel). Data
represent the mean±SEM of three independent experiments.
*p £ 0.05.
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Effect of BT on the ischemic brain

In order to determine the neuroprotective effect of
BT, SD rats were subjected to focal cerebral
ischemia prior to administering BT. BT given after
1 h of ischemia, significantly reduced the infarct
volume (by 40%) as compared to the control group.
All animals had infarcts in the cortex and caudate-
putamen. Infarct volumes were determined by TTC
staining. Typical infarct sizes for each group are
shown in Figure 10 as visualized by TTC staining.

Discussion

In the present study, we found that BT, similar to
sesamol, significantly inhibited LPS-stimulated
NO production, iNOS mRNA and protein expres-
sion in BV-2 microglia. Furthermore, BT was able
to inhibit H2O2-induced ROS generation and
protect the ischemic rat brain under middle cere-
bral artery occlusion.

At the concentrations of 10–100 lM in this
study, BT treatments caused no further cytotoxic-
ity than BV-2 cells with LPS alone (Figure 2).
Previously, treatment with low concentrations (20–
40 lg/ml) of HQ to HL-60 cells have shown an
enhanced cell growth and cell cycle kinetics instead

Figure 5. Effect of BT on the LPS-induced iNOS mRNA in
BV-2 microglia. Cells were treated with 1 lg/ml LPS and var-
ious concentrations of BT for 4 h. Levels of iNOS and b-ac-
tin mRNA were assayed by RT-PCR analysis. Representive
data are selected from three independent experiments (upper
panel) and the statistical analysis of the ratios of iNOS/b-ac-
tin mRNA (lower panel). *p £ 0.05.

Figure 6. Effect of BT on LPS-induced p38 MAP kinases in
BV-2 microglia. BV-2 microglia cell lysates were prepared
from control or 1 lg/ml LPS-stimulated cells, alone or in
combination with 10, 50, 100 lM of BT for 20 min. Results
are representative of the mean±SEM of three independent
experiments. *p £ 0.05.

Figure 7. Effect of BT on LPS-induced NF-jB activity in BV-
2 microglia. BV-2 cells were treated with 1 lg/ml LPS for 4 h,
pretreated with sesamol 50 lM for 4 h or in combination
with 10, 50, 100 lM of BT. NF-jB activity was measured by
an ELISA kit. Values represent the mean±SEM of three
independent experiments. *p £ 0.05, indicate significant differ-
ences between LPS alone and LPS plus sesamol or BT.
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of cytotoxic [17]. Treatment with 12.5–200 lMHQ
did not cause human lymphocyte mutagenic [21].
These results are in contrast to other studies that
show benzene metabolites and BT are readily
oxidized and formed active oxygen species that
damage naked DNA and other cellular macromol-
ecules. Particularly, BT causes DNA strand break-
age [22] and increases the frequency of micronuclei
(MN) formation twofold in lymphocytes and
eightfold in HL-60 cells [23]. The BT concentration
in this study is not cytotoxic to BV-2 cells, it needs
to be confirm on the other type of cells.

BT treatment of BV-2 cells after LPS stimula-
tion dose-dependently decreased nitrite accumula-
tion. Excessive NO and ROS production in the

brain are believed to contribute to neurodegener-
ative processes [24–26]. Various dietary-derived
polyphenolic compounds that inhibit the LPS-
induced NO production may have neuroprotective
potential [15, 20, 27]. We found that BT at
concentrations of 50–100 lM inhibited 50–70%
of LPS-stimulated iNOS mRNA expression and
70% of NO production in BV-2 microglia. The
reduction in LPS-induced iNOS protein expression
by BT was proportional to their reduction of iNOS
mRNA. Therefore, the decrease of iNOS protein
by BT was similar to sesamol and other sesame
lignans that also decrease in the transcription and
translation of the LPS-induced iNOS gene [20].
This result is in agreement with a previous study
that showed BQ and HQ, but not BT, increase NO
production from HL-60 cells under phorbol ester
stimulation [28]. BT at concentrations of 50 and
100 lM inhibit Fc receptor-mediated phagocytosis
by 70 and 95%, respectively. In comparison, HQ
only at the concentration of 100 lM decrease 50%
of phagocytosis [28].

Inhibition of p38 MAPK can be expected to be
beneficial in injuries involving microglia activation
and inflammation. Specific inhibitors of p38
MAPK have been proven to reduce inflammation,
slow down microglia activation and provide neu-
roprotective effects [15, 30–32]. Recently, studies
have shown that compounds that inhibit p38

Figure 8. Effect of BT on ROS generation in cell-free condi-
tion. The scavenging effect of BT on ROS generation in cell-
free condition was assessed with H2O2 (1 mM) alone or with
addition of FeSO4Æ7H2O (0.1 mg/ml). BT dose-dependently
scavenged ROS generation in H2O2 either with or without
FeSO4Æ7H2O. *p £ 0.05.

Figure 9. Effect of sesamol or BT on ROS production in
H2O2-stimulated BV-2 microglia. Cells were treated with
1 mM H2O2, followed by addition of various concentrations
of BT and sesamol (10, 50 and 100 lM) for 1 h. Cellular flu-
orescence was monitored on a Fluoroskan Ascent fluorome-
ter. *p<0.01, as compared with cells treated with H2O2.
Values represent the mean±SEM of four independent experi-
ments.
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MAPK activation in microglia represent potential
anti-inflammatory effects and protect neurons
against excitotoxicity or LPS-induced neurotoxic-

ity [9, 20, 33]. In this study, possible neuroprotec-
tive mechanisms relating to MAP kinases or
inhibition of NO production by BT in LPS-treated
microglia cells were explored. Our previous results
showed that LPS could induce the activation of
p38 and JNK, but not ERK1/ERK2 MAPK [15].
The phosphorylation of p38 increased with time,
reaching a maximum between 15 and 20 min.
These results were consistent with the observation
that only p38 MAPK inhibitor could inhibit LPS-
induced NO production [15, 20]. BT significantly
suppressed LPS-induced p38 MAPK expression
(30–70%). Therefore, the results of p38 MAPK
inhibition by BT correlated very well with their
effects on iNOS/NO inhibition. Thus, the mecha-
nism of inhibition of LPS-induced iNOS expres-
sion by BT might be similar to sesamol and other
polyphenol antioxidants that selectively inhibit
p38 MAPK [20, 34].

Previous studies show that neuroprotective
effects of antioxidants are due to increasing
antioxidant enzyme, intracellular glutathione, low-
ering of ROS, and preventing calcium release [20,
35–37]. We suspected that protective effects on NO
production by these agents might be due in part to
differences in their ROS scavenging effect based on
their structures.

ROS can damage important biomolecules but
also function as second messengers to activate
MAPK, and the nuclear transcription factors c-
Jun and NF-jB [38–40]. Similar intracellular
signaling mechanisms related to the effect of LPS
have been studied in microglia [15, 41]. The
observations imply that all these could be down-
stream of ROS signaling and have been considered
as common signaling pathways involved in micro-
glia activation [42]. Thus ROS could have dual
roles in microglia as cytotoxic mediators as well as
signaling molecules.

BT may be able to down-regulate LPS-induced
inflammatory factor production via the inhibition
of ROS generation which subsequently reduces the
activation of NF-jB and cytokine gene activation
[43, 44]. The abilities of BT to inhibit the LPS-
induced iNOS mRNA/protein might be due to
decreased gene transcription/translation via the
attenuation of ROS signal, and reduced NF-jB
and p38 MAPK activities.

NF-jB is an important transcription factor for
proinflammatory cytokines in LPS-stimulated mi-
croglia [45, 46]. The interference with NF-jB

Figure 10. Effect of BT on the ischemic rat brains. Mean infarct
volume was determined by TTC staining in SD rats subjected to
1 h MCA+CCA-occlusion followed by reperfusion for 23 h.
Treatments of BT (30 mg/kg) or saline (n=10, for each group)
were initiated 1 h after the MCA+CCA-occlusion. Data is ex-
pressed as the mean±SEM of infarct volumes. *p<0.05, as
compared with the control group by Student’s t-test.

97



transcriptional activity in the microglial nucleus
can suppress iNOS mRNA and protein [47]. We
showed that both BT and sesamol inhibited the
LPS-induced NF-jB activation and iNOS mRNA
and protein (Figure 7 and [20]). In addition, we
found that BT did scavenge ROS similar to it in a
cell-free condition with H2O2 plus Fe

2+ producing
OH) and ÆOH (Fenton reaction) (Figure 8). In
contrast, ROS production by benzene metabolites,
BQ, BT and phenol was demonstrated in HL-
60 cells in vitro [48]. The discrepancy of different
responses to BT may be caused by the cells with
different level of antioxidant enzymes derived from
different species [49].

The neuroprotective effect of BT was demon-
strated in SD rats subjected to focal cerebral
ischemia. Rats with acute treatment with BT after
ischemia, significantly reduced the infarct volume
(about 40%) as compared to the control group.
Although the precise mechanism of neuroprotec-
tion is not clear, the combined results of in vitro
and in vivo experiments suggest the reduction of
neuronal injury might involve inhibition of the
release of NO or ROS during cerebral ischemia.

In conclusion, the present results show that BT
inhibited NO production in LPS-stimulated BV-2
microglia. The mechanism(s) of BT inhibition of
the LPS-induced iNOS mRNA/protein involve the
NF-jB, p38 MAPK signal pathway and/or an-
tioxidative activity. However, further studies are
required to confirm the importance of the cellular
antioxidant activity of BT in the MAPK signaling
pathway. Nevertheless, these results extend our
knowledge of BT and its role in microglia activa-
tion and therapeutic potential.
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