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Abstract

Wogonin (Wog; 5,7-dihydroxy-8-methoxy flavone) has been shown to effectively inhibit lipopolysaccharide (LPS)-induced
inducible nitric oxide synthase (iNOS) gene expression and nitric oxide production in our previous study. In the present study, we
found that Nor-wogonin (N-Wog; 5,7,8-trihydroxyl flavone), a structural analogue of Wog with an OH substitution at C8,
performed different effect on LPS- or lipoteichoic acid (LTA)-induced iNOS gene expression and nitric oxide (NO) production in
macrophages. Wog, but not N-Wog, significantly inhibits LPS- or LTA-induced NO production through suppressing iNOS gene
expression at both protein and mRNA without affecting NO donor sodium nitroprusside-induced NO production, NOS enzyme
activity, and cells viability. Activation of JNKs (not ERKs) via phosphorylation induction, and an increase in c-Jun (not c-Fos)
protein expression were involved in LPS- and LTA-treated RAW264.7 cells, and those events were blocked by Wog, but not N-
Wog, addition. Furthermore, 5,7-diOH flavone, but not 5-OH flavone, 7-OH flavone, 5-OH-7-OCH3 flavone, significantly inhibits
LPS-induced iNOS protein expression and NO production, and 7,8-diOCH3 flavone performs more effective inhibitory activity on
LPS-induced NO production and iNOS protein expression than 7-OCH3-8-OH flavone. These data suggest that OHs at both C5
and C7 are essential for NO inhibition of flavonoids, and OCH3 at C8 may contribute to this activity, and suppression of JNKs–c-
Jun activation is involved.
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1. Introduction

Flavonoids, a group of polyphenolic compound, are
widely found in plants, vegetables, and fruits. Flavonoids
possess various pharmacological effects including anti-
tumor, anti-inflammatory, antioxidant, and antiviral
activities [1]. Among them, anti-inflammatory effect of
flavonoids has been extensively applied in Chinese herbal
Fig. 1. Wogonin (Wog) but not Nor-wogonin (N-Wog) inhibited lipopolysac
iNOS gene expression at both the protein and mRNA levels in RAW264.7 cell
Wog). (B) RAW264.7 cells were treated with different doses (10, 20, and 40
(100 ng/mL) or LTA (1 μg/mL) for an additional 12 h. The expressions of
specific antibodies. (C) Wog but not N-Wog inhibited LPS- or LTA-induced iN
doses (20 and 40 μM) of Wog or N-Wog for 30 min, followed by the addition
and GAPDH mRNA in each sample were detected by RT-PCR using specifi
were examined by a densitometric analysis, and data derived from three inde
Wog inhibited LPS- or LTA-induced NO production. As described in (A), th
detailed in “Materials and methods”. (E) Neither Wog nor N-Wog directly sca
and 40 μM) of Wog and N-Wog were mixed with sodium nitroprusside (SNP
amount of NO in the medium was detected by the Griess reaction. (F) The vi
Cells were treated under the conditions described in (A), and the DNA inte
⁎⁎Pb0.01 significantly differed from the LPS- or LTA-treated group as ana
medicine to inhibit chronic inflammation. However, the
structural activity relationship of flavonoids in anti-
inflammation is still unclear.

Nitric oxide synthase (NOS, E.C. 1.14.13.39) is an
enzyme responsible of the biosynthesis of nitric oxide
(NO), a free radical, via the conversion of L-arginine to L-
citrulline. At least three NOS isoforms, usually desig-
nated as inducible (iNOS), endothelial (eNOS), and
charide (LPS)- or lipoteichoic acid (LTA)-induced NO production and
s. (A) The chemical structures of wogonin (Wog) and Nor-wogonin (N-
μM) of Wog or N-Wog for 30 min followed by the addition of LPS

iNOS and α-tubulin protein were detected by Western blotting using
OS mRNA levels in RAW264.7 cells. Cells were treated with different
of LPS or LTA for a further 6 h. (Upper panel) The expressions of iNOS
c primers. (Lower panel) The intensities of iNOS and GAPDH mRNA
pendent experiments are expressed as mean±SE. (D) Wog but not N-
e amount of NO in the medium was detected by the Griess reaction as
venged NO molecules elicited by SNP in vitro. Different doses (10, 20,
; 100 μM) in the condition with 10 mM Tris (pH 7.5) for 12 h, and the
ability of RAW264.7 cells was not affected by adding Wog or N-Wog.
grity of cells in each group was analyzed by agarose electrophoresis.
lyzed by Student's t-test.



Table 1
Effects of wogonin and Nor-wogonin on NOS enzyme activity and
cellular viability in RAW264.7 cells

LPS
pretreatment
of cells

Addition to
LPS-treated
cells

NO in mediuma

(6×105 cells; μM)
Cytotoxicity b

(folds of control)

RAW264.7
cells

Control 21.5±1.2 1.00
Wogonin
(μM)

10 18.9±2.1 1.08±0.03
20 18.2±1.9 1.02±0.03
40 19.1±1.1 1.00±0.09

Nor-wogonin
(μM)

10 22.1±2.3 1.10±0.04
20 22.5±1.4 1.07±0.03
40 22.8±2.2 1.11±0.05

NLA (mM)
2 2.4±0.5⁎⁎ 1.02±0.04

a Cells were stimulated with LPS (100 ng/mL) for 12 h, and washed
twice with sterilized PBS to remove LPS, followed by incubating with
Wog and N-Wog (10, 20, and 40 μM) or NOS inhibitor N-nitro-L-
arginine (NLA, 2 mM) a further for 12 h. The amount of nitrite in the
medium was detected as described in the section of Materials and
methods. ⁎⁎Pb0.01 indicates significantly different from LPS alone.
b Cells were treated with Wog and N-Wog (10, 20, and 40 μM) or

NOS inhibitor N-nitro-L-arginine (NLA, 2 mM) for 12 h, and the
viability of cells under different treatments was detected byMTTassay.
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neuronal (nNOS) had been identified. Both eNOS and
nNOS isoforms are constitutively expressed, and the
releasing of NO by eNOS through a Ca+2-dependent
pathway could act as a neurotransmitter in neuron signal
transmission, which play a key factor for maintaining the
normal vasoactivity. NOS in macrophages and hepato-
cytes is iNOS, and its activation is Ca+2-independent.
After exposure to endogenous and exogenous stimulators,
overproduction of NO by iNOS can be induced
quantitatively in macrophages, smooth muscle cells and
hepatocytes to trigger several disadvantage cellular
responses and caused some diseases including inflamma-
tion, sepsis, stroke, and with the development of
atherosclerosis [2–4]. Lipopolysaccharide (LPS) and
lipoteichoic acid (LTA) are components of Gram-negative
and Gram-positive bacteria, respectively, and the induc-
tion of NO overproduction and iNOS gene expression by
LPS and LTA has been demonstrated [5,6]. Therefore, the
development of agents capable of blockingLPS-andLTA-
induced NO overproduction, as well as iNOS gene
expression, can be regarded as a potential therapeutic
target for the treatment of inflammation.

Wogonin (5,7-diOH-8-OCH3 flavone; Wog), one of
the active constituents found in the roots of Scutellaria
baicalensisGeorgi, possesses several beneficial effects, as
previously reported. Zao et al. indicated that Wog was
able to inhibit hemin-nitrite-H2O2-induced liver injury by
blocking the oxidation of proteins [7]. Bonham et al.
indicated that Wog inhibits the proliferation of prostate
cancer cells and inhibition of the androgen receptor
signaling pathway is involved [8]. Park et al. found that
Wog significantly reduced alcohol-induced gastropathy
through anti-inflammation and apoptosis induction in
vivo [9]. Our previous study indicated that Wog
effectively inhibited LPS-induced NO production in
macrophages [10], and in vivo anti-inflammatory effect
of Wog against LPS-induced NO was identified [11]. In
addition, we also found that Wog addition effectively
reduces LPS plus TPA-induced transformation in glioma
C6 cells through inhibiting MMP-9 activation and iNOS
gene expression [12]. Although several biological effects
of Wog have been shown, the importance of structural
substitutions includingOH at C5 andC7, andOCH3 at C8
on the action of Wog is still unclear. In the present study,
we examined the importance of OH substitution at C5 and
C7, and OCH3 at C8, by studying the effects of
structurally related compounds, Wog and Nor-Wog. In
addition, Wog-induced inhibition on NO production was
elucidated.

2. Materials and methods

2.1. Cells

RAW264.7 is a mouse macrophage cell line, and was
obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in Dulbecco's
modified Eagle medium (DMEM) (Gibco/BRL, Gaithersburg,
MD, USA) supplemented with antibiotics (100 U/mL of
penicillin A and 100 U/mL of streptomycin), and 10% heat-
inactivated fetal bovine serum (Gibco/BRL, Gaithersburg,
MD, USA) and maintained at 37 °C in 5% CO2 humidified air.

2.2. Agents

The structurally related flavonoids of wogonin, Nor-wogonin,
5-OH flavone, 7-OH flavone, 5,7-diOH flavone, 7,8-diOCH3

flavone, and 7-OCH3-8-OH flavone were obtained from Sigma
Chemical (St. Louis, MO, USA). Lipopolysaccharide (LPS)
(Escherichia coli, serotype 055:B5), lipoteichoic acid (LTA)
(Bacillus subtilis), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT), nitroblue tetrazolium (NBT), and 5-
bromo-4-chloro-3-indolyl phosphate (BCIP)were purchased from
Sigma Chemical (St. Louis, MO, USA). The antibodies for
detecting the expression of iNOS, total and phosphorylated JNKs,
total and phosphorylated ERKs, c-Jun, phosphorylated c-Jun, and
α-tubulin protein were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). All chemical solvents were purchased
from Merck KGaA (Darmstadt, Germany).
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2.3. Cell viability assay

MTT was used as an indicator of cell viability as
determined by its mitochondrial-dependent reduction to
formazone. Cells were plated at a density of 105 cells/well
into 96-well plates for 12 h, followed by treatment with
different concentrations of each compound for a further 16 h.
Cells were washed with PBS twice, and MTT (50 mg/mL) was
added to the medium for 4 h. Furthermore, the supernatant was
removed, and the formazone crystals were dissolved using
0.04 N HCl in isopropanol. The absorbance was read at
600 nm with an ELISA analyzer (Dynatech MR-7000;
Dynatech Laboratories; Chantilly, VA, USA).

2.4. Nitrite assay

Cells were plated at a density of 5×105 cells/mL in 24-well
plates for 12 h, followed by treatment with LPS or LTA and
different concentrations of the indicated compounds for a
Fig. 2. Activation of JNKs but not ERKs involves in LPS- and LTA-induced
induction of ERKs and JNKs protein phosphorylation is detected in LPS- and
different times (10, 20, 40, 60, and 80 min). The expression of phosphorylat
using specific antibodies. (C) SP600125, but not PD98059, addition inhibits L
and SP600125 for 30 min followed by LPS and LTA treatment for 12 h. The
significantly different from LPS- or LTA-treated group as analyzed by Student
addition inhibit LPS- and LTA-induced ERKs and JNKs protein phosphorylat
10 μM) for 30 min followed by adding LPS or LTA for a further 60 min. Th
examined by Western blotting.
further 12 h. NO2
− accumulation was used as an indicator of

NO production in the cell culture medium by the Griess
reaction. One hundred microliters of each supernatant were
mixed with the same volume of Griess reagent (1%
sulfanilamide in 5% phosphoric acid and 0.1% naphthylethy-
lendiamine dihydrochloride in water). The absorbance of each
sample after Griess reaction was determined by ELISA plate
reader (Dynatech MR-7000; Dynatech Laboratories) at
530 nm [13]. The nitrite concentration is evaluated by means
of a calibration curve (2.5 to 40 μM), using sodium nitrite as a
standard.

2.5. Western blotting

Total cellular extractswere prepared according to our previous
paper [14], separated on 8%–12%SDS-polyacrylamideminigels,
and transferred to immobilon polyvinylidenedifluoride mem-
branes (Millipore; Billerica, MA, USA). The membrane was
blocked with 1% bovine serum albumin at room temperature for
NO production and iNOS protein expression. (A, B) Time-dependent
LTA-treated RAW264.7 cells. Cells were treated with LPS or LTA for

ed and total ERKs and JNKs protein was detected by Western blotting
PS- and LTA-induced NO production. Cells were treated with PD98059
amount of NO in medium was detected by Griess reaction. ⁎⁎Pb0.01
's t-test. (D, E) ERKs inhibitor PD98059 and JNKs inhibitor SP600125
ion respectively. Cells were treated with PD98059 or SP600125 (5 and
e expression of phosphorylated and total ERKs and JNKs protein was
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1 h and then incubated with antibodies for detecting iNOS, α-
tubulin, c-Jun, phospho-c-Jun, JNKs, phospho-JNKs, ERKs, and
phospho-ERKs protein overnight at 4 °C. Expression of the
protein was detected by staining with NBT and BCIP.

2.6. RT-PCR

RAW264.7 cells were treated with indicated compounds
and LPS for 4 h and washed out with ice-cold PBS. Total RNA
was isolated by total RNA extraction kit (Amersham
Biosciences, Buckinghamshire, UK), and the total RNA
concentration was detected at 260 nm using a spectrophotom-
eter (Shimadzu UV1601). Total RNA (1 μg) was converted to
cDNA with oligo d(T). PCR was performed on the cDNA
using the following sense and antisense primers, respectively,
for iNOS: CCCTTCCGAAGTTTCTGGCAGCAGC and
GGCTGTCAGAGAGCCTCGTGGCTTTGG; and GAPDH:
TGAAGGTCGGTGTGAACGGATTTGGC and CATG-
TAGGCCATGAGGTCCA CCAC. PCR of the cDNA was
performed in a final volume of 50 μL containing PCR primers,
oligo (d)T, total RNA, and DEPC H2O by RT-PCR Beads Kit
(Amersham Biosciences, Buckinghamshire, UK). The ampli-
fication sequence protocol was 95 °C for 30 s, 56 °C for 30 s,
72 °C for 45 s for 30 cycles. The PCR products were separated
Fig. 3. Wog, but not N-Wog, inhibition of LPS- and LTA-induced JNKs and c
induce c-Jun, but not c-Fos, protein expression. Cells were treated with LP
phosphorylated c-Jun (c-Jun-P) protein was examined byWestern blotting. (B
c-Jun, but not c-Fos, protein expression. Cells were treated with PD98059 or S
6 h. The expression of c-Jun, c-Fos and α-tubulin protein was examined by W
LTA-induced JNKs, but not ERKs, protein phosphorylation in RAW264.7 ma
followed by adding LPS or LTA for further 60 min. The expression of phos
blotting. (D) Wog (W), but not N-Wog (NW) inhibits LPS- and LTA-induce
Wog or N-Wog (40 μM) for 30 min, followed by adding LPS or LTA for furt
Western blotting.
by electrophoresis on 1.2% agarose gels and visualized by
staining with ethidium bromide.

2.7. DPPH radical scavenging activity assay

The scavenging activities of tested compounds against
DPPH radical were measured. In brief, different concentrations
of tested compounds were added to 0.1 mL of 1 M Tris–HCl
buffer (pH 7.9) and then mixed with 1.2 mL of 500 μMDPPH
in methanol for 20 min under light protection. The absorbance
at 517 nm was determined. Deionized water was used as a
control group. The decrease of absorbance at 517 nm was
calculated for scavenging activity.

2.8. Measurement of iNOS enzyme activity

In order to assay the iNOS enzyme activity in intact cells,
RAW264.7 cells were planted in 100-mm tissue dishes (4×106)
cells and incubated with LPS (100 ng/mL) for 12 h. Then the
cells were washed twice with PBS, and cells were harvested and
planted in a 96-well plate (2×105 cells/well), and incubated in
the presence or absence of different doses ofWog andN-Wog for
a further 12 h. The amount of NO in the supernatant was detected
by Griess reaction as described above.
-Jun protein expression in RAW264.7 cells. (A) LPS and LTA addition
S or LTA for 6 h, and the expression of c-Jun, c-Fos, α-tubulin, and
) SP600125, but not PD98059, addition reduces LPS- and LTA-induced
P600125 for 30 min, followed by adding LPS or LTA for an additional
estern blotting. (C) Wog (W), but not N-Wog (NW) inhibits LPS- and
crophages. Cells were treated with Wog or N-Wog (40 μM) for 30 min,
phorylated and total ERKs and JNKs protein was detected by Western
d c-Jun protein expression in RAW264.7 cells. Cells were treated with
her 6 h, and the expression of c-Jun and c-Fos protein was detected by
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2.9. Statistical analysis

Values are expressed as mean±S.E. The significance of the
difference from the respective controls for each experimental
test condition was assayed by using Student's t-test for each
paired experiment. A P value b .05 or 0.01 was considered as
statistically significant difference.

3. Results

3.1. Wog but not N-Wog inhibits LPS- or LTA-induced NO
production and iNOS gene expression in RAW264.7 cells

The chemical structures of wogonin (W; Wog; 5,7-diOH-8-
COH3 flavone) and Nor-wogonin (NW; N-Wog; 5,7,8-triOH
Fig. 4. Differential inhibitory effects of 5-OH, 7-OH, 5,7-diOH, 5-OH-7-OCH
in RAW264.7 cells. (A) (Upper panel) Chemical structure of tested compound
dose-dependent inhibitory effect on LPS-induced iNOS protein expression. C
compounds for 30 min, followed by incubating with LPS for a further 12 h. T
blotting using specific antibodies. (B) 5,7-diOH flavone and Wog time-depend
with LPS in the presence or absence of a 30 min prior 5,7-diOH flavone and W
tubulin protein was detected. (C) 5,7-diOH flavone expresses the most po
production. As described in (B), the amount of NO in the medium was measur
LPS-treated group as analyzed by Student's t-test.
flavone) are shown in Fig. 1A. The difference between Wog
and N-Wog is a methoxyl (OCH3) group at C8 of Wog and a
hydroxyl (OH) group at C8 of N-Wog. We further examined
the effects of Wog and N-Wog on LPS- or LTA-induced NO
production and iNOS gene expression. RAW264.7 cells were
treated with different doses of Wog and N-Wog (5, 10, 20 and
40 μM) for 30 min followed by incubation with LPS (100 ng/
mL) or LTA (1 μg/mL) for 12 h, and the amount of nitrite in the
medium under different treatments was measured with the
Griess reaction. Data in Fig. 1B show that Wog but not N-Wog
dose-dependently inhibited iNOS protein expression induced
by LPS and LTA. Data from the RT-PCR revealed that an
increase in iNOS mRNA expression was detected in LPS- or
LTA-treated RAW264.7 cells, and that was attenuated by the
addition of Wog but not N-Wog (Fig. 1C). An equal amount of
3 flavone on LPS-induced NO production and iNOS protein expression
s was described. (Lower panel) 5,7-diOH flavone performed significant
ells were treated with different doses (5, 10, and 20 μM) of indicated
he expression of iNOS and α-tubulin protein was detected by Western
ently inhibit LPS-induced iNOS protein expression. Cells were treated
og (20 μM) treatment for 4 to12 h, and the expression of iNOS and α-
tent inhibitory effect among tested compounds on LPS-induced NO
ed by Griess reaction. ⁎Pb0.05, ⁎⁎Pb0.01 significantly different from



Fig. 5. 7,8-diOCH3 flavone performed more potent inhibition on LPS-
induced NO production and iNOS protein expression than 7-OCH3-8-
OH flavone. (A) (Upper panel) Chemical structure of both compounds
was described. (Lower panel). Cells were treated with different doses
(5, 10, and 20 μM) of both compounds for 30 min, followed by
incubating with LPS for a further 12 h. The expression of iNOS and α-
tubulin protein was detected by Western blotting using specific
antibodies. (B) 7,8-diOCH3 flavone expresses more potent inhibitory
effect among tested compounds on LPS-induced NO production. As
described in (A), the amount of NO in the medium was measured by
Griess reaction. ⁎Pb0.05, ⁎⁎Pb0.01 significantly different from LPS-
treated group as analyzed by Student's t-test.

Fig. 6. Differential DPPH radical scavenging effects of flavonoids. As
described in theMaterials and methods, different doses (20 and 40 μM)
of tested compounds were mixed with DPPH solution for 20 min. The
absorbance at 517 nm was measured. The decrease in the value of
OD517 was calculated for scavenging activity. QUE, quercetin.
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GAPDH mRNAwas used as an internal standard. In the lower
panel of Fig. 1C, the quantitative data of the iNOS/GAPDH
mRNA ratio from three independent experiments are provided.
In the same part of the experiment, Wog but not N-Wog dose-
dependently inhibited LPS- or LTA-induced NO production in
RAW264.7 cells (Fig. 1D). We further examined if Wog's
inhibition of NO production occurred by the direct scavenging
of NOmolecules. Sodium nitroprusside (SNP) is considered as
a direct NO donor, and an increase of NO production via
dissociation of SNP in aqueous solution has been identified.
As illustrated in Fig. 1E, an increase in NO production was
detected in the medium of SNP-treated RAW264.7 cells, and
neither Wog nor N-Wog affected NO production induced by
SNP. Data of an indirect NOS enzyme activity assay showed
that Wog and N-Wog were unable to reduce NO production in
this assay, and reduction of NO production by an L-arginine
analogue (NLA) as a positive control was described (Table 1).
Data of MTT assay show that neither Wog nor N-Wog
expresses any cytotoxic effect in RAW264.7 cells (Table 1).
Similarly, Wog and N-Wog addition did not affect the integrity
of DNA of RAW264.7 cells (Fig. 1F). These data indicated
that Wog but not N-Wog possesses an inhibitory ability to
block LPS-or LTA-induced NO production through suppres-
sing iNOS gene expression at both the mRNA and protein
levels.

3.2. Activation of JNKs but not ERKs involves in LPS- and
LTA-induced NO production

We further examined the role of JNKs and ERKs in LPS- and
LTA-induced NO production. As illustrated in Fig. 2A and B,
both LPS and LTA time-dependently induced the expressions of
phosphorylated JNK and ERK proteins, however the total forms
of both proteins remained constant. Application of the JNK
inhibitor, SP600125, but not the ERK inhibitor, PD98059,
significantly inhibited LPS- and LTA-induced NO production
(Fig. 2C). PD98059 and SP600125 addition respectively
attenuated LPS- and LTA-induced ERKs and JNKs protein
phosphorylation in cells (Fig. 2D and E). It indicates that acti-
vation of JNKs but not ERKs via phosphorylation induction
participate in LPS- and LTA-induced iNOS protein expression
and NO production in macrophages.
3.3. Wog inhibits LPS- and LTA-induced phosphorylated
JNKs and c-Jun protein expression in RAW264.7
macrophages

Expression of c-Jun and c-Fos protein has been shown at the
downstream of JNKs activation. We therefore investigate if
induction of c-Jun and c-Fos protein is involved in LPS- and
LTA-treated RAW264.7 macrophages. As shown in Fig. 3A, an
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increase in c-Jun and phosphorylated c-Jun, but not c-Fos
protein, is detected in LPS- and LTA-treated RAW264.7 cells by
Western blotting. Incubation of cells with SP600125, but not
PD98059, significantly inhibits LPS- and LTA-induced c-Jun
protein expression, however no change in the expression of c-
Fos and α-tubulin protein was observed (Fig. 3B). Wog, but not
N-Wog, treatment attenuates LPS- and LTA-induced phosphor-
ylated JNKs, but not ERKs, protein expression (Fig. 3C). A
decrease in c-Jun, but not c-Fos, protein was detected in Wog,
but not N-Wog,-treated macrophages. These data suggest that
inhibition of iNOS gene expression and NO production by Wog
is mediated by blocking JNKs/c-Jun activation in macrophages.

3.4. Hydroxylation at C5 and C7 is essential for flavone
inhibition of NO production and iNOS protein expression

Both Wog and N-Wog contain OH groups at C5 and C7,
therefore we investigate the differential effect of 5-OH, 7-OH,
5,7-diOH, and 5-OH-7-OCH3 flavone on LPS-induced iNOS
protein expression and NO production. Structure of 5-OH, 7-
OH, 5,7-diOH, and 5-OH-7-OCH3 flavone were described in
the upper panel of Fig. 4A. Data of Western blotting show that
5,7-diOH flavone expresses significant inhibitory effect on
LPS-induced iNOS protein expression in a dose-dependent
manner (Fig. 4A; lower panel). As the same part of
experiment, 5,7-diOH flavone and Wog time-dependently
inhibit LPS-induced iNOS protein expression (Fig. 4B). Data
of the Griess reaction in Fig. 4C supported that 5,7-diOH
flavone performed the most potent inhibition against LPS-
induced NO production among test compounds in RAW264.7
cells (Fig. 4C). The IC50 values of 5,7-diOH flavone and 5-
OH-7-OCH3 flavone on LPS-induced NO production are 7.4±
0.8 and 17.3±0.4 μM, respectively.

3.5. OH at C8 attenuates the NO inhibition of flavone

Previous data indicated that Wog, but not N-Wog, inhibited
LPS and LTA-induced NO production. The structural
difference between Wog and N-Wog is an OCH3 and OH at
C8 of Wog and N-Wog, respectively. In order to provide more
evidences to indicate the role of OH and OCH3 at C8 of
flavone on LPS-induced NO production, analysis of 7,8-
diOCH3 and 7-OCH3-8-OH flavone on LPS-induced iNOS
protein expression, as well as NO production, was performed.
The chemical structure of 7,8-diOCH3 and 7-OCH3-8-OH
flavone has been shown in the upper panel of Fig. 5A. In the
presence of LPS treatment, both 7,8-diOCH3 and 7-OCH3-8-
OH flavone expresses differential inhibitory activity on LPS-
induced iNOS protein expression, and the inhibitory activity of
7,8-diOCH3 flavone is more potent than that of 7-OCH3-8-OH
flavone (Fig. 5A; lower panel). Data of Griess reaction show
that 7,8-diOCH3 significantly inhibits LPS-induced NO
production, and the IC50 values of 7,8-diOCH3 and 7-OCH3-
8-OH flavone on LPS-induced NO production are 12.6±0.9
and N20 μM, respectively (Fig. 5B). It suggests that OCH3 but
not OH substitution at C8 may contribute to the NO inhibition
of flavonoids.
3.6. Analyzing differential anti-DPPH radical activity of 5-
OH, 7-OH, 5,7-diOH, 7,8-diOCH3, 7-OCH3-8OH flavone, N-
Wog, Wog, and quercetin

In order to examine if NO inhibition of flavonoids
attributes to their differential free radical scavenging activity,
in vitro anti-DPPH radical was performed. As illustrated in
Fig. 6, 7-OCH3-8-OH flavone and N-Wog significantly
reduced DPPH radical production in the present assay. Neither
5-OH, 7-OH, 5,7-diOH, 7,8-diOCH3 flavone nor Nor-Wog
expresses any inhibitory effect against DPPH radical produc-
tion. A significant inhibition of DPPH radical production by
quercetin (QUE) is described as a positive control. It suggests
that anti-radical activity is not parallel with NO inhibition of
flavonoids.

4. Discussion

We provide evidence to support the roles of OH at C5
and C7, and OCH3 at C8 on the NO inhibition of Wog.
Data of the present study indicate that OH substitutions at
C5 and C7 are essential for NO inhibition of flavonoids in
LPS- and LTA-induced macrophages. However, OH
substitution at C8 may perform inhibitory effect against
NO production. The importance of OH or OCH3

substitution at C8 in the NO inhibition of flavonoids is
proposed, and suppression of JNKs–c-Jun signal events is
identified.

Activation of intracellular kinase cascades has been
reported in LPS- or LTA-induced inflammatory
responses. Chang et al. indicated that LTA-induced
NO production was mediated by activation of protein
kinase A and p38 MAPK in RAW264.7 cells [5]. Wu et
al. found that LTA-induced COX-2/PGE2 was mediated
by activation of PKC and ERKs in rat cortical neuron
cells [15]. Han et al. indicated that activation platelet-
activating factor receptor and Jak2 was involved in
LTA-induced nitric oxide production [16]. More evi-
dences supported that activation of MAPKs participated
in LPS-induced NO production [17,18]. Data of the
present study show that activation of ERKs and JNKs,
via inducing protein phosphorylation, was detected in
LPS- and LTA-treated macrophages, and addition of the
JNKs inhibitor SP600125, but not ERKs inhibitor
PD98059, reduced the NO production induced by LPS
and LTA. It suggests that activation of JNKs, but not
ERKs, may participate in LPS- and LTA-induced NO
production and iNOS protein expression. Moreover,
induction of c-Jun, but not c-Fos, protein is observed in
LPS and LTA-treated RAW264.7 cells, which is blocked
by SP600125, but not PD98059. The role of JNKs/c-Jun
activation in LPS- and LTA-induced NO production is
identified in the present study. The effects of Wog and
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N-Wog on LPS- and LTA-induced JNKs/c-Jun are still
unclear. Data of the present study show that addition of
Wog, but not N-Wog, effectively inhibits LPS- and LTA-
induced phosphorylated JNKs and c-Jun protein. It
suggests that Wog inhibition of iNOS gene expression
induced by LPS and LTA is mediated by blocking JNKs/
c-Jun activation in macrophages.

The antioxidative properties of flavonoids may be
partly related to their anti-inflammatory actions; therefore,
it is interesting to investigate the relationship between
antioxidant and anti-inflammation of flavonoids. Noroozi
et al. indicated that increasingOHnumbersmight enhance
the ROS-scavenging activity of flavonoids [19]. Park et al.
reported that flavonoids with three free hydroxyl (OH)
groups seemed to produce the optimal effects in increasing
ocular blood flow [9]. Silva et al. indicated that the
presence of catechol group in the B ring, OHatC3, and the
C2–C3 double bond are important for anti-oxidant effect
of flavonoids [20]. Rosenkranz et al. suggested that OH at
C4′ with a free C5′-position is sufficient for COX-2-
inhibiting activity of flavonoids [21]. Our previous studies
have shown that OH at C3 is critical for flavone inhibition
of epidermal growth factor-induced proliferation [22]. In
addition, hydroxylation at C4′ or C6 is essential for
apoptosis-inducing activity of flavanone via production of
reactive oxygen species [23]. Data of the present study
show that Wog, 5,7-diOH flavone, and 7,8-diOCH3

flavone are effective in inhibiting LPS- or LTA-induced
iNOS protein and NO production, however these com-
pounds express no scavenging effect against the produc-
tion of DPPH radical. Thus, we suggest that antioxidative
properties probably do not play a critical role in flavonoids
inhibition of iNOS/NO production.

Wog is an active compound in Chinese Herb S.
baicalensis Georgi, and several biological activities of
Wog have been identified. Yu et al. has reported that Wog
inhibited N-acetyltransferase activity and gene expression
in human leukemia cells HL-60 [24]. Lin et al. indicated
that Wog attenuated LPS-induced angiogenesis via
inhibition of VEGF/VEGFR-2 pathway [25]. Treatment
of malignant cells withWog sensitizes them to TNF-α and
TRAIL-induced apoptosis [26]. Our series studies have
shown that Wog effectively inhibited LPS-induced NO
production in vitro and in vivo [10,11], and Wog addition
suppressed LPS plus TPA-induced malignant transforma-
tion through blocking iNOS gene expression and NO
production in glioma C6 [12,27]. Although NO inhibition
by Wog has been investigated, the roles of structural
substitutions including OH at C5 and C7, and OCH3 at C8
on Wog inhibition of NO production are still undefined.
Data of the present study show that (a) Wog, but not N-
Wog is effective in inhibiting NO production elicited by
LPS and LTA; (b) 5,7-diOH flavone addition significantly
inhibited LPS-induced NO production; (c) 7,8-diOCH3

flavone is more potent than 7-OCH3-8-OH flavone in NO
inhibition stimulated by LPS. It suggests that OH
substitutions at C5 and C7 may contribute to the NO
inhibition of flavonoids, and the inhibitory role of OH at C8
is identified. These data provide SAR evidences for further
development of anti-inflammatory drugs from flavonoids.

NO has been shown in the cause of several chronic
human diseases such as heart disease, stroke, cancer, and
atherosclerosis [28]. Miyoshi et al. reported that deficiency
of iNOS reduces advances atherosclerosis in apolipoprotein
E-deficient mice [29]. Data of the present study show that
flavonoids such as Wog and 5,7-diOH flavone posses
ability to inhibit LPS- and LTA-induced iNOS gene
expression and NO production. It indicates that these
flavonoids not only can be used for anti-inflammation, but
also can be applied to treat chronic human diseases. The
therapeutic effect of flavonoids and its SAR against NO-
mediated chronic diseases may reserve importance for
further investigation.
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