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ABSTRACT

The regulations of the NO and PGE, productions are research topics of interest in the field of anti-inflam-
matory drug development. In the present study, 5,6,7-trimethoxy- and 5,6,7-trihydroxyflavones 3a-3g
were synthesized from cinnamic acid derivatives. In particular, 4'-bromo-5,6,7-trimethoxyflavone (3b)
most potently inhibited the productions of NO and PGE; in LPS-treated RAW 264.7 cells (ICso = 14.22 +
1.25and 10.98 + 6.25 pM, respectively), and these inhibitory effects were more potent than those of oroxy-
lin A or baicalein. Consistent with these findings, 3b concentration-dependently reduced the LPS-induced
expressions of iNOS and COX-2 at the protein and mRNA levels. In addition, the release of TNF-a, IL-6, and
IL-1B and the mRNA expressions of these cytokines were reduced by 3b in a concentration-dependent
manner. Furthermore, 3b attenuated the LPS-induced transcriptional activities of NF-kB and this was
accompanied by parallel reductions in the degradation and phosphorylation of IkB-a, and consequently
by a decrease in the nuclear translocation of the p65 subunit of NF-kB. Taken together, these results suggest
that suppressions of the expressions of iNOS, COX-2, TNF-a, IL-6, and IL-1B via NF-xB inactivation are
responsible for the anti-inflammatory effects of 3b.

© 2011 Elsevier Ltd. All rights reserved.

Inflammation, characterized by redness, swelling, pain, and a
sensation of heat, is one of the most important components of the
host defense mechanisms against invading pathogens. However,
inflammation may also aid microbial pathogeneses because the
inflammatory responses elicited by invading microorganisms can
result in considerable host damage, make nutrients available, and
provide access to host tissues.!

In the inflammatory state, activated immune cells secrete
excessive amounts of NO, PGE,, and pro-inflammatory cytokines.
NO and PGs are pleiotypic mediators produced at inflammatory
sites by iNOS and COX-2, respectively. The overproduction of NO
is mainly caused by iNOS, which is up-regulated in macrophages
by cytokines and/or bacterial LPS.>3 Furthermore, despite its ben-
eficial role in host defense, sustained NO production can be delete-
rious to the host, for example, NO has been implicated in the
pathogeneses of various inflammatory diseases, such as, arthritis,
asthma, multiple sclerosis, inflammatory bowel disease, and ath-
erosclerosis."?>* On the other hand, elevated COX-2 expression
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causes the excessive production of inflammatory PGs. In particular,
PGE, is a major COX-2 product at inflammatory sites, where it con-
tributes to increases in local blood flow, edema formation, and pain
sensitization.’

The pathogenesis of inflammation is highly complex process in
cells of the immune system, which in turn is regulated by cyto-
kine networks and a plethora of pro-inflammatory genes. Further-
more, the release of pro-inflammatory cytokines by macrophages
importantly regulates inflammatory responses, and macrophages
are the major cellular source of TNF-a, IL-1, and IL-6, which in
turn participate in the mediation of acute phase responses to in-
jury.® Accordingly, the regulations of NO, PGE,, and cytokines,
such as IL-1B, IL-6, and TNF-a are considered important targets
by those trying to develop anti-inflammatory agents.”™®

Scutellaria baicalensis Georgi (Huang Qui) is an important
medicinal herb, which is often used to treat inflammatory dis-
eases, hepatitis, tumors, and diarrhea in China, Korea, Taiwan,
and Japan.!®!" Furthermore, this plant has been reported to con-
tain a large number of flavonoids. Oroxylin A (1, 5,7-dihydroxy-6-
methoxyflavone) is the major component of Scutellariae Radix,
and has been shown to possess diverse pharmacological activities,
which include anti-cancer, hepatoprotective, anti-allergic, and
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1, oroxylin A 2, baicalein 3

Figure 1. Chemical structures of oroxylin A (1), baicalein (2) and 5,6,7-trimethoxyflavones (3).
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Scheme 1. Synthetic route to 5,6,7-trimethoxy- and 5,6,7-trihydroxyflavones 3a-3g.

Table 1
The cytotoxicities and inhibitory effects of oroxylin A, baicalein, and compounds 3a-3g on the LPS-induced productions of NO and PGE,

Compounds R R? Cell viability, ICso (uM) % Inhibition at 25 pM?
NO production PGE, production
3a CH3 H >100 12.10+£0.93 42.19+3.83
3b CH; Br 69.88 £ 5.32 89.63 £7.32 (14.22 £125)° 89.61 £ 6.25 (10.98 £ 6.25)°
3c CH3 NO, >100 17.41 +1.53 84.41+5.32
3d CH3 NH, >100 23.10+1.26 69.54 £4.95
3e H Br 57.11+1.91 27.03 +2.06 29.87 £2.32
3f H NO, >100 7.65 +0.61 29.87 £2.01
3g H NH, 94.13 £6.71 6.98 £ 0.48 83.11£5.99
1 (Oroxylin A) 16.73+1.35 12.44 +1.02 —c
2 (Baicalein) H H >100 11.13+0.88 60.87 £3.91

2 Values represent means + SDs of three independent experiments.
> Numbers in parenthesis are ICsq values in M.
¢ No inhibition at less than the cytotoxic concentration.

anti-inflammatory effects.'?~'* It has also been reported to inhibit NF-xB activation.!> However, during our efforts to identify new
the LPS-induced expressions of iNOS and COX-2 by suppressing anti-inflammatory agents by examining their inhibitory effects
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on the productions of NO and PGE,, we realized that structural
modification of oroxylin A was probably needed to increase its
anti-inflammatory effect. In fact, in a previous study involving
structural modifications of oroxylin A, it was observed that acyl-
ation of its 7-hydroxyl group significantly enhanced its antibacte-
rial activity.!® Methylations of the hydroxyl groups of oroxylin A
(1) or baicalein (2) to produce 5,6,7-trimethoxyflavone, were also
found to enhance the anticancer,!” anti-aggregatory,'® and anti-
inflammatory activities!® of the parent compound. However,
although the inhibitory effects of 5,6,7-trimethoxyflavones deriv-
atives were screened with respect to LPS-induced NO production,
and arachidonic acid and collagen-induced aggregation, the
underlying mechanism involved was not elucidated. Accordingly,
we synthesized various baicalein and oroxylin A derivatives with
the aim to producing adducts that more potently inhibit the LPS-
induced productions of inflammatory mediators in RAW 264.7
cells. In addition, we also attempted to identify the mechanisms
underlying their anti-inflammatory effects. Structural modifica-
tions were carried out by methylating the 5- and 7-hydroxyl
groups or by demethylating the 6-O-methyl group on the A-ring,
and by introducing substituents on the B-ring of oroxylin A
(Fig. 1).
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Oroxylin A derivatives were synthesized as shown in Scheme 1
using a modification of previously reported procedures.!®2°
Cinnamic acid derivatives 4 were transformed to cinnamoyl
chlorides by reaction with thionyl chloride in benzene and coupled
with 3,4,5-trimethoxyphenol in the presence of BFs-Et;0 to afford
the corresponding chalcones 5a-c. Intramolecular oxidative cycli-
zation of these chalcones with iodine in DMSO then provided the
5,6,7-trimethoxyflavones 3a-c. The 4’-nitro group in 3c was
reduced using tin(Il) chloride to give the 4’-amino-5,6,7-trimeth-
oxyflavone (3d). The methyls of the methoxy groups on the A-ring
of the trimethoxyflavones 3a-d were removed by treating them
with 47% HBr in glacial acetic acid to provide 5,6,7-trihydroxyflav-
ones, baicalein (2) and 3e-g.!

Initially, the synthesized flavones 3a-3g were screened for their
inhibitory effects on the LPS-induced productions of NO and PGE; in
RAW 264.7 cells. The cytotoxic effects and inhibitory activities of the
oroxylin A derivatives 3a-3g on the productions of NO and PGE; are
listed in Table 1; data on oroxylin A (1) and baicalein (2) were in-
cluded for comparison purposes. In most cases, the 5,6,7-trimeth-
oxyflavones (3a-3d) and 5,6,7-trihydroxyflavones (3e-3g) showed
much less cytotoxicity (ICso > 50 pM) than the parent compound
oroxylin A (1, IC50=16.73 puM). In our assay systems, oroxylin A
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Figure 2. Effects of 3b on LPS-induced NO and PGE, production in RAW 264.7 macrophages. (A) Cells were pretreated with different concentrations (6.25, 12.5 or 25 uM) of
3b for 1 h, then with LPS (1 pg/ml), and incubated for 24 h. NO levels in culture media were determined using Griess assays. L.-N6-(1-Iminoethyl) lysine (1-NIL, 10 uM) was
used as a positive NO production inhibitor. (B) Samples were treated as described in the legend of panel A. N-[2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide (NS-
398, 10 uM) was used as a positive PGE, production inhibitor. Level of PGE; in culture media was quantified using EIA kits. (C) Peritoneal macrophages isolated from C57BL/6
mice were treated as described in the legend of panel A. Values represent the means # SDs of three independent experiments. #p < 0.05 as compared with the control cells, and
*p <0.05, *p <0.01, **p < 0.001 as compared with the LPS-only treated cells. ANOVA and Dunnett’s post-hoc test were used to determine the significances of differences.
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(1) exhibited no noticeable effect on NO or PGE; production under its
cytotoxic concentration and baicalein inhibited only the production
of PGE, by 60.87% at 25 UM concentration. On the other hand,
compounds 3b-3d and 3g more potently inhibited PGE, production
(by 69.54-89.61%) than baiclein at the same concentration. In
particular, 4’-bromo-5,6,7-trimethoxyflavone (3b) potently inhib-
ited the productions of NO and PGE,, and these inhibitory effects
(ICsp = 14.22 £ 1.25,and 10.98 + 6.25 M, respectively) were greater
than those of oroxylin A (1) and baicalein (2). As shown in Figure 2A
and B, 3b significantly and concentration-dependently inhibited
LPS-induced NO and PGE,; production in RAW 264.7 cells. The syn-
thesized compounds 3a-3g did not affect RAW 264.7 cell viability
in either the presence or absence of LPS at concentrations up to
50 uM for 24 h, indicating that modification or substitution of the
A- or B-rings of oroxylin A may reduce cytotoxicity and enhance
inhibition of NO and PGE; production in LPS-induced RAW 264.7
cells. Accordingly, we sought to identify the mechanisms responsi-
ble for the anti-inhibitory effect of 3b in RAW 264.7 cells.

To determine whether 3b has inhibitory effects on the LPS-in-
duced productions of NO and PGE in vivo, we examined the effects
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of 3b on LPS-induced NO and PGE; production in peritoneal macro-
phages isolated from thioglycolate-injected C57BL/6 mice. 3b was
found to inhibit the LPS-induced productions of NO and PGE; con-
centration-dependently in these cells (Fig. 2C and D). We then inves-
tigated whether the inhibitory effects of 3b on the production of NO
and PGE, are related to changes in the expressional levels of iNOS
and COX-2. In unstimulated RAW 264.7 cells, iNOS and COX-2
protein levels were undetectable, but after treatment with LPS
(1 pg/ml), they were markedly upregulated. Furthermore, 3b signif-
icantly and concentration-dependently inhibited these expressions
(Fig. 3A). Because changes in iNOS and COX-2 levels could reflect
altered protein synthesis or degradation, qRT-PCR was performed
to determine whether 3b suppresses LPS-induced iNOS and COX-2
expression via a pre-translational mechanism. After treating RAW
264.7 macrophages with 3b (6.25, 12.5, or 25 uM) and LPS (1 pg/ml)
for 4 h, iNOS and COX-2 mRNA levels were elevated about five and
seven-fold, respectively. Furthermore, 3b significantly suppressed
the gene expressions of iNOS and COX-2 (Fig. 3B). These results
indicate that the inhibition of iNOS and COX-2 expressions by 3b
occurs in parallel with inhibition of the productions of NO and
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Figure 3. Effects of 3b on LPS-induced iNOS and COX-2 protein and mRNA expressions, and promoter activity in RAW 264.7 macrophages. (A) Cells were pretreated with
different concentrations (6.25, 12.5, or 25 uM) of 3b for 1 h, then treated with LPS (1 pg/ml), and incubated for 24 h. Control (Con) values were obtained in the absence of LPS
and 3b. Total cellular proteins (30 ng) were resolved by SDS-PAGE, transferred to nitrocellulose, and detected using specific antibodies for iNOS and COX-2. The data shown
are representative of three independent experiments, and the immunoblot is representative of three separate experiments. (B) Total RNA was prepared for qRT-PCR analysis
of iNOS and COX-2 from cells stimulated with LPS (1 pg/ml) with/without 3b (6.25, 12.5, or 25 uM) for 4 h. Steady-state mRNA levels of iNOS, COX-2 and B-actin were
determined by qRT-PCR using the Takara thermal cycler dice® (Takara Bio Inc., Japan). The results were expressed as the ratio of optimal density to B-actin. Values represent
the means * SDs of three independent experiments. #p < 0.05 as compared with the control cells, and *p < 0.05, **p < 0.01, ***p < 0.001 as compared with the LPS-only treated
cells. ANOVA and Dunnett’s post-hoc test were used to determine the significances of differences. (C) Cells were transiently co-transfected with piNOS-luc reporter or pCOX-
2-luc reporter with pRL-TK-luc either not pretreated (Con) or pretreated with different concentrations (6.25, 12.5, or 25 uM) of 3b for 1 h. Cells were then harvested and
luciferase activities were determined using a Promega luciferase assay system and a luminometer. Values represent the means * SDs of three independent experiments.
#p < 0.05 as compared with the control cells, and *p < 0.05, **p < 0.01, **p < 0.001 as compared with the LPS-only treated cells. ANOVA and Dunnett’s post-hoc test were used
to determine the significances of differences.
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Figure 4. Effects of 3b on LPS-induced TNF-o, IL-6, and IL-1B production and gene expressions. (A-C) Cells were pretreated with different concentrations (6.25, 12.5, or
25 uM) of 3b for 1 h, then with LPS (1 pg/ml), and incubated for 24 h. The levels of TNF-o, IL-6 and IL-1p in macrophage culture medium were measured by EIA kits according
to the manufacturer’s instructions (R&D Systems). Values represent the means + SDs of three independent experiments. *p < 0.05 as compared with the control cells, and
*p <0.05, *p <0.01, **p < 0.001 as compared with the LPS-only treated cells. ANOVA and Dunnett’s post-hoc test were used to determine the significances of differences. (D)
Total RNA was prepared for qRT-PCR analysis of iNOS and COX-2 from cells stimulated with LPS (1 pg/ml) with/without 3b (6.25, 12.5, or 25 uM) for 4 h. Steady-state mRNA
levels of TNF-a, IL-6, IL-1p and B-actin were determined by qRT-PCR using the Takara thermal cycler dice® (Takara Bio Inc., Japan). The results were expressed as the ratio of
optimal density to B-actin. Values represent the means + SDs of three independent experiments. *p <0.05 as compared with the control cells, and *p < 0.05, *p < 0.01,
**p <0.001 as compared with the LPS-only treated cells. ANOVA and Dunnett’s post-hoc test were used to determine the significances of differences.

PGE, (Fig. 2A and B). In addition, 3b dose-dependently inhibited
LPS-induced iNOS and COX-2 promoter luciferase activity (Fig. 3C
and D).

In the inflammatory state, macrophages release pro-inflamma-
tory cytokines like TNF-o,, IL-6, and IL-18.22 We examined the pro-
ductions and expressions of these cytokines by ELISA and qRT-PCR,
respectively, and found that pre-treatment with 3b considerably
reduced LPS-induced TNF-o, IL-6, and IL-1p release (Fig. 4A-C)
and their mRNA expressions (Fig. 4D). These findings suggest that
the decreased protein levels of these cytokines are responsible for
the reduced transcription level.

Because the activation of NF-xB is critical for LPS-induced
expressions of iNOS, COX-2, TNF-a,, IL-6, and IL-1p,2> we examined
the effect of 3b using an LPS-stimulated NF-xB-dependent reporter
gene assay. Analysis of reporter gene expression using pNF-kB-luc
demonstrated that 3b concentration-dependently inhibited NF-
kB-dependent luciferase activity (Fig. 5A). In general, NF-xB is
inactive in the cytosol because it is bound by kB and becomes ac-
tive after IxB is phosphorylated and degraded, which enables the
subsequent nuclear translocation of NF-xB.?*?> Thus, we explored
whether 3b could inhibit the LPS-stimulated phosphorylation and
degradation of IxkB-o in RAW 264.7 cells by Western blotting.
Figure 5B shows that the LPS-induced IkB-o degradation and

phosphorylation was significantly blocked by 3b. Accordingly, we
investigated whether 3b prevents the translocation of the subunit
of NF-kB (p65) to the nucleus, and found that pretreatment with
3b dose-dependently attenuated LPS-induced p65 translocation
to the nucleus (Fig. 5A). These findings show that 3b prevents
NF-kB-activation by inhibition the phosphorylation and degrada-
tion of IkB-o.. However, the enhancing expression of IkB-o band
after only 3b treatment is remained for further studies.

Summarizing, we synthesized 5,6,7-trimethoxy- and 5,6,7-tri-
hydroxyflavones 3a-3g from cinnamic acid derivatives to enhance
inhibitory effects on LPS-induced NO and PGE, production versus
oroxylin A and baicalein in RAW 264.7 cells. Of the compounds
synthesized, 4’-bromo-5,6,7-trimethoxyflavone (3b) was found to
significantly inhibit the productions of NO and PGE, production
by LPS. Consistent with these results, 3b inhibited the LPS-stimu-
lated expressions of iNOS, COX-2, TNF-a, IL-6, and IL-1p and
induced attendant reductions in the productions of NO, PGE,,
TNF-o, IL-6, and IL-1B in RAW 264.7 cells. Furthermore, our
molecular data suggest that 3b inhibits these anti-inflammatory
modulators by suppressing NF-kB activation via the inhibition of
IkB-o. phosphorylation and degradation. Accordingly, our findings
provide a partial description of the mechanism underlying the
anti-inflammatory effects of 3b.
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Figure 5. Effects of 3b on the NF-kB promoter activity, phosphorylation and degradation of IxBa, and p65 nuclear translocation in RAW 264.7 macrophages. (A) Cells were
transiently co-transfected with pNF-kB-luc reporter and pRL-TK-luc and either not pretreated or pretreated with different concentrations (6.25, 12.5, or 25 pM) of 3b for 1 h.
LPS (1 pg/ml) was then added, and cells were further incubated for 1 h. Cells were collected and luciferase activities were determined using a Promega luciferase assay system
and a luminometer. Values represent the means # SDs of three independent experiments. *p < 0.05 as compared with the control cells, and *p < 0.05, **p < 0.01, ***p < 0.001 as
compared with the LPS-only treated cells. ANOVA and Dunnett’s post-hoc test were used to determine the significances of differences. (B) Cells were pretreated with different
concentrations (6.25, 12.5, or 25 pM) of 3b for 1 h, then with LPS (1 pg/ml), and incubated for 15 min or 1 h. Cytosol and nuclear extracts were then prepared for the Western
blotting by using a specific p-IkBa, [kBo and NF-kB p65 specific antibodies. A representative immunoblot of three separate experiments is shown. PARP and B-actin were
used as internal controls. The data shown are representative of three independent experiments, and the immunoblot is representative of three separate experiments.
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