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Oolong tea theasinensins are a group of tea polyphenols different from green tea catechins and black
tea theaflavins. The present study reports the inhibitory effects of oolong tea theasinensins on the
expression of cyclooxygenase-2 (COX-2) and underlying molecular mechanisms in lipopolysaccharide
(LPS)-activated murine macrophage RAW264 cells. The structure—activity data revealed that the
galloyl moiety of theasinensins played an important role in the inhibitory actions. Theasinensin A, a
more potent inhibitor, caused a dose-dependent inhibition of mMRNA, protein, and promoter activity of
COX-2. An electrophoretic mobility shift assay (EMSA) revealed that theasinensin A reduced the
complex of NF-«<B— and AP-1—DNA in the promoter of COX-2. Signaling analysis demonstrated that
theasinensin A attenuated I«B-o. degradation, nuclear p65 accumulation, and c-Jun phosphorylation.
Furthermore, theasinensin A suppressed the phosphorylation of MAPKSs, I«xB kinase o/f (IKKo/f), and
TGF-$ activated kinase (TAK1). These data demonstrated that the down-regulation of TAK1-mediated
MAPKs and NF-«<B signaling pathways might be involved in the inhibition of COX-2 expression by
theasinensin A. These findings provide the first molecular basis for the anti-inflammatory properties of

oolong tea theasinensins.
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INTRODUCTION

Cyclooxygenase (COX) is a rate-limiting enzyme that catalyzes
the synthesis of prostaglandins from arachidonic acid. There are
two isoforms of COX, designated COX-1 and COX-2, which are
encoded by different genes (7, 2). COX-1 is constitutively ex-
pressed in most tissues and believed to be responsible for normal
physiological functions (3, 4). In contrast, COX-2 is not detect-
able in most normal tissues or resting immune cells, but it is
induced by bacterial lipopolysaccharide (LPS) (2), carcino-
gens (3), and inflammatory cytokines (4). Many types of cells
associated with inflammation such as macrophages (4), endothe-
lial cells, and fibroblasts, express COX-2 upon induction (5,6). It
has been identified that AP-1 and NF-«B play a critical role in the
regulation of COX-2 transcription (§,7). NF-«Bis a transcription
factor involved in many inflammatory responses including LPS-
and cytokine-induced inflammation (7, 8). AP-1 is essential for
both basal and inducible COX-2 transcription (9, 10).

LPS, a principal component of the outer membrane of Gram-
negative bacteria, is a well-characterized inducer for COX-2 ex-
pression. Several lines of studies have indicated that LPS modulates
toll-like receptor 4 (TLR4)-mediated signaling pathways by bind-
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ing TLR4 in membrane (/7, 12). Although the molecular events
are not fully understood in LPS-signaling, TGF-f activated
kinase (TAK1) has been suggested to be an important factor
for COX-2 expression (/3). In unstimulated conditions, TAK1
binds TNF receptor-associated factor 6 (TRAF6) with TAK-
binding protein (TAB) and forms a complex of TRAF6/TAK1/
TABI1/TAB2 in membrane (1, /4). Stimulation of cells with LPS
results in the activation of TAK 1, which subsequently activates
the I-x B kinase complex (IKK) and mitogen-activated protein
(MAP) kinases, culminating in the activation of NF-«B and
AP-1, respectively (15). NF-«kB and MAPK further activate tran-
scriptional factors of NF-xB and AP-1 to stimulate COX-2
expression (2, 9).

Accumulated data indicate that COX-2 is involved in many
inflammatory processes and is induced in various carcinomas,
suggesting that COX-2 plays a key role in inflammation and
tumorigenesis (3, 6). Interestingly, some antioxidants with che-
mopreventive effects inhibit COX-2 expression by interfering
with the signaling pathways that regulate COX-2 gene expres-
sion (12, 16). Thus, the COX-2 gene has been used as a target
to screen the cancer chemopreventive effects of phytochemicals.
The identification of COX-2 inhibitor is considered to be a
promising approach to protect against inflammation and
tumorigenesis.
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Figure 1. Chemical structures of theasinensins.

Through the fermentation during tea processing, tea polyphe-
nols can be divided into two kinds (/7, 18). One is primary
polyphenols present in green tea leaves without fermentation; the
representative component is catechins such as (—)-epigallocate-
chin-gallate (EGCG). Another is secondary polyphenols, which
are formed during the fermentation process. The secondary
polyphenols are mainly present in black tea, and theaflavins are
the representative components. Both catechins and theaflavins
have been extensively studied on chemopreventive efficacy in
multiple organs and have been considered to be potent com-
pounds for chemoprevention (19, 20). We have isolated a group
of polyphenols, namely, theasinensins A—E, from oolong tea
(17, 18), which is consumed heavily in Asian and most Eastern
countries. Oolong tea is a partially fermented tea between green
tea and black tea according to the fermentation degree. Theasi-
nensins are major secondary polyphenols formed during the
partial fermentation processes. Some lines of studies have demon-
strated that oolong tea theasinensin A showed antioxidative
effects against lipid peroxidation (21), apoptosis induction in
human U937 cells (22), and inhibitory effect on matrix metallo-
proteinases activities of human fibrosarcoma HT1080 cells (23).
However, structure—activity relationships and the underlying
mechanisms are not well understood. To clarify these points, five
kinds of theasinesins were used to treat mouse macrophage
RAW?264 cells, which can be stimulated by LPS to mimic a state
of inflammation. The inhibitory effects of COX-2 expression and
underlying molecular mechanisms were then investigated in the
present study. Structure—activity study indicated that theasinen-
sins bearing galloyl moiety suppressed COX-2 expression. Molec-
ular data further suggested that the down-regulation of TAK1-
mediated MAPKs and NF-«B signaling pathways is involved in
the inhibition of COX-2 expression by theasinensin A.

MATERIALS AND METHODS

Materials and Cell Culture. Theasinensins A—E (Figure 1) were
isolated from oolong tea or synthesized as described in a former publica-
tion (/&) and purified by HPLC with 99% purity. Their chemical structures
were formerly identified according to their spectroscopic analyses (/8).
Theasinensins A—C have R-configuration, and theasinensins D and E
have S-configuration in the biphenyl structure with different moieties
at Ry, Ry, R3, and Ry (Figure 1). The final concentration of DMSO with
theasinensin A was 0.2% in cell culture. LPS (Escherichia coli serotype 055:
B5) was from Sigma (St. Louis, MO). Antibodies against phospho-
ERK1/2, phospho-p38 kinase, phospho-c-Jun (Ser73), phospho-JNK,
ERK1/2, p38 kinase, JNK, phospho-TAK1, phospho-IKKa/f, phos-
pho-IkB-a,, TAK1, and IxB-a were purchased from Cell Signaling
Technology (Beverly, MA). Antibodies against COX-2, COX-1,
IKKa/f, a-tubulin, and p65 were from Santa Cruz Biotechnology
(Santa Cruz, CA).
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Murine macrophage-like RAW264 cells were obtained from RIKEN
BioResource Center Cell Bank (cell RCB0535), Tsukuba, Japan, and
cultured at 37 °Cin a 5% CO, atmosphere in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% FBS.

Measurement of Prostaglandin E, (PGE,). PGE, in culture me-
dium was measured with a PGE, enzyme immunoassay kit (Cayman Co.,
St. Louis, MO) according to manufacturer’s manual (24). In brief,
RAW264 cells (5 x 10° cells) were seeded into each well of 6-well plates.
Afterincubation for 24 h, cells were starved by being cultured in serum-free
medium for another 2.5 h to eliminate the influence of FBS. The cells were
then treated with or without theasinensins for 30 min before exposure to
40 ng/mL LPS for 12 h. The level of PGE; released into culture medium
was determined by measuring absorbance at 405 nm in a microplate
reader.

Cell Survival Assay. A cell survival assay was performed as described
previously (24). Briefly, RAW264 cells (2 x 10 cells/well) were plated into
each well of 96-well microtiter plates. After incubation for 24 h, the cells
were treated with 0—100 4M theasinensins for 16 h. MTT solution was
then added to each well, and the cells were incubated for another 4 h. The
resulting MTT—formazan product was dissolved by the addition of 100
1L 0f 0.04 N HCl—isopropanol. The amount of formazan was determined
by measuring the absorbance at 595 nm in a microplate reader. The results
were expressed as the optical density ratio of the treatment to control.

Plasmids and Transient Transfection Assay. The human COX-2
promoter-luciferase constructs (—327/4+59) have been described pre-
viously (9, 25). Transient transfection was performed according to the
modified method as described previously (24). RAW264 cells (1 x 10°)
were plated into each well of 12-well plates and cultured for 24 h. The cells
were then cotransfected with 0.5 ug of COX-2 promoter-luciferase
plasmids and 0.12 ug of CMV-f-galactosidase plasmid, using Lipofect-
AMINE2000 (Promega, Madison WI). After incubation for 5 h, the medium
was changed with fresh medium and cultured for another 20.5 h. The cells
were treated with or without theasinensin A (0—75 M) for 30 min before
exposure to 40 ng/mL LPS for 6 h. The activities of luciferase and
p-galactosidase in cell lysate were measured in a luminometer (Berthold,
Bad Wildbad, Gemany) according to the supplier’s recommendations.
Luciferase activity values were normalized to transfection efficiency
monitored by f-galactosidase expression, and COX-2 transcription activ-
ity was expressed as fold induction relative to the control cells without LPS
treatment.

RNA Extraction and RT-PCR. RNA extraction and RT-PCR were
performed as described previously (26). Briefly, RAW264 cells (1 x 10°)
were precultured in a 6 cm dish for 24 h and then starved by being cultured
in serum-free medium for another 2.5 h to eliminate the influence of FBS.
The cells were treated with the concentration range of 0—75 uM theasi-
nensin A for 30 min before exposure to 40 ng/mL LPS for 6 h. Cellular
RNA was extracted with an ISOGEN RNA isolation kit (Nippon Gene,
Tokyo, Japan) as described by the manufacturer. The oligonucleotide
primers used to amplify mouse COX-2 were 5-CAG CAA ATC CTT
GCT GTT CC-3 and 5'-TGG GCA AAG AAT GCA AAC ATC-3 (27).
The oligonucleotide primers used to amplify mouse COX-1 were 5'-ACT
GGC TCT GGG AAT TTG TG-3 and 5-AGA GCC GCA GGT GAT
ACT GT-3 (28). The RT-PCR was done by one-step reaction with Read-
to-Go RT-PCR beads (GE Healthcare, Buckinghamshire, U.K.) as
described previously (26). Briefly, RNA (250 ng) was used for reverse
transcription into cDNA at 42 °C for 30 min using oligo (dT) 12—18
primers. Amplifications were done at 95 °C for 30 s, 55 °C for 30 s, and
72 °C for 60 s with a GenAmp PCR System 2400 machine (Perkin-Elmer,
Boston, MA). Template and cycle dependences of the PCR products
were confirmed, and the available cycle numbers of PCR for COX-2 and
COX-1 were determined as 30 cycles, respectively. The PCR products were
separated on 2% agarose gel, and digitally imaged after staining by
ethidium bromide. The bands were quantified by Imager Gauge Software
(Fuji Photo Film, Tokyo, Japan). The mRNA level in the control culture is
arbitrarily set to 1.0, the basal level for subsequent mRNA comparisons.

Nuclear Protein Extraction. Nuclear extracts were prepared as
described previously (26, 29). Briefly, RAW264 cells (1 x 10°) were cul-
tured in a 6 cm dish for 24 h and then starved by being cultured in serum-
free medium for another 2.5 h to eliminate the influence of FBS. The cells
were treated with theasinensin A for 30 min before exposure to 40 ng/mL
LPS for 4 h. Harvested cells were lysed by incubation in buffer A
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(10 mM HEPES (pH 7.9), 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
dithiothreitol, and 0.2 mM phenylmethanesulfonyl fluoride) on ice for
15 min and then centrifuged at 13500g for 10 min at 4 °C. The nuclear
pellets were resuspended in buffer B (20 mM HEPES (pH 7.9), 25%
glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM
dithiothreitol, and 0.2 mM phenylmethanesulfonyl fluoride) for 15 min
at4 °C and then centrifuged at 13500g for 15 min at 4 °C. The supernatants
containing nuclear extracts were stored at —80 °C until use.

Electrophoretic Mobility Shift Assay (EMSA). EMSA was per-
formed as described previously (30). In brief, oligonucleotide probes were
synthesized by Genenet Co., Ltd. (Fukuoka, Japan) and then annealed in
TE buffer. Ten picomole probes were labeled with T4 polynucleotide
kinase (TakaraBio Inc., Shiga, Japan) and (y-**P) ATP (5000 Ci/mmol;
Amersham Biosciences, U.K.). The sequences of wild AP-1 probes were
5-CGG AAA GAC AGA GTC ACC ACT AC-3 and 5'-GTA GTG
GTG ACTCTG TCT TTC CG-3'. The mutant AP-1 probes were 5'-CGG
AAA GAC AGA GTT GCC ACT AC-3 and 5'-GTA GTG GCA ACT
CTG TCT TTC CG-3'. The sequences of wild NF-«B probes were
5-GAG AGG TGA GGG GAT TCC CTT AGT TAG-3 and 5-CTA
ACT AAG GGA ATC CCC TCA CCT CTC-3'. The mutant NF-«B
probes were 5'-GAG AGG TGA GGG CCTTCC CTT AGT TAG-3 and
5'-CTA ACT AAG GGA AGG CCCTCA CCT CTC-3' (31). The labeled
oligonucleotides were purified by Sephadex G-25 spin column (Amersham
Biosciences, U.K.). Five micrograms of nuclear extract was incubated at
25 °C for 30 min with labeled or unlabeled competitor oligonucleotides in
binding buffer (25 mM Tris-HCI, pH 7.5, 75 mM KCI, 0.3% Nonidet-40,
7.5% glycerol, 2.5 mM dithiothreitol, 1 mg/mL bovine serum albumin,
and 1 ug of poly(dI)- poly(dC)). The products were separated at 4 °C on a
5% nondenaturing polyacrylamide gel in 0.5x Tris borate/EDTA buffer,
and the gel was then dried on 3 MM chromatography paper. The paper
was exposed to a radioactive imaging plate, and densitometry was then
detected in an FLA-2000 machine (Fuji Photo Film Co. Ltd., Tokyo,
Japan).

Western Blotting. A Western blotting assay was performed as
described previously (26). In brief, RAW264 cells (1 x 10°) were cultured
ina 6 cm dish for 24 h and then starved by being cultured in serum-free
medium for another 2.5 h to eliminate the influence of FBS. The cells were
treated with theasinensin A for 30 min before exposure to 40 ngor 1 ug/mL
LPS for the different times. Cellular lysates were boiled for 5 min. Protein
concentration was determined by dye-binding protein assay (Bio-Rad
Hercules, Hercules, CA) according to the manufacturer’s manual. Equal
amounts of lysate protein (40 ug) were run on 10% SDS-PAGE and
electrophoretically transferred to PVDF membrane (GE Healthcare,
Buckinghamshire, U.K.). After blotting, the membrane was incubated
with specific primary antibody overnight at 4 °C and further incubated for
1 h with HRP-conjugated secondary antibody. Bound antibodies were
detected by ECL system with a Lumi Vision PRO machine (TAITEC Co.,
Saitama, Japan). The relative amount of proteins associated with specific
antibody was quantified by Lumi Vision Imager software (TAITEC Co.).

Statistical Analyses. Differences among the treatments and the con-
trol were analyzed by ANOVA tests. A probability of p < 0.05 was
considered to be statistically significant.

RESULTS

Theasinensins Suppress Production of COX-2 and PGE2 with
a Structure—Activity Relationship. To investigate the effects of
theasinensins on COX-2 and PGE, production, RAW264 cells
were treated with 75 uM theasinensins A—E for 30 min, respec-
tively, before exposure to 40 ng/mL LPS for 12 h. As shown in
Figure 2a, LPS-induced COX-2 protein was significantly sup-
pressed by theasinensins A, D, and B, but not by theasinensins E
and C (p < 0.05) at 75 uM. The constitutive protein, COX-1,
showed no change in such treatment. Moreover, theasinensins A,
D, and B also suppressed LPS-induced PGE, production in the
same fashion as COX-2 protein (Figure 2b). To determine and
compare the potencies of theasinensins A, B, and D, we further
examined their effects on COX-2 and PGE, at the lower con-
centration indicated. As shown in Table 1, theasinensins A and D
suppressed significantly the production of both COX-2 and PGE,
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in the concentration range of 50—75 uM, whereas theasinensin B
attenuated significantly the production of COX-2 and PGE, only
at 75 uM. These results suggest the galloyl moiety at R, Ry, R3, or
Ry played an important role in the inhibitory action. Theasinen-
sins A and D, having two galloyl moieties, showed the strongest
effect. Theasinensin B, having one galloyl moiety, showed an
effect at higher dose, whereas theasinensins C and E, having no
galloyl moiety, failed to show such an inhibitory effect in the same
concentration range. To investigate whether the inhibition is due
to the cytotoxicity of theasinensins, we investigated the viability
of the cells treated by theasinensin A, which is the strongest
inhibitor of these five compounds, by MTT assay. The results
indicated that theasinensin A did not affect cell viability at the
concentration range of 25—75 uM, whereas a 10.5% decrease
of cell viability was observed in the cells treated by 100 uM
(Supporting Information). Thus, the inhibitory effect of theasi-
nensins on COX-2 and PGE, when used at <75 uM was not
caused by their cytotoxicity, suggesting that theasinensins A, D,
and B might be potential inhibitors for COX-2 expression.

Theasinensin A Inhibits the Transcription Activity of COX-2
Gene. Because theasinensin A showed the strongest inhibition on
COX-2 and PGE, production among five kinds of theasinensins,
we used theasinensin A to investigate the molecular mechanism
of inhibitory action in subsequent experiments. First, a dose-
dependent inhibition of COX-2 protein was confirmed (Figure 3a).
Then, we examined the levels of COX-2 mRNA at the same
concentration range by RT-PCR to determine whether the sup-
pression of COX-2 protein by theasinensin A was due to transcrip-
tional regulation. As shown in Figure 3b, theasinensin A sup-
pressed COX-2 mRNA expression in the same fashion, whereas
COX-1 showed no change in such treatment. We furthermore
performed a promoter activity assay of COX-2 gene with a core
COX-2 promoter-luciferase plasmid (—327/+59), which contains
the cis-elements including NF-«B (—223/—214) and AP-1 (—67/
—62) sites (28, 29). As shown in Figure 3c, theasinensin A also
suppressed COX-2 promoter-driven luciferase activity in the same
style as COX-2 mRNA and protein. Although CREB and C/EBP
sites are also present in the promoter region of the COX-2 gene, we
observed that theasinensin A showed no inhibitory effect on the
activation of both CREB and C/EBP in our preliminary works
(Hou et al., unpublished data). These results suggest that theasi-
nensin A might inhibit COX-2 expression by suppressing the
activation of transcriptional factors including NF-«B and AP-1,
which bind the COX-2 promoter.

Theasinensin A Reduces the Bound Complex of AP-1— and NF-
kB—DNA. Several lines of studies indicate that AP-1 and NF-xB
are the principal transcriptional factors to regulate COX-2
expression stimulated by LPS or proinflammatory cytokines (7,9).
To investigate whether theasinensin A suppressed the binding of
AP-1 and NF-«B in their cis-elements of COX-2 promoter,
EMSA assays were performed with the oligonucleotides of AP-
1 and NF-«B binding sites. As indicated in Figure 4, LPS caused
a notable increase in the complexes of AP-1—DNA (left) and
NF-«xB—DNA (right) (lane 2). Pretreatment with 50 uM theasi-
nensin A reduced markedly the complexes of AP-1-DNA and
NF-«B—DNA (lane 3) induced by LPS. Although theasinensin A
alone decreased the endogenous complex of AP-1, but not NF-«B
(lane 4), it was not due to the cytotoxicity because treatment with
theasinensin A (50 uM, 16 h) did not affect cell viability as
measured by MTT assay (Supporting Information). The specific
interaction between DNA and AP-1 or NF-«B was demonstrated
by competitive inhibition with excess unlabeled wild and mutant
AP-1 or NF-«B oligonucleotides. Treatment with a 10-fold excess
of unlabeled wild AP-1 or NF-«B oligonucleotides completely
blocked the complex (Figure 4, lane C10) whereas treatment with
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Figure 2. Effects of theasinensins on COX-2 (a) and PGE, production (b) in LPS-activated RAW264 cells. (a) COX-2 protein. RAW264 cells (1 x 10° cells)
were pretreated with 75 «M concentrations of the indicated theasinensins for 30 min, respectively, and then exposed to 40 ng/mL LPS for 12 h. Western blotting
was done as described under Materials and Methods. Histograms show the densitometric analysis of COX-2 protein normalized to COX-1 protein. The data
represent the mean = SD of triplicate tests, and the picture is representative of those experiments, each with similar results. (b) PGE,. Cell culture and
treatment were done the same as for (a). The amount of PGE in medium was measured as described under Materials and Methods. Values represent the

mean =+ SD of triplicate tests. Means with different letters differ at p < 0.05.

Table 1. Inhibition of Theasinesins on COX-2 and PGE, Production?

0uM 25 uM 50 uM 75 uM
COX-2 (Fold Density)
theasinensin A 43+08a 41+£07a 224+0.3b 1.1+0.1¢c
theasinensin B 43+07a 42+06a 38+04a 214+0.2b
theasinensin D 43+07a 41+05a 23+0.2b 12+02c
PGE; (pg/mL)
theasinensin A 1010 +£151A  870£70A 450 +35B 200+ 18C
theasinensin B 10104+ 121A 950+ 78A 860+40A  4304+20B
theasinensin D 1010+111A 890+ 80A 460+30B  210+16C

@Means with different letters differ at p < 0.05.

a 10-fold excess of mutant AP-1 or NF-«B oligonucleotides did
not block the complex (lane M10). These results indicated that
theasinensin A might suppress expression of COX-2 gene by
blocking the complex of AP-1-DNA and NF-«B—DNA in
COX-2 promoter.

Theasinensin A Suppresses c-Jun Phosphorylation, IkB Degra-
dation, and Nuclear p65 Accumulation. To identify the effects of
theasinensin A on these transcriptional factors, we pretreated

RAW264 cells with 0—75 uM theasinensin A for 30 min before
exposure to 40 ng/mL LPS and then detected these transcription
factors using specific antibodies, respectively. As shown in
Figure 5a, theasinensin A inhibited LPS-induced phosphorylation
of c-Jun, which is a major component of AP-1 in c-Jun/c-Fos
heterodimer form, in the concentration range of 50—75 uM.
NF-«B is inactivated in the cytosol associated with IxB and
becomes active through translocation to the nucleus preceded by
LPS-induced proteolytic degradation of 1«B (32, 33). Thus, we
examined whether theasinensin A inhibits [kB-o degradation. In
our previous study, we found that LPS caused I«B-a degradation
at 15—45 min, which was then restored from 60 min (26). Thus,
we pretreated RAW264 cells with 0—75 uM theasinensin A for 30
min and detected total IxB-a protein after exposure to 40 ng/mL
LPS for another 30 min by Western blotting. As shown in
Figure Sb, LPS significantly induced IxB-o degradation (lane 2).
Pretreatment with 50 uM theasinensin A suppressed IxB-a
degradation in a dose-dependent manner (lanes 3—5). These
results demonstrated that theasinensin A might inhibit LPS-
induced NF-«B activation by blocking I«B-o. degradation. To
confirm this, we further examined the nuclear p65, a part of the
p65/p50 heterodimer, at the same time. In parallel with the result
of IkB-a degradation, LPS markedly resulted in reduction of
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Figure 3. Theasinensin A causes a dose-dependent inhibition of COX-2
protein (a), mRNA (b), and promoter activity (¢) in LPS-activated RAW264
cells. (a) COX-2 protein. RAW264 cells (1 x 10%) were pretreated with
0—75 uM theasinensin A for 30 min and then exposed to 40 ng/mL LPS for
12 h. COX-2 and COX-1 were detected by Western blotting analysis with
their antibodies, respectively. Histograms show the densitometric analysis
of COX-2 protein normalized to COX-1. (b) COX-2 mRNA. RAW264 cells
(1 x 10%) were pretreated with 0—75 1M theasinensin A for 30 min and
then exposed to 40 ng/mL LPS for 6 h. Cellular RNA extraction and
RT-PCR were performed as described under Materials and Methods.
Histograms show the densitometric analysis of COX-2 mRNA normalized
to COX-1 mRNA. (¢) COX-2 promoter activity. RAW264 cells (1 x 10°)
seeded on each well of a 12-well plate were transfected with 0.5 ug of
COX-2 promoter (—327/4-59)-luciferase reporter constructs and 0.12 ug
of CMV-{-galactosidase plasmid. After 5 h of incubation, the medium was
replaced with complete medium and cultured for another 20.5 h. The cells
were then treated by 0—75 uM theasinensin A for 30 min before they were
exposed to 40 ng/mL LPS for 6 h. The luciferase activity values were
normalized to transfection efficiency monitored by /3-galactosidase expres-
sion, and COX-2 promoter activity is expressed as fold induction to the
(—827/4-59) construct without LPS treatment. The data represent mean
=+ SD of triplicate tests. Means with different letters differ at p < 0.05.
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nuclear p65 after 30 min of treatment (Figure Sc, lane 2), and
theasinensin A (50 uM) significantly reduced the nuclear level of
p65 (Figure Sc, lanes 3—5). Lamin B was used as a control for
nuclear protein.

Theasinensin A Inhibits MAPK Activation. Accumulated data
have indicated that LPS causes the activation of MAPK including
JNK, ERK1/2, and p38 kinase and subsequently activates the
transcription factors with the attendant induction of COX-2 (29).
Thus, we investigated the influence of theasinensin A on the
activation of JNK, ERK1/2, and p38 kinase. As shown in
Figure 6, theasinensin A caused a dose-dependent inhibition of
LPS-induced phosphorylation of INK, ERK1/2, and p38 kinase,
suggesting that down-regulation of MAPK signaling pathways is
involved in the inhibition of COX-2 expression by theasinensin A.

Theasinensin A Suppresses IKK and TAK1 Phosphorylation.
Recent studies have shown that IxB phosphorylation is regulated
by I«B kinases (IKKo and IKKp) (14, 15), and IKKa/f phos-
phorylation is further regulated by upstream TAKI1 (/7—13).
Phosphorylated TAK1 can phosphorylate the IKK complex,
which in turn stimulates IxB degradation. Thus, we investigated
the effect of theasinensin A on IKKa/B phosphorylation and
TAKI activation. RAW264 cells were pretreated by 50 uM
theasinensin A for 30 min and then treated with 40 ng/mL or
1 ug/mL LPS for 15 min. We found that treatment with 40 ng/mL
LPS caused a low induction of IKKo/f and TAK]1 (data not
shown). To clarify the induction of IKKo/f and TAKI, we
treated the cells with 1 ug/mL LPS as recommended pre-
viously (37). As shown in Figure 7, LPS induced remarkable
phosphorylation of IKKa/f and TAK (lane 2). Treatment with
theasinensin A significantly inhibited phosphorylation of IKKa/3
and TAK1 without effect on total IKKa/f and TAKI protein.
The data indicated that the down-regulation of TAK 1-mediated
signaling pathways is involved in the inhibition of COX-2
expression by theasinensin A.

DISCUSSION

The chemopreventive effects of oolong tea theasinensins are
poorly understood, although green tea and black tea polyphenols
have been extensively studied with regard to their chemopreven-
tive efficacy and molecular mechanisms (19, 20). This study is the
first report of the inhibitory effects of theasinensins on COX-2
and PGE, production and underlying molecular mechanisms.

As a result of structure—activity study, theasinensins A and D
revealed strongest inhibition on both COX-2 expression and
PGE,; production among five kinds of theasinensins. Comparison
of their structures suggests that the galloyl moiety may play an
important role in the inhibitory action of theasinensins. Theasi-
nensins A and D bearing two galloyl moieties showed strongest
inhibitory effect, whereas theasinensins C and E bearing no
galloyl moiety failed to show inhibitory effects under the same
conditions. On the other hand, the configuration of theasinensins
did not affect the inhibitory action because there was no differ-
ence in inhibitory effect between S- and R-forms bearing the same
number of galloyl moieties. Several lines of studies have indicated
that catechins bearing a galloyl moiety showed higher activity in
many cases, such as growth inhibition of human lung cancer cell
line (34), an inhibitory effect on the oxidative modification of low-
density lipoprotein (35), antibacterial activity (36), and suppres-
sion of postprandial hypertriglyceridemia in rat (37). Recent
studies have demonstrated that the presence of a galloyl moiety
in catechins was responsible for their high affinity for lipid
bilayers. Galloylated catechins revealed higher phospholipid/
water partition coefficients when they were immersed in the
phospholipid palisade intercalating within the hydrocarbon
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Figure 4. Theasinensin A reduces the complex of AP-1—DNA (left) and NF-«B—DNA (right). RAW264 cells was pretreated with or without 50 uM
theasinensin A for 30 min and then exposed to 40 ng/mL LPS for another 30 min. Nuclear protein was extracted and then incubated with (y-SzP)-Iabeled
oligonucleotides of wild AP-1 and NF-«B (lanes 1—4) or with unlabeled oligonucleotides of 10-fold excess molar of wild AP-1 or NF-«B (lane C10) and mutant
AP-1 or NF-«B (lane M10). After separation by 5% nondenaturing polyacrylamide gel, the gel was dried on 3 MM chromatography paper and exposed to a
radioactive imaging plate. The signal was detected with an FLA-2000 machine. The shifted protein—DNA complexes are denoted with arrows.

chains. In contrast, nongalloylated catechins showed a shallow
location close to the phospholipid/water interface (38). More-
over, the interaction of epigallocatechin gallate with lipid bilayers
was directly demonstrated by solid-state nuclear magnetic reso-
nance (39). Thus, tea polyphenols bearing a galloyl moiety can
effectively affect cells based on the formation of membrane
structures. According to these data, we presume that the higher
inhibitory activity of theasinensins A and D on COX-2 expression
may be associated with the higher affinity of its galloyl moiety to
cellular membrane, although it is required to be proven in further
works.

In our previous study, we also found that green tea proantho-
cyanidins could inhibit COX-2 expression in LPS-activated
mouse macrophages at similar concentration ranges with theasi-
nensin A. The results also revealed that the galloyl moiety of
proanthocyanidins plays a critical role in their inhibitory action
because prodelphinidin B, 3,3-di-O-gallate (PDGG), having two
galloyl moieties, showed strongest effect, whereas prodelphinidin
B, (PD), having no galloyl moiety, failed to show an inhibitory
effect (40). However, EGCG, a major polyphenol of green tea,
has been demonstrated to increase COX-2 expression in the same
RAW264 macrophages (41, 42). The reasons why tea EGCG has
opposite effects from theasinesins and proanthocyanidins on COX-
2 expression remain unclear. On the basis of its chemical structure,
EGCG is a flavan-3-ol. Theasinensins and proanthocyanidins
belong to condensed tannins; the building blocks of most theasi-
nensins and proanthocyanidins are the flavan-3-ols (+)-catechin
and (+)-epicatechin. It is worth identifying the structure—activity
relationship in the inhibition of COX-2 expression between mono-
mer and polymers of tea polyphenols in further study.

Although theasinensins D and E are isolated only from
oolong tea, theasinensins A—C were also isolated from black tea
(Hashimoto et al., unpublished data), and theasinensins A and B
were also isolated in the fermented leaves of green tea (/7).
Moreover, theasinensins A—D, but not E, could be synthesized
from EGCG and EGC by chemical reaction (I8, 43). There-
fore, there is a wide potential resource for these functional
theasinensins.

MAPKSs including JNK, ERK1/2, and p38 have been reported
to play a critical role in LPS-mediated COX-2 induction (28, 29).
JNK, ERK1/2, and p38 kinase can coregulate COX-2 transcrip-
tion in LPS-treated macrophage/monocytic linecage (24, 26).
In the present study, oolong tea theasinensin A showed a dose-
dependent inhibition on the activation of those three kinases
(Figure 6) and AP-1 (Figure 5a), which is one of the transcrip-
tional factors targeted by MAPK. EMSA data further revealed
that theasinensin A inhibited the complex of AP-1—DNA present
in the COX-2 promoter (Figure 4, left). These data suggest that
the down-regulation of the MAPK signaling pathway was
involved in the suppression of COX-2 by theasinensin A. Simi-
lar cases are also observed in other COX-2 inhibitors such as
delphinidin (26), diarylheptanoid (44), and sesquiterpene lac-
tones (45). They inhibit COX-2 expression by targeting MAPK
signaling pathways.

NF-«B is another important player in the regulation of COX-2
expression induced by many cytokines and inflammatory prod-
ucts such as LPS (5, 7, 31). To clarify whether the NF-«B
signaling pathway is involved in COX-2 expression inhibited by
theasinensin A, we further investigated the effects of theasinensin
A on NF-«B signaling. EMSA data revealed that theasinensin A
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Figure 5. Effects of theasinensin A on the transcriptional factors binding to
COX-2 promoter. (a) Phosphorylation of c-Jun. RAW264 cells were
pretreated with 0—75 uM theasinensin A for 30 min and then exposed
to 40 ng/mL LPS for 30 min. Phosphorylated c-Jun and total c-Jun were
detected with their antibodies. Histograms show the densitometric analysis
of phosphorylated c-Jun normalized to total c-Jun. (b) IxB-a degradation.
RAW264 cells were treated with 0—75 uM theasinensin A for 30 min
before exposure to 40 ng/mL LPS for 30 min. IxB-c. protein were detected
with its antibody. Histograms show the percentage of I«B-a. protein to non-
LPS treatment after normalization to a-tubulin. (¢) Nuclear p65. Cell culture,
treatment, and nuclear extraction were performed as for Figure 4.
Nuclear p65 were detected with p65 antibody. Histograms show the
densitometric analysis of p65 in nuclear lysates. Lamin B was used as a
control of nuclear protein. The data represent the mean =+ SD of triplicate
tests, and the pictures are representative of those experiments, each with
similar results. Means with different letters differ at p < 0.05.

reduced the complex of NF-«B—DNA in the COX-2 promoter
(Figure 4, right). Western blotting results revealed that theasi-
nensin A inhibited LPS-induced degradation of IxBa. (Figure 5b)
and subsequent reduction of nuclear p65 (Figure 5c). These data
suggest that down-regulation of the NF-«B signaling pathway by
theasinensin A might be due to the inhibition of IxBa degradation
and reduction of nuclear p65.
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Figure 6. Theasinensin A suppresses the phosphorylation of JNK, ERK1/2,
and p38 kinase. RAW264 cells were pretreated with 0—75 uM theasinensin
A for 30 min and then exposed to 40 ng/mL LPS for 30 min. Total or
phosphorylated JNK, ERK1/2, and p38 kinase were detected with their
antibodies, respectively. Histograms show the densitometric analysis of
phosphorylated kinase normalized to total kinase, respectively. The data
represent the mean =+ SD of triplicate tests, and the pictures are represen-
tative of those experiments, each with similar results. Means with different
letters differ at p < 0.05.
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Recent studies have suggested that IxkB phosphorylation is
regulated by both a and f isoforms of IKK (14, 15), which are
further regulated by upstream factors such as TAK1 (13). These
kinases may represent novel sites for pharmacological interven-
tion in a number of inflammatory conditions. Therefore, we
examined the effects of theasinensin A on phosphorylation of
IKK a/f and TAKI. In parallel with the inhibition of IxBa
degradation, theasinensin A inhibited the phosphorylation of
IKK o/ and TAK1 (Figure 7). Furthermore, TAK1 is also an
upstream regulator of LPS-induced MAPK (/3). Thus, theasi-
nensin A might inhibit COX-2 expression through the suppres-
sion of TAK1-mediated NF-«B and MAPK pathways in LPS-
activated RAW264 cells.

It is known that LPS modulates TLR4-mediated signaling
pathways by binding TLR4 in membrane (/1, 12). Is it possible
that theasinensin A binds the TLR4 competitively with LPS? For
this, we treated RAW246 cells with FITC-conjugated LPS, cold
LPS, and theasinensin A and then detected the binding by flow
cytometric assay. Our results revealed that the addition of
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Figure 7. Theasinensin A suppresses the phosphorylation of IKKa//5 and
TAK1. RAW264 cells were pretreated with 50 ««M theasinensin A for 30 min
and then exposed to 1 ug/mL LPS for 10 min. p-IKKou/3, IKKau/j3, p-TAK1,
TAK1, and a-tubulin were detected with their antibodies, respectively.
Histograms show the densitometric fold of phosphorylated IKKou/3 or TAK1
to total IKKa/3 or TAK1 normalized to a-tubulin, respectively. The data
represent the mean & SD of triplicate tests, and the pictures are
representative of those experiments, each with similar results. Means with
different letters differ at p < 0.05.

theasinensin A did not affect LPS—TLR4 binding. As a positive
control, excess cold LPS reduced the signals of FITC-conjugated
LPS binding to TLR4 (Hou et al., unpublished data). On the basis of
our data and other information, theasinensin A did not bind TLR4
to suppressed COX-2 expression. The molecules between TLR4 and
TAKI signaling should be the targets by theasinensin A. TAK1 is, at
least, one of them. Others are worthy of further investigation.

The effective concentrations of theasinensin A on the inhibi-
tion of COX-2 and PGE, used in this study were > 50 uM, which
are similar to the effective concentrations of other polyphenols
such as anthocyanidins (26) and tea proanthocyanidins (37) as
reported previously. Accumulated data have shown that the effec-
tive concentrations of polyphenols in culture cells are, in general,
quite higher than those measured in animal tissue or plasma.
Although it is still hard to fill the gap between the two, some lines
of studies have indicated that cells cultured under laboratory
conditions of 95% air/5% CO, are in a state of hyperoxia,
experiencing about 150 mmHg of O,, whereas most cells in the
human body are exposed to O, concentrations in the range of
1—10mmHg (46). Polyphenols in higher O, concentration tend to
be oxidized and broken down (47). This may partially explain
why some polyphenols show cellular effects in culture cells with
higher concentrations than in in vivo experiments. We will further
clarify these facts in the case of theasinensins.

In summary, we showed data, for the first time, that oolong tea
theasinensins bearing a galloyl moiety inhibited LPS-induced
COX-2 expression in LPS-activated RAW264. The down-regula-
tion of TAK 1-mediated NF-«B and MAPK signaling pathways is

Hou et al.

demonstrated to be involved in the inhibition of COX-2 expres-
sion by theasinensins A. These data provide the primary molec-
ular basis for the anti-inflammatory properties of oolong tea
theasinensins.

ABBREVIATIONS USED

AP-1, activator protein-1; COX-2, cyclooxygenase-2; EMSA,
electrophoretic mobility shift assay; ERK, extracellular signal-
regulated kinase; IKK, I-«B kinase; LPS, lipopolysaccharide;
JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated pro-
tein kinase; NF-«B, nuclear factor «B; PGE,, prostaglandin E2;
TAKI1, TGF-f-activated kinase; TLR4, toll-like receptor.

Supporting Information Available: Effect of theasinensin A
on cell survival. This material is available free of charge via the
Internet at http://pubs.acs.org.
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