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ARTICLE INFO ABSTRACT

Article history: Much is known about the bioactive properties of green tea flavan-3-ol. However, very little
Received 9 April 2007 work has been done to determine the properties of proanthocyanidins, another kind of
Accepted 7 June 2007 polyphenols in green tea. In this study, we have investigated the anti-inflammatory effect of

tea prodelphinidin B-4 3'-O-gallate (PDG) by demonstrating the inhibitory effects on cycloox-
ygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) in lipopolysaccharide (LPS)-

Keywords: activated murine macrophage RAW264 cells. PDG caused a dose-dependent inhibition of
Proanthocyanidin COX-2 and iNOS at both mRNA and protein levels with the attendant decrease of prosta-
COX-2 glandin E, (PGE,) and nitric oxide (NO) production. Molecular data revealed that PDG
iNOS downregulated NF-«B signaling pathway. Electrophoretic mobility shift assay (EMSA)
NF-kB showed that PDG reduced the binding complex of NF-kB-DNA in the promoter of COX-2
IKKo/pB and iNOS. Immunochemical analysis revealed that PDG suppressed LPS-induced phosphor-
TAK1 ylation and degradation of IkBa, and subsequent nuclear translocation of p65. Conse-

quently, PDG suppressed phosphorylation of IkB kinase «/f (IKKo/B) and TGF-B-activated
kinase (TAK1). Taken together, our data indicated that PDG is involved in the inhibition of
COX-2 and iNOS via the downregulation of TAK1-NF-«B pathway, revealing partial mole-
cular basis for the anti-inflammatory properties of tea PDG.

© 2007 Published by Elsevier Inc.

1. Introduction biosynthetic pathway. They are present in the fruits, bark,
leaves and seeds of many plants, especially enriched in tea,
Prodelphinidin B-4 3'-O-gallate (PDG), one of proanthocyani- grape seed and cranberry [2]. Recently, they are increasingly

dins, consists of (+)-gallocatechin and (-)-epigallocatechin 3-O- recognized as having beneficial effects on human health
gallate moieties in a molecule [1] (Fig. 1). Proanthocyanidins because several lines of evidence showed that they have
are oligomeric and polymeric end products of the flavonoid antioxidant [2,3], antimutagenic [2,4], anticancer [2,5] and
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Fig. 1 - Chemical structures of prodelphinidin B-4 3'-O-
gallate (PDG), G; gallate.

anti-inflammatory activities [2,6]. For example, (+)-catechin,
(+)-gallocatechin, and 4'-O-methyl-ent-gallocatechin isolated
from some medicinal plants traditionally used to treat
inflammatory conditions, showed inhibitory effects on
cyclooxygenase (COX)-2 through measurement of the inhibi-
tion of COX-2-catalyzed prostaglandin biosynthesis in vitro [6].
However, the underlying mechanisms are not well under-
stood.

COX is a rate-limiting enzyme for synthesis of dienoic
eicosanoids such as prostaglandin E, (PGE,). COX exists in two
isoforms [7,8]. COX-11is expressed constitutively in many types
of cells and is responsible for the production of prostaglandins
under physiological conditions. COX-2 is induced by pro-
inflammatory stimuli, including mitogens, cytokines and
bacterial lipopolysaccharide (LPS) in macrophages [8] and
epithelial cells [9,10]. Accumulated data indicate that COX-2 is
involved in many inflammatory processes and induced in
various carcinomas, suggesting that COX-2 plays a key role in
inflammation and tumorigenesis [11,12]. Thus, the identifica-
tion of COX-2 inhibitor is considered to be a promising
approach to protect against inflammation and tumorigenesis.

Nitric oxide synthase (NOS) is an enzyme that catalyzes t-
arginine to produce nitric oxide (NO). There are three distinct
isoforms of NOS. Endothelial nitric oxide synthase (eNOS) and
neuronal nitric oxide synthase (nNOS) are constitutively
expressed in endothelium and neural tissues, respectively
[13]. On the other hand, inducible nitric oxide synthase (iNOS)
is only induced by various inflammatory stimuli, such as
bacterial endotoxic LPS and inflammatory cytokines in
macrophages, hepatocytes and endothelial cells [13-15]. iNOS
catalyzes the formation of a large amount of NO, which plays a
key role in the various forms of inflammation and carcinogen-
esis [15-17]. Therefore, NO production by iNOS may reflect the
degree of inflammation, and provides a measure to assess the
effect of chemopreventive agents on the inflammatory
process.

Regarding the regulation of COX-2 and iNOS gene expres-
sion, nuclear factor kB (NF-kB), has been identified to bind the
cis-acting elements in the promoter of COX-2 and iNOS genes,
and to regulate their transcription [11,18]. NF-«B is one of the
principal inducible transcription factors mediated by many
cytokines and inflammatory products such as LPS [19,20]. In

most unstimulated conditions, NF-«kB is sequestered in the
cytosol in an inactive state, NF-«B-IkBs (« or ) complex. When
IkBs are phosphorylated and degraded, NF-«xB migrates to the
nucleus and becomes active form. NF-«B activates a number of
rapid response genes involved in the inflammatory response
such as COX-2 and iNOS [11,12]. Recent studies indicate that
LPS binds toll-like receptor 4 (TLR4) in cellular membrane and
mediates a TLR4-mediated NF-«kB pathway [21,22]. Although
the molecular events are not fully understood in LPS-
signaling, TGF-B-activated kinase (TAK1) and IkB kinases
(IKK) are suggested to be the two important factors. In
unstimulated conditions, TAK1 binds TNF receptor-associated
factor 6 (TRAF6) with TAK-binding protein (TAB), and forms a
complex of TRAF6/TAK1/TAB1/TAB2 in membrane [21,23].
Phosphorylation of TAK1 initiates the release of the complex
from the membrane, and then phosphorylates downstream
targets such as the IkB kinases (IKKs). Once activated IKKs
subsequently induces phosphorylation and subsequent degra-
dation of IkBs [24,25].

In the present study, we used mouse macrophage cell line
RAW?264, which can be stimulated with LPS to mimic a state of
infection and inflammation, to demonstrate the molecular
mechanism of inhibitory action of PDG on COX-2 and iNOS
expression. Our data showed that the downregulation of
TAK1-NF-«kB pathway was involved in the inhibition of COX-2
and iNOS expression by PDG.

2. Materials and methods
2.1. Materials and cell culture

PDG (Fig. 1) was isolated from tea as described previously [1]
with 99% purity, and dissolved in distilled water. Lipopoly-
saccharide (LPS, Escherichia coli Serotype 055:B5) was from
Sigma. Antibodies against phospho-TAK1(Thr184/187), phos-
pho-IKKa/B(Ser176/180), phospho-IkB-a(Ser32), and IkB-a
were purchased from Cell Signaling Technology, Beverly,
MA, USA. Antibodies against COX-2, COX-1, IKKa/B, TAK1,
p65 and a-tubulin were from Santa Cruz Biotechnology,
CA, USA.

Murine macrophage-like RAW264 cells were obtained from
RIKEN BioResource Center Cell Bank (Cell No. RCB0535), Japan,
and cultured at 37 °C in a 5% CO, atmosphere in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS.

2.2.  Measurement of PGE, and nitrite

PGE; in culture medium was measured with a PGE, enzyme
immunoassay kit (Cayman Co., St. Louis, MO, USA) according
to manufacturer’s manual [26]. In brief, RAW264 cells (5 x 10°
cells) were seeded into each well of 6-well plates. After
incubation for 24 h, the cells starved by being cultured in
serum-free for another 2.5 h to eliminate the influence of FBS.
The cells were then treated with or without PDG for 30 min
before exposure to 40 ng/ml LPS for 12 h. The amount of PGE,
released into the medium was determined by measuring
absorbance at 405 nm with a microplate reader.

Nitrite concentrations were measured by Griess reaction
[27]. RAW264 cells (3 x 10° cells) were seeded in 48-well plates.
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The cells were treated with or without PDG for 30 min before
exposure to 40 ng/ml LPS for 12 h. The amount of nitrite in the
medium (100 ul) was detected through the reaction with the
same volume of Griess reagent (1% sulfanilamide in 5%
phosphoric acid and 0.1% N-(1-naphthyl) ethylenediamide
dihydrocholide in distilled water) for 10 min at room tem-
perature, and the absorbance was measured at 550 nm
wavelength.

2.3.  Protein extraction and Western blotting

RAW?264 cells (6 x 10°) were pre-cultured in 15-cm dish for
24 h, and then starved by being cultured in serum-free for
another 2.5 h to eliminate the influence of FBS. The cells were
treated with PDG for 30 min before exposure to 40 ng/ml LPS.
For whole protein extract, harvested cells were lysed and
boiled for 5 min. For nuclear extract, harvested cells were
lysed and then centrifuged at 14,000 x g for 15 min at 4 °C [26].
After three washes, nuclear pellets were suspended in a buffer
containing 20 mM HEPES, 0.5M KCl, 1mM EDTA, 1mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, pH 7.9
for 30 min at 4 °C. The nuclear extracts was separated by
centrifugation at 14,000 x g for 15 min at 4 °C, and then boiled
for 5 min.

Western blotting assay was performed as described
previously [28]. Protein concentration was determined using
dye-binding protein assay kit (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s manual. Equal amounts of
protein (40 p.g) were run on SDS-PAGE and electrophoretically
transferred to PVDF membrane (Amersham Pharmacia Bio-
tech). After blotting, the membrane was incubated with
specific primary antibody overnight at 4°C, and further
incubated for 1h with HRP-conjugated secondary antibody.
Bound antibodies were detected by ECL system with a Lumi
Vision PRO machine (TAITEC, Japan). The relative amount of
proteins associated with specific antibody was quantified
using the Lumi Vision Imager software.

2.4. RNA extraction and RT-PCR

RAW?264 (1 x 10° cells) was pre-cultured in 6-cm dish for 24 h,
and then starved by being cultured in serum-free for another
2.5 h to eliminate the influence of FBS. The cells were treated
with or without PDB for 30 min before exposure to 40 ng/ml
LPS for 6 h. Total RNA was extracted with an Isogen RNA Kit
(Nippon Gene Co., Toyama, Japan) as described in manufac-
ture manual. The PCR primers for mouse COX-2 [29], COX-1
[30], INOS [31] and GAPDH [32] genes were summarized in
Table 1. The RT-PCR was performed with Ready-to-Go RT-PCR
beads (Amersham Pharmacia Biotech, Little Chalfont, UK) as
described previously [33]. 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°Cfor 30 s and 72 °C for 60 s with GenAmp PCR System 2400
machine (Perkin-Elmer). Template- and cycle-dependence of
the PCR products were confirmed, and the available cycle
numbers of PCR for COX-2, COX-1, iNOS and GAPDH were
determined as 30, 30, 33 and 21 cycles, respectively. The PCR
products were separated on 2% agarose gel, and digitally
imaged after staining ethidium bromide. The bands were

Table 1 - Oligonucleiotides used in PCR and EMSA

Name Sequence

PCR
COX-2 (490 bp) 5'-CAG CAA ATC CTT GCT GTT CC-3'

5'-TGG GCA AAG AAT GCA AAC ATC-3'

COX-1(450bp)  5'-ACT GGC TCT GGG AAT TTG TG-3'

5'-AGA GCC GCA GGT GAT ACT GT-3

5'-CCC TTC CGA AGT TTC TGG CAG CAG C-3'
5'-GGC TGT CAG AGA GCC TCG TGG CTT TGG-3'

iNOS (497 bp)

GAPDH (842bp) 5-GAC CCC TTC ATT GAC CTC AAC-3

5'-CAT ACC AGG AAA TGA GCT TG-3

EMSA
Wild NF-xB 5'-GAG AGG TGA GGG GAT TCC CTT AGT TAG-3

5'-CTA ACT AAG GGA ATC CCC TCA CCT CTC-3'

Mutant NF-kB 5'-GAG AGG TGA GGG CCT TCC CTT AGT TAG-3%

5'-CTA ACT AAG GGA AGG CCC TCA CCT CTC-3

quantified with Imager Gauge Software (Fuji Photo Film,
Tokyo, Japan). The mRNA level in the control is arbitrarily set
to 1.0 as the basal level for subsequent mRNA comparisons.

2.5.  Electrophoretic mobility shift assay (EMSA)

EMSA was performed as described previously [34]. In brief,
oligonucleotide probes (Table 1) were synthesized by Genenet
Co. (Fukuoka, Japan), and then annealed in TE buffer. Ten pmol
probes were labeled with T4 polynucleotide kinase (Takara
Bio, Siga, Japan) and [y-*?P] ATP (5000 Ci/mmol; Amersham
Biosciences). The labeled oligonucleotides were purified using
a SephadexG-25 spin column (Amersham Biosciences). Five pg
of nuclear extract was incubated at 25°C for 30 min with
labeled or unlabeled competitor oligonucleotides in binding
buffer (25 mM Tris-HCl, pH 7.5, 75 mM KCl, 0.3% Nonidet-40,
7.5% glycerol, 2.5 mM dithiothreitol, 1 mg/ml bovine serum
albumin and 1 ug of poly(dl)-poly(dC)). The products were
electrophoresed at 4 °C on a 5% nondenaturing polyacryla-
mide gelin 0.5 x Tris borate/EDTA buffer, and the gel was then
dried on chromatography paper. The radioactivity on paper
was detected with FLA-2000 machine (Fuji Photo Film, Tokyo,
Japan).

2.6.  Statistical analyses
Difference between the treated and the control was analyzed

by Student’s t-test. A probability of P < 0.05 was considered
significant.

3. Results
3.1 PDG suppresses COX-2 expression and PGE, release

To examine the inhibitory effect of PDG on COX-2 expression,
RAW264 cells were treated with the indicated concentrations
of PDG for 30 min before exposure to 40 ng/ml LPS for 12 h. As
shown in Fig. 2A, PDG suppressed LPS-induced expression of
COX-2, but not COX-1, in a dose-dependent manner at the
concentration range of 25-75pM. Furthermore, PDG also
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Fig. 2 - PDG inhibits LPS-induced COX-2 protein and PGE,
release in RAW264 cells. (A) COX-2 detection. After
RAW264 cells (1 X 10° cells) were starved in serum-free
medium for 2.5 h, the cells were treated with the indicated
concentrations of PDG for 30 min, and then exposed to
40 ng/ml LPS for 12 h. COX-2 and COX-1 were detected by
Western blotting with their antibodies, respectively.
Histograms show the densitometric analysis of COX-2
protein normalized to COX-1. The data represent the
mean = S.D. of three to four separate experiments. (B) PGE,
measurement. After RAW?264 cells (5 x 10° cells) were
starved in serum-free medium for 2.5 h, the cells were
treated with the indicated concentrations of PDG for

30 min, and then exposed to 40 ng/ml LPS for 12 h. The
amount of PGE, in medium was measured as described in
Section 2. Each value represents the mean *+ S.D. of
triplicate tests. P < 0.05; "P < 0.01 vs. LPS alone.

suppressed LPS-induced PGE, release with the same fashion of

COX-2 protein (Fig. 2B). The inhibitory action by PDG was not
caused by their cytotoxicity because the concentration that
suppressed COX-2 protein did not affect cell viability as
measured by Trypan blue assay (data not shown). These
results indicate that PDG may be a potential inhibitor for
COX-2.

3.2.  PDG suppresses iNOS expression and NO production

It has been reported that LPS also can induce iNOS expression

and NO release [13-15]. Thus, we next examined the effect of

PDG on LPS-induced iNOS protein and nitrite production in
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Fig. 3 - PDG inhibits LPS-induced iNOS protein and NO
production. (A) iNOS detection. Cell culture and PDG
treatment were done as described in Fig. 2A. iNOS and «-
tubulin were detected with their antibodies, respectively.
Histograms show the densitometric fold of iNOS protein
normalized to a-tubulin. (B) Nitrite concentration
measurement. RAW264 cells (3 X 10° cells) were
pretreated with 25-50 M of PDG for 30 min, and then
exposed to 40 ng/ml LPS for 12 h. The culture medium was
subsequently isolated and nitrite concentration was
determined by Griess reaction. Each value represents the
mean = S.D. of triplicate tests. P < 0.01 vs. LPS alone.

such treatment. As shown in Fig. 3A, PDG suppressed LPS-
induced iNOS protein in a dose-dependent manner at the
concentration range of 25-75pM. As a control, «-tubulin
showed no change in such treatment. Furthermore, PDG also
suppressed LPS-induced nitrite production with the same
fashion of iNOS protein (Fig. 3B).

3.3. PDG downregulates mRNA levels of COX-2 and iNOS

It has been reported that LPS maximally increased the COX-2
and iNOS mRNA at 6-12 h [35,36]. To determine whether PDG
suppresses LPS-induced COX-2 and iNOS mRNA, we examined
their mRNA levels at 6 h by RT-PCR. The results showed that
PDG inhibited LPS-induced increase in both COX-2 (Fig. 4A)
and iNOS mRNA (Fig. 4B) at the concentration range of 25-
75 uM while PDG had no effect on COX-1 mRNA level in such
treatment. GAPDH mRNA as control showed no change
(Fig. 4B). These data revealed that PDG also suppressed LPS-
induced increase in COX-2 and iNOS mRNA, although we
could not rule out whether the increases in mRNA levels was
partially due to increases in mRNA stability.
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Fig. 4 - PDG downregulates mRNA levels of COX-2 (A) and
iNOS (B). RAW264 cells (1 X 10° cells) were starved in
serum-free medium for 2.5 h, the cells were then treated
with the indicated concentration of PDG for 30 min before
exposure to 40 ng/ml LPS for 6 h. RNA was extracted with
Isogen RNA isolation kit and COX-2 and COX-1 mRNA
were detected by RT-PCR. The RT-PCR products were
separated on 2% agarose gel, and digitally imaged after
staining with ethidium bromide. Quantification of the
bands was performed using Imager Gauge Software.
Histograms show the densitometric fold of COX-2 mRNA
normalized to COX-1 mRNA, and of iNOS mRNA
normalized to GAPDH. Each value represents the

mean *+ S.D. of three to four separate experiments.

‘P <0.05; "P <0.01 vs. LPS alone.

3.4.  PDG reduces the binding complex of NF-kB-DNA

Accumulated data indicate that NF-«B is one of the principal
factors for COX-2 and iNOS expression mediated by LPS or
proinflammatory cytokines [19,20]. Thus, we hypothesize that
NF-«B signaling pathway may be involved in PDG-mediated
inhibition of COX-2 and iNOS. To demonstrate this, we used
50 uM PDG, which is proven to be efficient concentration
without cytotoxicity in our experiments, to examine NF-«B
signaling pathway at different times dependent on signaling
factors.

First, we examined the binding complex of NF-kB to the
promoter of COX-2 and iNOS by EMSA with NF-«B specific *?P-
labeled oligonucleotides, which are derived from original NF-
kB binding sequences in the promoter of mouse COX-2 [11],
and the NF-«B core sequences are also found in the promoter
of mouse iNOS [37]. As indicated in Fig. 5, LPS caused a marked

PDG S0 pM) — —  +
LPS (40 ng/mpy — + + —

Free probe

1 2 3 4

C MT

Fig. 5 - PDG reduces the binding complex of NF-kB-DNA.
RAW264 cells was pretreated with vehicle or 50 nM PDG
for 30 min, and then exposed to 40 ng/ml LPS for another
30 min. Nuclear protein was extracted and then incubated
with labeled wild NF-kB probe (lane 1-4), 10-fold excess
molar of cold NF-«B oligonucleotides (lane C) or labeled
mutant NF-«B probe (lane MT). After separated 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 FLA-2000
machine.

increase in binding complex of NF-kB-DNA (lane 2). Pretreat-
ment with 50 M PDG reduced the binding complex of NF-kB-
DNA induced by LPS (lane 3). PDG alone showed no change
(lane 4). The specific interaction between DNA and NF-«B was
demonstrated by competitive inhibition with excess unla-
belled and mutant NF-«B oligonucleotides. Treatment with 10-
fold excess unlabled NF-kB oligonucleotides completely
blocked the binding complex (lane C) while treatment with
excess mutant NF-kB oligonucleotides did not block the
binding complex (lane MT). These results indicated that
PDG might suppress expression of COX-2 and iNOS genes by
blocking the binding complex of NF-kB-DNA in their promoter.

3.5. PDG suppresses I«B degradation and p65
translocation

NF-«B is inactive in the cytosol via binding to IkB and become
active through phosphorylation and degradation of IkB and
subsequent nuclear translocation of NF-«B preceded by LPS
[38,39]. Thus, we next examined whether PDG inhibits
phosphorylation and degradation of IkB. RAW 264 cells were
pretreated with 50 pM PDG for 30 min and then treated with
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Fig. 6 - PDG suppresses phosphorylation and degradation of IkB-a and nuclear translocation p65. (A) To identify the time of
phosphorylation and degradation of IkB-« induced by LPS, RAW264 cells were treated with 1 png/ml LPS for 5-30 min.

“P <0.01 vs. 0 min. (B) To determine the effect of PDG on phosphorylation and degradation of IkB-a, RAW264 cells were
pretreated with 50 puM PDG for 30 min, and then exposed to 1 pg/ml LPS for 10 min. p-IkB-a, IkB-a and a-tubulin were
detected with their antibodies, respectively. Histograms show the densitometric fold of p-IkB-a and IkB-« to control
normalized to a-tubulin. “P < 0.01 vs. LPS alone. (C) For nuclear translocation of p65. Cell culture was performed as Fig. 6B
and nuclear protein was extracted. Nuclear p65 were detected with p65 antibody. Histograms show the densitometric fold
of p65 in nuclear lysates. The data represent the mean =* S.D. of three separate experiments. P < 0.01 vs. LPS alone.

40 ng/ml or 1 pg/ml LPS for different times. We found that
treatment with 40 ng/ml LPS induced a low expression of
proteins in NF-IkB pathway [40]. To clarify the induction of
proteins by LPS, we treated the cells with 1 ng/ml LPS as
recommended by another group [41]. The results in a time-
course experiment revealed that LPS caused phosphorylation
and degradation of IkB-a protein at 5-10 min (Fig. 6A, lane 2-3).
Thus, we next pretreated the cells with 50 uM PDG for 30 min
and then detected IkB-a protein after 10 min exposure to 1 pg/
ml LPS. PDG significantly suppressed LPS-induced phosphor-
ylation and degradation of IkB-a (Fig. 6B, lane 3). These results
suggest that PDG might inhibit NF-«B activation by blocking
LPS-induced IkB-a phosphorylation and degradation. To

confirm this, we further examined the nuclear translocation
of p65, a part of p65/p50 heterodimer at the same time. In
parallel with the result of IkB-a degradation, LPS markedly
resulted in p65 translocation from the cytosol to the nucleus
after 10 min treatment (Fig. 6C, lane 2), and PDG (50 pM)
significantly suppressed the nuclear translocation of p65
(Fig. 6C, lane 3).

3.6. PDG suppresses IKK and TAK1 phosphorylation
Recent studies have showed that phosphorylation of IkBs is

regulated by IkB kinases, IKKa and IKKB[24,25]. Phosphoryla-
tion of IKKa/B is further regulated by upstream factors such as
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Fig. 7 - PDG suppresses phosphorylation of IKKa/B and TAK1. (A) To identify the time of phosphorylation of IKKa/B and
TAK1 induced by LPS, RAW264 cells were treated with 1 pg/ml LPS for 5-30 min. “P < 0.01 vs. 0 min. (B) To determine the
effect of PDG on phosphorylation of IKKa/p and TAK1, RAW264 cells were pretreated with 50 pM PDG for 30 min, and then
exposed to 1 pg/ml LPS for 10 min. p-IKKa/B, IKKa/B, p-TAK1, TAK1 and a-tubulin were detected with their antibodies,
respectively. Histograms show the densitometric fold of phosphorylated IKKa/f and TAK1 to total IKKa/B and TAK1
normalized to a-tubulin, respectively. The data represent the mean =+ S.D. of three separate experiments. P < 0.01 vs. LPS

alone.

TAK1 [21-23]. Phosphorylated TAK1 can phosphorylate the
IKK complex, which in turn phosphorylates IkB for degrada-
tion. Thus, we investigated the effect of PDG on phosphoryla-
tion of IKK«/B and TAK1. First, we performed a time-course
experiment to determine the time of phosphorylation of IKKa/
B and TAK1 induced by LPS. In parallel with the results of
phosphorylation and degradation of IkB-a, LPS caused
phosphorylation of IKKa/B and TAK1 at 5-10 min (Fig. 7A,
lanes 2 and 3), but did not affect total IKKe/B and TAK1 protein.
Next, we pretreated the cells with 50 uM PDG for 30 min and
then exposed to 1 pg/ml LPS for 10 min. As shown in Fig. 7B,
treatment with PDG significantly inhibited phosphorylation of
IKKao/B and TAK1 induced by LPS (Fig. 7B, lane 3), but did not
affect total IKKa/B and TAK1 protein. The data showed that
PDG suppressed TAK1-mediated phosphorylation of IKKa/B
and IkB-a.

4, Discussion

Proanthocyanidins enriched in tea, grape seed and cranberry
have been discussed in relation to anti-inflammation activity
[2,6]. However, the molecular targets and the mechanisms
underlying their biological activity are poorly defined. In this
study, we investigated the effect of PDG on expression of COX-
2 and iNOS, which are two molecular targets proven for

inflammation responses. Our data showed that PDG caused a
dose-dependent inhibition of COX-2 and iNOS at both mRNA
and protein, with the attendant reduction of PGE, and NO.
Multiple lines of evidence have demonstrated that NF-«B
plays a critical role in COX-2 and iNOS expression induced by
many cytokines and inflammatory products such as LPS
[19,20]. NF-«B is composed mainly of two proteins: p65 and
p50. In unstimulated cells, NF-kB exists in the cytosol in a
quiescent form bound to its inhibitory protein, IkB protein
[21,22]. Upon stimulation with LPS, IkB protein become
phosphorylated and goes under proteolytic degradation,
following this NF-«B translocates to the nucleus where it
can activate certain genes including COX-2 and iNOS through
binding to transcription-regulatory elements in a nucleotide
sequence-specific manner [11,12]. To identify the mechanisms
involved in the inhibition of PDG on COX-2 and iNOS
expression, we investigated the transcriptional regulation of
NF-kB. EMSA data revealed that PDG inhibited the binding
complex of NF-kB-DNA present in the COX-2 and iNOS
promoter (Fig. 5). Western blotting results revealed that PDG
inhibited LPS-induced phosphorylation and degradation of
IkBa (Fig. 6A), and the subsequent reduction of p65, a subunit
of NF-«B, in nuclear (Fig. 6B). These data suggest that the
inhibition of NF-«B activation by PDG might be the results of
the inhibition of IkBa phosphorylation and degradation, and
then reduction of p65 nuclear translocation. Recent studies
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have shown that phosphorylation of IkB is regulated by both «
and B isoforms of IKK [24,25], which is further regulated by
upstream factor such TAK1 [23]. These kinases may represent
novel sites for pharmacological intervention in a number of
inflammatory conditions. Therefore, we examined the inhi-
bitory effects of PDG on phosphorylation of IKK «/g and TAK1.
In parallel with the result of IkB-a degradation, PDG also
inhibited phosphorylation of IKK «/g and TAK1 (Fig. 7). These
data indicated that PDG might suppress NF-«B activation
through downregulation of TAK1-mediated NF-«B pathway in
LPS-activated RAW 264.7 cells.

Accumulated data showed that LPS is recognized by toll-
like receptor (TLR4), a member of the TLR family that is
involved in innate immunity and inflammation response.
Upon binding of TLR4 to LPS, the cytoplasmic region of TLR4
recruits MyD88, which links TLR4 to IRAK1 [21,22]. IRAK1 binds
TRAF6, which in turn binds a pre-formed membrane bound
complex of TAB1/TAK1/TAB2. Phosphorylation of TAK1
initiates the release of the complex from the membrane,
and active TAK1 phosphorylates the IKK complex, which in
turn phosphorylates IkB for degradation [21-23]. Our data
showed that PDG suppressed TAK1 phosphorylation and
subsequent downstream events, such as phosphorylation of
IKKo/B and IkB-a. On the other hand, TAK1 is also upstream of
LPS-induced MAP kinase activation. MAP kinases including
ERK, JNK and p38 can phosphorylate several transcription
factors such as c-Jun and c-Fos, and then stimulate AP-1
activation. AP-1 activation has been demonstrated to stimu-
late COX-2 and iNOS expression [42]. Thus, it is possible that
PDG inhibit COX-2 and iNOS expression also through the
suppression of TAK1-mediated MAPK activation, although it
needs to be confirmed in further study.

The question is whatis the upstream molecule targeted by
PDG. For this, we investigated whether PDG competitively
binds the TLR4 with FITC-conjugated LPS by flow cytometric
assay. The results revealed that PDG did not affect LPS-TLR4
binding (Hou et al., unpublished data). Interestingly, ROS has
also been reported to be involved in LPS-induced NF-«B
activation [43,44]. Pretreatment of neutophils with N-acetyl
cysteine or a-tocophenol prevented LPS-induced NF-«B
activation [44]. Sanlioglu et al. have reported that the
activation of Racl and subsequent production of ROS are
key steps involved in NF-kB activation in macrophage
challenged with LPS [45]. Additionally, PDG have shown
antioxidant activity in cell-free assay [46]. Based on our data
and information of NF-«B signaling, we considered that PDG
may target the molecules between TLR4 and TAK1, and ROS
and Racl may be candidate targets, which are worthy of
further investigation.

In this study, we found that PDG might have anti-
inflammatory effect by inhibiting COX-2 and iNOS expres-
sion. PDG is one of proanthocyanidins in tea. We have
isolated six kinds of proanthocyanidins from tea including
procyanidin B-2 3, 3'-G, EGCG (4B-8) ECG, prodelphinidin B-2
3, 3'-G, procyanidin B-3, prodelphinidin B-4, prodelphinidin
B-4 3'-G, and procyanidin C-1 [1]. The total amounts of
proanthocyanidins in tea have been also determined from
2.5t09.0 mg/g tea, depending on tea breed [1]. Our data make
proanthocyanidins useful tea compounds for further eva-
luation as a potential anti-inflammatory reagent, although it

appears hard to get the concentration shown in this study
from daily consumed tea. Work still needs to be done to
assess whether there are synergic effects on the inhibition of
COX-2 and iNOS between proanthocyanidins and other tea
polyphenols.

In summary, we showed that PDG inhibited LPS-induced
expression of COX-2 and iNOS with the attendant reduction of
PGE, and NO production. Molecular data revealed that PDG is
involved in the inhibition of COX-2 and iNOS via the down-
regulation of TAK1-NF-«B pathway. These findings provide
partial molecular basis for the anti-inflammatory properties of
tea PDG.
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