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Lipopolysaccharide (LPS), a compo-

nent of the cell wall of gram-negative

bacteria, has been identified as an

important factor in the pathogenesis of

periodontitis (1). Lipopolysaccharide

stimulates inflammatory cells, such as

neutrophils, macrophages and fibro-

blasts, to secrete interleukin (IL)-1, IL-6

and tumor necrosis factor-a (TNF-a)
(2–4), and these mediators have been

reported to accelerate osteoclast for-

mation and bone resorption potently

in vivo and in vitro (5–8). Several studies

have shown that receptor activator of

nuclear factor-jB (NF- jB) ligand

(RANKL) is essential for osteo-

clastogenesis (9–11). The RANKL

binds to the receptor activator of

Nakamura H, Ukai T, Yoshimura A, Kozuka Y, Yoshioka H, Yoshinaga Y, Abe Y,

Hara Y. Green tea catechin inhibits lipopolysaccharide-induced bone resorption

in vivo. J Periodont Res 2010; 45: 23–30. � 2009 John Wiley & Sons A/S

Background and Objective: Bone resorption is positively regulated by receptor

activator of nuclear factor-jB ligand (RANKL). Pro-inflammatory cytokines,

such as interleukin (IL)-1b, promote RANKL expression by stromal cells and

osteoblasts. Green tea catechin (GTC) has beneficial effects on human health and

has been reported to inhibit osteoclast formation in an in vitro co-culture system.

However, there has been no investigation of the effect of GTC on periodontal bone

resorption in vivo. We therefore investigated whether GTC has an inhibitory effect

on lipopolysaccharide (LPS)-induced bone resorption.

Material and Methods: Escherichia coli (E. coli) LPS or LPS with GTC was

injected a total of 10 times, once every 48 h, into the gingivae of BALB/c mice.

Another group of mice, housed with free access to water containing GTC

throughout the experimental period, were also injected with LPS in a similar

manner.

Results: The alveolar bone resorption and IL-1b expression induced by LPS in

gingival tissue were significantly decreased by injection or oral administration of

GTC. Furthermore, when GTC was added to the medium, decreased responses to

LPS were observed in CD14-expressing Chinese hamster ovary (CHO) reporter

cells, which express CD25 through LPS-induced nuclear factor-jB (NF-jB) acti-
vation. These findings demonstrated that GTC inhibits nuclear translocation of

NF-jB activated by LPS. In addition, osteoclasts were generated from mouse

bone marrow macrophages cultured in a medium containing RANKL and mac-

rophage colony-stimulating factor with or without GTC. The number of osteo-

clasts was decreased in dose-dependent manner when GTC was added to the

culture medium.

Conclusion: These results suggest that GTC suppresses LPS-induced bone

resorption by inhibiting IL-1b production or by directly inhibiting osteoclasto-

genesis.
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nuclear factor-jB (RANK) expressed

on the membranes of osteoclast

precursor cells. Signaling by RANK/

RANKL is mediated by tumour

necrosis factor receptor-associated fac-

tor 6 (TRAF6), which activates down-

stream signaling pathways that activate

transcription factor NF-jB, resulting in
osteoclastogenesis (12,13). In contrast,

osteoprotegerin (OPG), a soluble decoy

receptor for RANKL, inhibits the for-

mation, activation and survival of os-

teoclasts (14,15).

A great number of studies have

shown beneficial effects of green

tea catechin (GTC) on human

health (16–20). Epigallocatechin-3-gal-

late (EGCG), a major ingredient of

GTC, has been reported to exert a

variety of biological effects, including

anti-oxidant, antibacterial, anti-infla-

mmatory and anticarcinogenic activi-

ties (21–25). Additionally, it has been

reported that EGCG inhibits LPS-in-

duced inflammatory cytokine produc-

tion in vitro (26). However, only a few

in vivo studies have confirmed the

inhibitory effect of GTC on cytokine

production. For instance, Yang et al.

(27) examined the inhibitory effect of

orally administrated green tea poly-

phenols on LPS-induced TNF-a pro-

duction. They reported that mice fed

an extract of green tea polyphenols had

decreased TNF-a production in res-

ponse to an intraperitoneal injection of

LPS. Recently, it has also been

reported that EGCG inhibited osteo-

clast formation induced by 1a,25
(OH)2 vitamin D3 in an in vitro

co-culture system (28). Furthermore,

EGCG was found to induce apoptotic

cell death of osteoclast-like multinu-

cleated cells in a dose-dependent man-

ner (29). Such pharmacological effects

of catechins would be useful for pro-

phylaxis or treatment of inflammatory

bone disease. However, there has been

no study on the inhibitory effect ofGTC

on LPS-induced bone resorption in vivo.

We previously reported that repeated

injections of Escherichia coli (E. coli)

LPS into mouse gingiva induced alveo-

lar bone resorption in vivo (30–34). The

purpose of the present study was to

determine the effect of GTC on LPS-

induced bone resorption in vivo and on

osteoclastogenesis in vitro.

Material and methods

Lipopolysaccharide-induced alveolar
bone resorption in mice

Seven-week-old male BALB/c mice

were used in the present study. The

mice were purchased from Charles

River, Yokohama, Japan and main-

tained under specific pathogen-free

conditions in the Laboratory Animal

Center for Biomedical Research

(Nagasaki University School of Medi-

cine). The experimental protocol was

approved by the Local Institutional

Animal Care and Use Committee of

Nagasaki University.

Alveolar bone resorption was

induced as in a previously described

model (30–36). Briefly, 5 lg of E. coli

LPS (E. coli 0111: B4; Difco, Detroit,

MI, USA) in 3 lL phosphate-buffered

saline (PBS) was injected a total of

10 times, once every 48 h, into mice

gingivae on the mesial side of the first

molar of the left mandible under ether

anesthesia (LPS group). Lipopolysac-

charide with 1% Sunphenon BG

(containing 91.3% polyphenol and

76.6% catechins, consisting of 45.9%

EGCG, 9.6% epigallocatechin, 8.6%

epicatechin gallate, 5.3% epicatechin

and others; Taiyo Kagaku, Mie, Japan;

catechin group), LPS with 1% indo-

methacin (Wako Pure Chemical

Industries, Osaka, Japan; indometha-

cin group) or PBS alone (control

group) was injected in the same way as

in the LPS group. Mice housed with

free access to water containing 1%

Sunphenon BG throughout the exper-

imental period were also injected with

LPS as previously described (catechin-

drinking group). Although the

consumption of water in the catechin-

drinking group was less than that in

the LPS group (3–4 vs. 4–5 mL/day) a

noticeable difference in body weight

was not observed between the experi-

mental groups. Each experimental

group consisted of six mice.

Mice were killed 24 h after the 10th

injection of LPS or PBS. Then the left

mandible of each mouse was removed

and fixed in 4% paraformaldehyde in

PBS at 4�C for 6 h, decalcified with

10% EDTA for 1 week, and then

embedded in paraffin using the AMeX

method (37). Serial sections of 4 lm
thickness were prepared in order to

examine the mesio-distal section of the

left first molar. Five groups of serial

sections, each containing 10 subsec-

tions, were obtained from each speci-

men and were subjected to

hematoxylin and eosin (H&E) staining,

tartrate-resistant acid phosphatase

(TRAP) staining and immunohisto-

logical staining. The first subsection

from each group of serial sections was

stained with H&E for histopathologi-

cal observation of the surface of alve-

olar bone.

Histochemical staining and bone
histomorphometry

In order to identify the osteoclasts, the

second subsection from each group

was stained with TRAP according to

the procedure described by Katayama

et al. (38). Briefly, a staining solution

was made by mixing 0.5 mL pararos-

anilin solution, 0.5 mL of 4% sodium

nitrite solution, 10 mL of 0.1 M acetate

buffer, pH 5.0, and 10 mg naphthol

AS-BI phosphate (Sigma, St Louis,

MO, USA), dissolved in 8 mL of dis-

tilled water. The mixture was adjusted

to pH 5.0 using concentrated NaOH

and filtered through no. 1 Whatman

filter paper. Then 150 mg L(+)-tartaric

acid was added to a 10 mL aliquot of

the solution. After the second subsec-

tion from each group had been incu-

bated in the staining solution for

30 min at 37�C, it was counterstained

with haematoxylin. The osteoclasts

were identified as multinucleated

TRAP-positive cells on the bone

surface.

Owing to the difficulty of quantita-

tively evaluating total bone resorption,

the percentage of active resorption

sites (ARS) was evaluated as

described previously (31,34–36). Brief-

ly, ARS were defined as points of

contact between osteoclasts and the

alveolar bone surface. After counting

the number of points of intersection of

the bone surface by a line of a

micrometer (Olympus, Tokyo, Japan)

in 25 lm graduations at ·400
magnification, the rates of ARS to

total points of intersection were

calculated.
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Immunohistological staining and
quantification

The third and fourth subsections from

each group were used for immunohis-

tological staining of IL-1b- and

RANKL-positive cells as previously

described (31,36). Serial subsections

were deparaffinized and incubated with

normal rabbit or goat serum for

30 min at room temperature. They

were then immersed in primary rabbit

anti-mouse IL-1b (R&D Systems,

Minneapolis, MN, USA) or

anti-mouse RANKL (Santa Cruz Bio-

technology, Santa Cruz, CA, USA)

antibody at 4�C overnight. Endo-

genous peroxidase activity was blocked

by 3% hydrogen peroxide, followed by

incubation with a secondary antibody

(biotinylated goat anti-rabbit immun-

oglobulin; Dako, Glostrup, Denmark).

Finally, these subsections were incu-

bated with peroxidase-conjugated

streptoavidin (Dako), followed by

diaminobenzidine tetraoxide solution,

and were then counterstained with

haematoxylin.

The evaluated field fell within

250 lm from the medial side of the

alveolar bone surface of the first molar

of the left mandible. Unit area was

defined as a square measuring

250 lm2 · 250 lm2. The numbers of

IL-1b- and RANKL-positive cells per

unit area were calculated for each field.

In vitro osteoclastogenesis

Osteoclasts were generated from

mouse bone marrow macrophages

according to our previously described

method (34). Briefly, BALB/c mice

were killed by cervical dislocation, and

the femora and tibiae were harvested.

After the removal of excess tissues,

they were placed into a-minimal

essential medium (a-MEM) containing

10% fetal bovine serum (FBS; JRH

Biosciences, Lenexa, KS, USA),

100 lg/mL streptomycin and 100 IU/

mL penicillin G. Bone marrow cells

were eluted from bone marrow by

flushing with culture medium using a

26 gauge needle. Bone marrow cells

were cultured in 10 cm diameter dishes

at a concentration of 1.5 · 107 to

2 · 107 cells per well in 10 mL of

a-MEM containing 10% FBS with

5 ng/mL human macrophage colony-

stimulating factor (M-CSF; R&D Sys-

tems; cross-reactive with mouse

M-CSF in equimolar doses) for 12 h to

separate adherent cells from non-

adherent cells. Then the non-adherent

cells were harvested and cultured in a

96-well plate at a concentration of

2·105 cells per well in 0.2 mL

of a-MEM containing 10% FBS with

25 ng/mL M-CSF for 12 h. Adherent

cells were used as bone marrow mac-

rophages after washing out the non-

adherent cells, including lymphocytes.

Bone marrow macrophages were cul-

tured with Sunphenon BG (2, 5 or

10 lg/mL) in a medium containing

50 ng/mL human RANKL (Peprotech,

London, UK; cross-reactive with

mouse RANKL in equimolar doses)

and 25 ng/mL M-CSF for 4 days. On

day 3, the medium was replaced with a

fresh batch. Adherent cells were

washed with PBS and fixed with

4% paraformaldehyde at 4�C for

30 min. After washing with PBS, the

cells were treated with 0.2% Tri-

ton X-100/PBS for 5 min. The cells

were rinsed with PBS and incubated

with the TRAP staining solution at

room temperature for 10 min. We

defined TRAP-positive multinucleated

(more than three nuclei) cells as mature

osteoclasts. The mature osteoclasts

were counted under a light microscope.

Flow cytometric analysis of NF-jB
activation by LPS

The engineering of the CD14-express-

ing Chinese hamster ovary (CHO)

reporter cell line, CHO/CD14.elam.

tac, has been previously described in

detail (39). The cell line, which was

constructed by cotransfection with a

human CD14-expressing plasmid and

an NF-jB-dependent reporter plasmid,

can express CD25 antigen on the cell

surface through NF-jB activation

induced by LPS.

The CHO/CD14 cells were plated in

24-well tissue culture dishes at a

density of 105 cells per well. After

overnight incubation, confluent mono-

layers of all cells were stimulated with

10 ng/mL ultrapure E. coli LPS

(InvivoGen, San Diego, CA, USA) in

the presence or absence of Sunphe-

non BG (1 or 10 lg/mL). Following

incubation for 18 h, the cells were

treated with 30 mM EDTA (Gibco

BRL, Rockville, MD, USA) for 1 min,

and detached cells were stained with

fluorescein isothiocyanate-labeled anti-

CD25 monoclonal antibody (Becton

Dickinson, Bedford, MA, USA) and

subjected to flow cytometric analysis

for the expression of the NF-jB-
dependent transgene (CD25).

Statistics

Statistical analyses for comparison of

the experimental groups were per-

formed using the Kruskal–Wallis test

and the Mann–Whitney U-test at a

significance level of p < 0.05.

Results

GTC inhibits LPS-induced alveolar
bone resorption in mice

To examine the effect of GTC on LPS-

induced bone resorption, GTC was

injected into the mouse gingiva with

E. coli LPS. A slight increase in

inflammatory cell infiltration but no

remarkable change and no TRAP-

positive cells were seen on the alveolar

bone surface in the control group

(Fig. 1A). In the LPS group, infiltra-

tion of inflammatory cells mainly, of

neutrophils and macrophages, was

seen within the gingival connective

tissue near the anterior edge of alveo-

lar bone. The osteoblast lining on the

alveolar bone surface was partly

interrupted by resoption lacunae with

many TRAP-positive osteoclasts

(Fig. 1B). There was little difference

among the indomethacin group, cate-

chin group and catechin-drinking

group; they showed slight inflamma-

tory cell infiltration of the gingival

connective tissue near the anterior edge

of alveolar bone compared with the

LPS group. However, the numbers of

TRAP-positive multinuclear cells were

decreased in these groups compared

with the number in the LPS group

(Fig. 1C–E). The percentage of ARS in

each group is shown in Fig. 1F. The

percentages of ARS were significantly

lower in the catechin group and the

GTC inhibits LPS-induced bone resorption 25



indomethacin group than in the LPS

group. A significant decrease of the

percentages of ARS was also observed

even in the catechin-drinking group.

GTC decreases IL-1b expression in
gingival tissue in response to LPS
injection but does not decrease
RANKL expression

The numbers of IL-1b- or RANKL-

positive cells per unit area in each

group are shown in Fig. 2. No IL-1b-
or RANKL-positive cells were

observed in the gingival connective

tissue in the control group (data not

shown). Many IL-1b-positive cells

were present within the gingival con-

nective tissue in the LPS group, and

they seemed to be macrophages, neu-

trophils and fibroblasts based on their

histological features. In contrast, a few

IL-1b-positive cells were observed in

the catechin group, indomethacin

group and catechin-drinking group

(Fig. 2A). However, there was no his-

tological difference in IL-1b-expressing
cells observed in the experimental

groups. The RANKL expression levels

were similar in all experimental groups,

although the control group showed no

expression of RANKL. The numbers

of RANKL-positive cells in each

experimental group were increased, but

there was no significant difference

among the four groups (Fig. 2B).

GTC inhibits RANKL-induced
osteoclastogenesis

When bone marrow macrophages

were cultured with both RANKL and

M-CSF for 4 days, a large number of

multinucleated TRAP-positive cells

were generated. The number of mul-

tinucleated TRAP-positive cells was

decreased in a dose-dependent man-

ner when GTC (2, 5 or 10 lg/mL)

was added to the culture medium

(Fig. 3). There was no cytotoxicity at

the concentrations of GTC tested (2–

10 lg/mL) as assessed by the trypan

blue dye exclusion assay (data not

shown).
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Fig. 1. Histopathological findings in alveolar bone and connective tissue in the control group

(A), LPS group (B), catechin group (C), indomethacin group (D) and catechin-drinking

group (E). The sections were stained with H&E or TRAP. Arrows indicate TRAP-positive

cells. Scale bars represent 50 lm. (F) Percentage of ARS in the LPS, catechin, indomethacin

and catechin-drinking groups. *p < 0.05 with respect to the LPS group. Bars represent
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Fig. 2. (A) The number of IL-1b-positive
cells per unit area was calculated in the LPS,

catechin, indomethacin and catechin-drink-

ing groups. The numbers of IL-1b-positive
cells were significantly decreased in the

catechin group, indomethacin group and

catechin-drinking group compared with the

number in the LPS group; *p < 0.05 with

respect to the LPS group. Bars represent

means + SD. (B) The number of RANKL-

positive cells per unit area was calculated in

the LPS, catechin, indomethacin and

catechin-drinking groups. No significant

difference was found in the number of

RANKL-positive cells among the experi-

mental groups. Bars represent means +

SD.
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GTC inhibits activation of NF-jB in
response to LPS

When CHO/CD14 reporter cells were

stimulated with ultrapure E. coli LPS

(10 ng/mL), NF-jB-driven CD25

expression was induced (Fig. 4A). To

confirm the effect of GTC on LPS-

induced activation of CHO/CD14

cells, 1 or 10 lg/mL catechin was

added to the medium, and the cells

were stimulated for 18 h (Fig. 4B,C).

Although the addition of 1 lg/mL

GTC to the medium had no significant

effect on LPS-induced CD25 expres-

sion in CHO/CD14 reporter cells

(Fig. 4B), the addition of 10 lg/mL

GTC clearly decreased the level of

CD25 expression, indicating that GTC

inhibited LPS-induced NF-jB activa-

tion (Fig. 4C).

Discussion

A number of studies have demon-

strated the availability of EGCG, a

major ingredient of green tea catechin,

for anti-inflammatory, anticarcino-

genic, anti-oxidant and antimicrobial

properties (21–25). Sunphenon BG is a

highly purified extract of green tea, and

has been reported to have equivalent

activities to EGCG in several studies

(40–42). In particular, Hirasawa et al.

(43) reported the antibacterial effects of

Sunphenon BG on pathogenic gram-

negative anaerobic rods in periodontal

pockets in vivo. However, the effect of

Sunphenon BG on LPS-induced bone

resorption in vivo has never been

demonstrated. In the present experi-

ments, we aimed to investigate whether

daily intake of green tea would influ-

ence periodontal disease. We used

Sunphenon BG, which contains sev-

eral components, although most of the

biological effects of green tea extract

are mediated by EGCG. Our results

showed the inhibitory effect of Sunph-

enon BG on LPS-induced bone

resorption and osteoclastogenesis.

In this study, the percentage of ARS

and the number of IL-1b-positive cells

within the gingival connective tissue in

the catechin group were significantly

decreased compared with those in the

LPS group. These inhibitory effects of

GTC were equal to those of indo-

methacin. Lipopolysaccharide stimu-

lates inflammatory cells, such as

neutrophils, macrophages and fibro-

blasts, to secrete IL-1, IL-6, TNF-a
and prostaglandin E2 (2–4,44). Inter-

leukin-1b has been reported to accel-

erate osteoclast formation and bone

resorption potently in vivo and in vitro

(5,7,8). In our previous study, we

observed an increase of IL-1b-positive
cells together with an increase in LPS-

induced bone resorption (31). This

observation suggests that suppression

of IL-1b production is involved in the

inhibitory effect of GTC on LPS-

induced bone resorption. Lipopoly-

saccharide activates NF-jB thorough

CD14 and toll-like receptor 4 (TLR4;

45,46). Nuclear factor-jB activation is

important for the synthesis of inflam-

matory cytokines, such as IL-1b (47).

To examine the mechanism by which

GTC inhibits LPS-induced IL-1b pro-

duction, we stimulated CHO/CD14

reporter cells with LPS in the presence

or absence of GTC. When GTC was

added to the culture, expression of

CD25 on CHO/CD14 cells was

decreased, indicating that GTC inhib-

ited NF-jB activation induced by LPS

stimulation. Our results suggest that

the decrease in IL-1b production

observed in the catechin group was

concomitant with inhibited activation

of NF-jB by GTC.

The percentage of ARS and the

number of IL-1b-positive cells were

also significantly decreased in the cat-

echin-drinking group compared with

those in the LPS group. A few in vivo

studies have confirmed the inhibitory

effect of orally administrated GTC on
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cytokine production. Yang et al. (27)

reported that mice fed an extract of

green tea polyphenols had a decreased

serum level of TNF-a in response to an

intraperitoneal injection of E. coli

LPS, suggesting that systemic applica-

tion of green tea polyphenols affects

TNF-a production. Our experiments

showed that orally administrated cate-

chin affects local inflammatory cells

and inflammatory bone destruction.

In the present study, there was no

significant difference between the num-

bers of RANKL-positive cells in the

catechin group, catechin-drinking

group and LPS group, although the

percentages of ARS were significantly

different. Ishida et al. (48) reported that

EGCG had an inhibitory effect on the

production of RANKL in osteoblast-

like cells infected with Staphylococcus

aureus. In the present experiments, we

could not detect an effect of GTC on

RANKL production. This discrepancy

may be due to the difference in experi-

mental conditions. In LPS-induced

inflammatory bone resorption, GTC

may mainly affect the production of

bone-resorptive cytokines, such as IL-1,

but not RANKL in vivo. Another pos-

sibility is that GTC may induce an in-

crease in OPG production that inhibits

osteoclast formation by neutralizing

RANKL. The effect of GTC on OPG

production should be examined in the

future.

In our study, GTC inhibited the

generation of osteoclasts from mouse

bone marrow macrophages in a dose-

dependent manner in the presence of

M-CSF and RANKL. Yun et al. (49)

reported that EGCG induces apop-

tosis in osteoclasts generated from

RAW 264.7 cells (mouse leukaemic

monocyte macrophage cell line) cul-

tured with RANKL. They also dem-

onstrated an inhibitory effect of EGCG

on osteoclast formation in a co-culture

system of mouse bone marrow cells

and calvarial primary osteoblasts.

Interaction of RANK with RANKL

activates TRAF6 to induce nuclear

translocation of NF-jB, resulting in

osteoclastogenesis (12,13). There has

been no experimental study to date to

demonstrate that GTC may inhibit the

RANK/RANKL signaling pathway in

osteoclastogenesis; however, several

studies have shown that EGCG inhib-

its activation of the NF-jB pathway

(50–53). Recently, Morinobu et al. (54)

reported that EGCG inhibited osteo-

clastogenesis generated from human

peripheral blood-derived CD14-posi-

tive mononuclear cells in the presence

of M-CSF and RANKL by down-

regulating expression of nuclear factor

of activated T cells c1 (NFATc1), a

master regulator of terminal differen-

tiation of osteoclasts. Although we

could not reveal the mechanism by

which osteoclastogenesis is inhibited

by GTC in our culture system, it is

thought that GTC might directly block

NF-jB activation through the RANK/

RANKL signaling pathway in osteo-

clast precursor cells. In addition, a re-

cent study has shown that RANKL-

stimulated endogenous IL-1 produc-

tion was to some extent involved in

osteoclastogenesis in mice bone mar-

row macrophage culture (55). In our

similar system, endogenous IL-1 may

also have a role in osteoclastogenesis,

since GTC may inhibit IL-1 produc-

tion to decrease osteoclast formation

indirectly.

In conclusion, we demonstrated that

GTC had an inhibitory effect on osteo-

clastic bone resorption and osteoclast

formation in the presence of RANKL

both in vivo and in vitro. It is

thought that GTC suppressed LPS-

induced alveolar bone resorption by

inhibiting osteoclast formation or by

blocking IL-1b production through

suppression of the activation of NF-jB.
These inhibitory effects of GTC may

have utility as a prophylactic and ther-

apeutic agent for inflammatory bone

diseases, such as periodontitis. Further

studies are needed to confirm the

pathway by which GTC inhibits LPS-

induced alveolar bone resorption and

osteoclastogenesis.

Acknowledgements

We are deeply indebted to Kao Cor-

poration for their cooperation in this

experiment and express our gratitude

to the staff of the Laboratory Animal

Center for Biomedical Research at

Nagasaki University School of

Medicine for maintenance of the

experimental animals.

References

1. Daly CG, Seymour GJ, Kieser JB. Bacte-

rial endotoxin: a role in chronic inflam-

matory periodontal disease? J Oral Pathol

1980;9:1–15.

2. Nair SP, Meghji S, Wilson M, Reddi K,

White P, Henderson B. Bacterially

induced bone destruction: mechanisms

and misconceptions. Infect Immun 1996;

64:2371–2380.

3. Aznar C, Fitting C, Cavaillon JM. Lipo-

polysaccharide-induced production of

cytokines by bone marrow-derived mac-

rophages: dissociation between intracellu-

lar interleukin 1 production and

interleukin 1 release. Cytokine 1990;2:259–

265.

4. Agarwal S, Piesco NP, Johns LP, Riccelli

AE. Differential expression of IL-1 beta,

TNF-alpha, IL-6, and IL-8 in human

monocytes in response to lipopolysaccha-

rides from different microbes. J Dent Res

1995;74:1057–1065.

5. Thomson BM, Saklatvala J, Chambers

TJ. Osteoblasts mediate interleukin 1

stimulation of bone resorption by rat

osteoclasts. J Exp Med 1986;164:104–

112.

6. Jimi E, Shuto T, Koga T. Macrophage

colony-stimulating factor and interleukin-1

alpha maintain the survival of osteoclast-

like cells. Endocrinology 1995;136:808–

811.

7. Boyce BF, Aufdemorte TB, Garrett IR,

Yates AJ, Mundy GR. Effects of inter-

leukin-1 on bone turnover in normal mice.

Endocrinology 1989;125:1142–1150.

8. Gowen M, Wood DD, Ihrie EJ, McGuire

MK, Russell RG. An interleukin 1 like

factor stimulates bone resorption in vitro.

Nature 1983;306:378–380.

9. Suda T, Takahashi N, Udagawa N, Jimi

E, Gillespie MT, Martin TJ. Modulation

of osteoclast differentiation and function

by the new members of the tumor necrosis

factor receptor and ligand families. Endocr

Rev 1999;20:345–357.

10. Kong YY, Yoshida H, Sarosi I et al.

OPGL is a key regulator of osteoclasto-

genesis, lymphocyte development and

lymph-node organogenesis. Nature

1999;397:315–323.

11. Lacey DL, Timms E, Tan HL et al.

Osteoprotegerin ligand is a cytokine that

regulates osteoclast differentiation and

activation. Cell 1998;93:165–176.

12. Kobayashi N, Kadono Y, Naito A et al.

Segregation of TRAF6-mediated signaling

pathways clarifies its role in osteoclasto-

genesis. EMBO J 2001;20:1271–1280.

13. Wong BR, Besser D, Kim N et al.

TRANCE, a TNF family member, acti-

vates Akt/PKB through a signaling com-

plex involving TRAF6 and c-Src. Mol Cell

1999;4:1041–1049.

28 Nakamura et al.



14. Simonet WS, Lacey DL, Dunstan CR

et al. Osteoprotegerin: a novel secreted

protein involved in the regulation of bone

density. Cell 1997;89:309–319.

15. Burgess TL, Qian Y, Kaufman S et al.

The ligand for osteoprotegerin (OPGL)

directly activates mature osteoclasts.

J Cell Biol 1999;145:527–538.

16. Yang CS, Wang ZY. Tea and cancer.

J Natl Cancer Inst 1993;85:1038–1049.

17. Katiyar SK, Mukhtar H. Tea consump-

tion and cancer. World Rev Nutr Diet

1996;79:154–184.

18. Haqqi TM, Anthony DD, Gupta S et al.

Prevention of collagen-induced arthritis in

mice by a polyphenolic fraction from

green tea. Proc Natl Acad Sci USA

1999;96:4524–4529.

19. Chan MM, Ho CT, Huang HI. Effects of

three dietary phytochemicals from tea,

rosemary and turmeric on inflammation-

induced nitrite production. Cancer Lett

1995;96:23–29.

20. Sakanaka S, Aizawa M, Kim M,

Yamamoto T. Inhibitory effects of green

tea polyphenols on growth and cellular

adherence of an oral bacterium, Por-

phyromonas gingivalis. Biosci Biotechnol

Biochem 1996;60:745–749.

21. Khan N, Mukhtar H. Tea polyphenols for

health promotion. Life Sci 2007;81:519–

533.

22. Ikigai H, Nakae T, Hara Y, Shimamura

T. Bactericidal catechins damage the lipid

bilayer. Biochim Biophys Acta

1993;1147:132–136.

23. Ho CT, Chen Q, Shi H, Zhang KQ,

Rosen RT. Antioxidative effect of poly-

phenol extract prepared from various

Chinese teas. Prev Med 1992;21:520–

525.

24. Fujiki H, Suganuma M, Imai K, Nakachi

K. Green tea: cancer preventive beverage

and/or drug. Cancer Lett 2002;188:9–13.

25. Toda M, Okubo S, Ikigai H, Shimamura

T. Antibacterial and anti-hemolysin

activities of tea catechins and their struc-

tural relatives. Nippon Saikingaku Zasshi

1990;45:561–566.

26. Rogers J, Perkins I, van Olphen A,

Burdash N, Klein TW, Friedman H.

Epigallocatechin gallate modulates cyto-

kine production by bone marrow-derived

dendritic cells stimulated with lipopoly-

saccharide or muramyldipeptide, or

infected with Legionella pneumophila. Exp

Biol Med 2005;230:645–651.

27. Yang F, de Villiers WJ, McClain CJ,

Varilek GW. Green tea polyphenols block

endotoxin-induced tumor necrosis factor-

production and lethality in a murine

model. J Nutr 1998;128:2334–2340.

28. Yun JH, Pang EK, Kim CS et al. Inhibi-

tory effects of green tea polyphenol ())-
epigallocatechin gallate on the expression

of matrix metalloproteinase-9 and on the

formation of osteoclasts. J Periodontal

Res 2004;39:300–307.

29. Nakagawa H, Wachi M, Woo JT et al.

Fenton reaction is primarily involved in a

mechanism of ())-epigallocatechin-3-gal-
late to induce osteoclastic cell death.

Biochem Biophys Res Commun 2002;292:

94–101.

30. Ukai T, Hara Y, Kato I. Effects of T cell

adoptive transfer into nude mice on alve-

olar bone resorption induced by endo-

toxin. J Periodontal Res 1996;31:414–422.

31. Moriyama H, Ukai T, Hara Y. Interferon-

gamma production changes in parallel

with bacterial lipopolysaccharide induced

bone resorption in mice: an immunohis-

tometrical study. Calcif Tissue Int

2002;71:53–58.

32. Yamaguchi M, Ukai T, Kaneko T et al. T

cells are able to promote lipopolysaccha-

ride-induced bone resorption in mice in

the absence of B cells. J Periodontal Res

2008;43:549–555.

33. Hara Y, Ukai T, Yoshimura A, Shiku H,

Kato I. Histopathological study of the

role of CD4- and CD8-positive T cells on

bone resorption induced by Escherichia

coli endotoxin. Calcif Tissue Int

1998;63:63–66.

34. Kozuka Y, Ozaki Y, Ukai T, Kaneko T,

Hara Y. B cells play an important role in

lipopolysaccharide-induced bone resorp-

tion. Calcif Tissue Int 2006;78:125–132.

35. Nishida E, Hara Y, Kaneko T, Ikeda Y,

Ukai T, Kato I. Bone resorption and local

interleukin-1alpha and interleukin-1beta

synthesis induced by Actinobacillus

actinomycetemcomitans and Porphyro-

monas gingivalis lipopolysaccharide.

J Periodontal Res 2001;36:1–8.

36. Nakamura H, Fukusaki Y, Yoshimura A

et al. Lack of toll-like receptor 4 decreases

lipopolysaccharide-induced bone resorp-

tion in C3H/HeJ mice in vivo. Oral

Microbiol Immunol 2008;23:190–195.

37. Sato Y, Mukai K, Watanabe S, Goto M,

Shimosato Y. The AMeX method.

A simplified technique of tissue processing

and paraffin embedding with improved

preservation of antigens for immuno-

staining.. Am J Pathol 1986;125:431–435.

38. Katayama I, Li CY, Yam LT. Histo-

chemical study of acid phosphatase iso-

enzyme in leukemic reticuloendotheliosis.

Cancer 1972;29:157–164.

39. Delude RL, Yoshimura A, Ingalls RR,

Golenbock DT. Construction of a lipo-

polysaccharide reporter cell line and its

use in identifying mutants defective in

endotoxin, but not TNF-alpha, signal

transduction. J Immunol 1998;161:3001–

3009.

40. Tulayakul P, Dong KS, Li JY, Manabe N,

Kumagai S. The effect of feeding piglets

with the diet containing green tea extracts

or coumarin on in vitro metabolism of

aflatoxin B1 by their tissues. Toxicon

2007;50:339–348.

41. Hisamura F, Kojima-Yuasa A, Kennedy

DO, Matsui-Yuasa I. Protective effect of

green tea extract and tea polyphenols

against FK506-induced cytotoxicity in

renal cells. Basic Clin Pharmacol Toxicol

2006;98:192–196.

42. Kan H, OndaM, Tanaka N, Furukawa K.

Effect of green tea polyphenol fraction on

1,2-dimethylhydrazine (DMH)-induced

colorectal carcinogenesis in the rat.Nippon

Ika Daigaku Zasshi 1996;63:106–116.

43. Hirasawa M, Takada K, Makimura M,

Otake S. Improvement of periodontal

status by green tea catechin using a local

delivery system: a clinical pilot study.

J Periodontal Res 2002;37:433–438.

44. Shoji M, Tanabe N, Mitsui N et al.

Lipopolysaccharide stimulates the pro-

duction of prostaglandin E2 and the

receptor Ep4 in osteoblasts. Life Sci

2006;78:2012–2018.

45. Chow JC, Young DW, Golenbock DT,

Christ WJ, Gusovsky F. Toll-like recep-

tor-4 mediates lipopolysaccharide-induced

signal transduction. J Biol Chem 1999;

274:10689–10692.

46. Jiang Q, Akashi S, Miyake K, Petty HR.

Lipopolysaccharide induces physical

proximity between CD14 and toll-like

receptor 4 (TLR4) prior to nuclear trans-

location of NF-kappa B. J Immunol

2000;165:3541–3544.

47. Akira S, Takeda K, Kaisho T. Toll-like

receptors: critical proteins linking innate

and acquired immunity. Nat Immunol

2001;2:675–680.

48. Ishida I, Kohda C, Yanagawa Y,

Miyaoka H, Shimamura T. Epigallocate-

chin gallate suppresses expression of

receptor activator of NF-kappaB ligand

(RANKL) in Staphylococcus aureus

infection in osteoblast-like NRG cells.

J Med Microbiol 2007;56:1042–1046.

49. Yun JH, Kim CS, Cho KS, Chai JK, Kim

CK, Choi SH. ())-Epigallocatechin gallate

induces apoptosis, via caspase activation,

in osteoclasts differentiated from RAW

264.7 cells. J Periodontal Res 2007;42:212–

218.

50. Singh R, Ahmed S, Islam N, Goldberg

VM, Haqqi TM. Epigallocatechin-3-gal-

late inhibits interleukin-1beta-induced

expression of nitric oxide synthase and

production of nitric oxide in human

chondrocytes: suppression of nuclear fac-

tor kappaB activation by degradation of

the inhibitor of nuclear factor kappaB.

Arthritis Rheum 2002;46:2079–2086.

51. Shin HY, Kim SH, Jeong HJ et al. Epig-

allocatechin-3-gallate inhibits secretion of

TNF-alpha, IL-6 and IL-8 through the

attenuation of ERK and NF-kappaB in

HMC-1 cells. Int Arch Allergy Immunol

2007;142:335–344.

GTC inhibits LPS-induced bone resorption 29



52. Lin YL, Lin JK. ())-Epigallocatechin-3-
gallate blocks the induction of nitric oxide

synthase by down-regulating lipopolysac-

charide-induced activity of transcription

factor nuclear factor-kappaB. Mol Phar-

macol 1997;52:465–472.

53. Ahn SC, Kim GY, Kim JH et al. Epigal-

locatechin-3-gallate, constituent of green

tea, suppresses the LPS-induced pheno-

typic and functional maturation of

murine dendritic cells through inhibition

of mitogen-activated protein kinases

and NF-kappaB. Biochem Biophys Res

Commun 2004;313:148–155.

54. Morinobu A, Biao W, Tanaka S et al. ())-
Epigallocatechin-3-gallate suppresses

osteoclast differentiation and ameliorates

experimental arthritis in mice. Arthritis

Rheum 2008;58:2012–2018.

55. Lee SK, Gardner AE, Kalinowski JF,

Jastrzebski SL, Lorenzo JA. RANKL-

stimulated osteoclast-like cell formation in

vitro is partially dependent on endogenous

interleukin-1 production. Bone 2006;

38:678–685.

30 Nakamura et al.



This document is a scanned copy of a printed document. No warranty is given about the accuracy of the copy.

Users should refer to the original published version of the material.


