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To propose candidates for the prevention or treat-
ment of osteoporosis, we have screened compounds
naturally in food for their ability to regulate the dif-
ferentiation and function of osteoclasts. One of the
major green tea flavonoids, (�)-epigallocatechin-3-
gallate (EGCG), was found to induce apoptotic cell
death of osteoclast-like multinucleated cells after 24 h
treatment in a dose-dependent manner (25–100 �M),
whereas osteoblasts were not affected. In the present
study, we report for the first time a novel cell-death-
inducing mechanism triggered by EGCG. The induc-
tion of apoptosis by EGCG was suppressed by pre-
treatment of catalase or calcitonin. It was also
suppressed by Fe(III) and Fe(II) chelators. Further-
more, EGCG promoted the reduction of Fe(III) into
Fe(II), and the combination of EGCG/Fe(III)/H2O2 in-
duced single-strand DNA breakage in a cell free sys-
tem. These results indicate that the Fenton reaction is
primarily involved in EGCG-induced osteoclastic cell
death. © 2002 Elsevier Science (USA)
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Osteoclasts are primary bone-resorbing cells that
play a crucial role in bone remodeling (1, 2). Bone is
resorbed mainly by multinucleated osteoclasts. These
are formed by fusion of preosteoclasts (pOCs) (3),
which are derived from hematopoietic stem cells in the
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ulating factor (M-CSF) (4, 5) and receptor activator of
nuclear factor-�B (NF-�B) ligand (RANKL) (6, 7).
These cytokines are expressed by osteoblasts/stromal
cells and modulate functions and survival of OCLs (2,
5, 7). These cytokines and signal from integrins induce
the formation of polarized cell structures in osteoclasts
that participate in bone resorption (8). After a period of
bone resorption, some of osteoclasts die by apoptosis.
Thus, regulations of these processes potentially result
in control of bone resorption. Because enhanced bone-
resorbing activity and/or recruitment of osteoclasts is
responsible for the pathogenesis of bone diseases such
as osteoporosis, agents that inhibit differentiation or
induce apoptosis in osteoclasts could be applied as a
prophylactic or therapeutic agent for treatment of such
diseases.

For many years, it has been recognized that com-
pounds in foods are beneficial to our health. Among
these, flavonoids exhibit physiological and pharmaco-
logical properties such as antioxidative, antibacterial,
antimutagenic, and antitumor activities (9–13). These
polyphenolic compounds are found ubiquitously in
foods of plant origin. More than 4000 kinds of these
compounds have been described so far. Because of their
low toxicity, some of flavonoids are thought to have
potential to be developed into a new class of prophy-
lactic or therapeutic agents against various kinds of
disease. Many investigators have reported that fla-
vonoids are effective in coronary heart disease, derma-
titis, malaria, and cancer (12–14). However, only a few
studies of flavonoids have been reported in connection
to osteoporosis (15, 16). Flavonoids also exhibit radical
scavenging (17, 18) or iron chelating (9) properties, but
their precise mechanisms of action remain to be stud-
ied. Catechins are one of the major flavonoids present
presence of cytokines such as macrophage-colony stim-



naturally in certain species of plants, including tea.
Many physiological and pharmacological properties of
catechins as well as other flavonoids have been re-
ported. Among them, antitumor activity of catechins
has been shown to be due to the induction of apoptosis.
Some studies have reported that catechins induce ac-
tivation of caspase-3 and -9 (19, 20), which play a
central role in the initiation and execution of apoptosis
(21, 22). The suppressive effect of catalase on EGCG-
induced apoptosis indicates the involvement of H2O2 in
this phenomenon (23, 24). However, the precise mech-
anism has yet to be elucidated.

In the present study, we screened natural com-
pounds in foods that regulate the differentiation and
the function of osteoclasts, and found that catechins
inhibit bone resorption by inducing cell death of OCLs
but not osteoblastic cells. Among the tested catechins,
(�)-epigallocatechin-3-gallate (EGCG), a major compo-
nent of green tea, was most effective. A previous study
reported that (�)-catechin inhibited bone resorption
(25), but the precise mechanism of action remained to
be elucidated. In this paper, we first report that the
hydroxyl radicals (•OH) produced by Fenton reaction
(26) induce activation of caspase-3 and cleavages of
DNA in OCLs.

MATERIALS AND METHODS

Animal and chemicals. Newborn Std.ddY mice and 6- to 9-week-
old male Std.ddY mice were supplied by Japan SLC Co.
(Hamamatsu, Japan). (�)-Epigallocatechin gallate (EGCG), Fast red
violet LB salt, naphthol AS-MX phosphate, catalase and deferox-
amine mesylate were purchased from Sigma Chemical Co. (St. Louis,
MO). Collagenase, 1�,25-dihydroxyvitamin D3 [1�,25(OH)2D3], pros-
taglandin E2 (PGE2), eel calcitonin, o-phenanthroline hydrochloride,
and Hoechst 33258 were obtained from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). Dispase was obtained from Godo Shusei
(Tokyo, Japan), pronase from Calbiochem (San Diego, CA), and col-
lagen gel solutions (Cellmatrix, Type I-A) from Nitta Gelatin Co.
(Osaka, Japan). Recombinant human M-CSF (Leukoprol) and recom-
binant human soluble form of RANKL (sRANKL) were commercial
products of Welfide Co. (Osaka, Japan) and Pepro Tech EC Ltd.
(London, U.K.), respectively. Protease inhibitor cocktail tablet (Com-
plete) was purchased from Roche Ltd. (Mannheim, Germany).
Acetyl-Asp-Glu-Val-Asp-�-(4-methyl-coumaryl-7-amide) (Ac-DEVD-
MCA) and z-Val-Ala-Asp-fluoromethyl ketone (Z-VAD-FMK) were
purchased from Peptide Institute Inc. (Osaka, Japan). pUC 19 DNA
was obtained from Takara Shuzo Co., Ltd. (Shiga, Japan).

Preparation of OCLs. Crude murine osteoclast-like multinucle-
ated cells (OCLs) were prepared from a coculture system as previ-
ously described (27). Briefly, primary mouse osteoblastic cells were
obtained from calvariae of newborn ddY mice. Bone marrow cells
(2 � 107 cells) and osteoblastic cells (1 � 106 cells) were cocultured in
�-MEM containing 10% fetal calf serum, 10 nM 1 �,25(OH)2D3 and 1
�M PGE2 on 100-mm tissue culture dishes (Corning Inc., Corning,
NY) (15 ml/dish) precoated with 2.5 ml of 0.2% collagen gel matrix.
Half of the medium was exchanged every 2 days. OCLs were formed
within 7 days of culture, and released from the dishes by treating
with 1.5 ml of 0.2% collagenase and 0.1% dispase. Cells were col-
lected by centrifugation (1000 rpm, 5 min) and placed on 96- or 6-well
culture plates (Crude OCLs).

Purified OCLs were prepared by removing stromal cells with

0.002% EDTA and 0.02% pronase (28). After purification, the purity
of OCLs in the culture was more than 80% (Purified OCLs) and the
cells were cultured in the presence of 100 ng/ml sRANKL.

OCLs from preosteoclasts (pOCs) were prepared as previously
described (3). In brief, bone marrow cells (2 � 107 cells) and osteo-
blastic cells (2 � 106 cells) were cocultured as mentioned above. After
coculturing for 4 days, floating cells were removed and mononuclear
cells attached to the osteoblastic cell layer were recovered as pOCs by
gentle pipetting with fresh �-MEM. Mononuclear cells were collected
by centrifugation (1000 rpm, 5 min) and 3 � 105 cells were placed on
96-well culture plates. The purity of pOCs in this culture was about
50–60%. The pOC preparations placed on 96-well culture plates
were cultured in the presence of M-CSF (20 ng/ml) and sRANKL (100
ng/ml) and OCLs were formed within 24 h of culture. The purity of
the OCLs in this culture was more than 70% (OCLs from pOCs).

Cell staining. The OCL preparations were placed on 96-well cul-
ture plates. After preculturing for 24 h, the cells were treated with or
without EGCG for 24 h, and stained for the tartrate-resistant acid
phosphatase (TRAP), a typical marker enzyme of osteoclasts. TRAP
staining was carried out as described previously (27).

In some experiments, cells were washed with phosphate buffered
saline (PBS), and then treated with 0.1% crystalviolet for 5 min.
After treatment, crystalviolet incorporated in the cells was eluted
with MeOH, and absorbance at 595 nm was estimated.

Nuclei were stained with Hoechst 33258 (29). After fixation, the
cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min.
After treatment with 10 �M Hoechst 33258 for 10 min at room
temperature, the morphology of nuclei in OCLs was visualized and
detected under a fluorescence microscope (Carl Zeiss, Axioskop 2,
Germany). In the present study, the images were obtained by using
IPLab Spectrum Ver 3.2.4.

Resorption pits staining. Inhibitory effects of EGCG on pit-
forming activity of OCLs were determined by the method previously
reported (3). In brief, crude OCLs were placed on dentine slices (4
mm in diameter) and cultured with or without EGCG for 24 h. At the
end of the culture period, the adherent cells were released from the
dentine slices after freeze-thaw cycle at �20°C and room tempera-
ture. The slices were stained with Mayer’s hematoxylin (Sigma
Chemical Co.) to visualize resorption pits and the pits on the slices
was observed under a microscope (Carl Zeiss, Axioskop 2, Germany).
The images were obtained by using an IPLab Spectrum Ver 3.2.4.

Assay for caspase-3-like protease activity. Caspase-3-like pro-
tease activity in OCLs lysate was determined using Ac-DEVD-MCA,
as the substrate (30). Purified OCLs placed on 6-well culture plates
were lysed in lysis buffer [100 mM Tris-HCl (pH 7.5), 1 mM DTT, 1%
Triton X-100, protease inhibitor cocktail] and 50 �g of protein was
incubated with 20 �M Ac-DEVD-MCA at 37°C for 1 h. Fluorescence
of the free aminomethylcoumarin was determined by excitation at
360 nm and emission at 460 nm using a CYTO FLUOR Multi-Well
Plate Reader (PerSeptive Biosystems, MA).

Fe(II) production. To assess reduction of Fe(III) by EGCG, EGCG
was added into 1 mM FeCl3 solutions (500 �l) and incubated at room
temperature for 20 s. After incubation, an equal volume of 1.2 mg/ml
o-phenanthroline was added to the reaction mixtures, and the reac-
tions terminated by addition of 3 volumes of deionized water. The
absorbance at 510 nm was measured after dilution with deionized
water.

In vitro DNA damage assay. The in vitro DNA damage assays
was performed as previously described with minor modification (31).
Reaction mixtures (20 �l) contained pUC19 plasmid DNA (155 ng) in
distilled water. To assess activity of EGCG to induce DNA damage,
the reaction was carried out in the presence or absence of EGCG,
H2O2 (1 mM) and FeCl3 (100 �M). After incubation for 30 min at
room temperature, the reaction was stopped adding the iron chelator
2,2�-dipyridyl to a final concentration of 5 mM. DNA was extracted
from the reaction mixtures with phenol/chloroform (1:1) followed by
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chloroform/isoamyl alcohol (24:1). Supercoiled plasmid DNA and
nicked DNA were separated by electrophoresis in 0.8% agarose gel,
and ethidium bromide-binding DNA was detected by using a COM-
PACT B.I.S (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Images were obtained using Adobe Photoshop 5.0 Limited Edition.

RESULTS

EGCG decreased the number of OCLs remaining on
plates. We have screened natural compounds in food
for their activity on osteoclasts. We found that cat-
echins decreased the number of OCLs remaining on
plates in the presence of osteoblastic cells. Among the
tested catechins [(�)-catechin gallate, (�)-epicatechin,
(�)-epicatechin gallate, (�)-epigallocatechin, (�)-
epigallocatechin gallate (EGCG)], EGCG was the most
effective (data not shown). The number of OCLs
treated with EGCG for 24 h decreased in a dose-
dependent manner (12.5–100 �M) (Fig. 1A). The num-
ber of OCLs began to decrease after 12 h treatment
with 100 �M EGCG (data not shown). Although sur-
vival of OCLs is dependent on osteoblastic cells/
stromal cells in the physiological condition, EGCG did
not affect the survival of osteoblastic cells in this ex-

perimental condition (Fig. 1B). EGCG also reduced the
number of OCLs in the absence of osteoblastic cells
(Fig. 1B). The number of OCLs remaining was less
than 10% of control at 100 �M EGCG. These results
suggest that EGCG directly affects OCLs. We next
examined the effects of EGCG on pit-forming activity of
OCLs on dentine slices since EGCG also decreased the
number of OCLs cultured on dentine slices (data not
shown). OCLs placed on dentine slices formed resorp-
tion pits within 24 h (Fig. 1C, left panel). EGCG inhib-
ited pits formation in size, but not in number at the
same concentration that reduced the number of OCLs
(Fig. 1C, right panel).

EGCG induces osteoclastic cell death. Because sev-
eral studies have reported that EGCG induce apoptosis
in tumor cells, we wished to determine if the decrease
in the number of OCLs by EGCG results from apopto-
sis. In OCLs treated with EGCG, caspase-3 activity
increased in a dose-dependent manner. The increase
was completely suppressed by a synthetic pan-caspase
inhibitor (Z-VAD-FMK) (Fig. 2A). The decrease of the
number of OCLs by EGCG was partially suppressed by
Z-VAD-FMK (Fig. 2B). A dramatic increase of
caspase-3 activity was observed after 4 h treatment
with 100 �M EGCG. The increase of this protease
activity was transient, and maximum activity was seen
after 8 h treatment (data not shown). We next exam-
ined morphological change of nucleus, a typical indica-
tion of apoptosis, in OCLs treated with 100 �M EGCG
for 14 h. As shown in Fig. 2C, 100 �M EGCG induced
nuclear disintegration, seen as fragmentation of nuclei
with condensed chromatin. These results indicate that
EGCG induces apoptosis in OCLs via increased
caspase activity. However, incomplete suppression of
the EGCG-induced cell death by Z-VAD-FMK suggests
that other caspase-independent pathways may also be
involved in EGCG-induced osteoclastic cell death.

H2O2 and EGCG-produced Fe(II) is involved in
EGCG-induced osteoclastic cell death. Previous stud-
ies reported that EGCG-induced apoptosis in tumor
cells is suppressed by the catalase (23, 24). It is recog-
nized that bone-resorbing OCLs generate superoxide
and convert it to hydrogen peroxide (H2O2) by a SOD-
like enzyme in the plasma membrane (32–35). Super-
oxide generation is suppressed by calcitonin (36, 37).
We examined the involvement of H2O2 in EGCG-
induced osteoclastic cell death. Pretreatment of OCLs
with 100 U/ml catalase or 10 nM calcitonin for 1 h
significantly suppressed EGCG-induced cell death and
activation of caspase-3 (Figs. 3A–3C). These results
indicate that H2O2, probably generated from superox-
ide, is involved in EGCG-induced caspase activation
and cell death. Complete suppressions by calcitonin of
caspase-3 activation and cell death suggest that H2O2

also plays a role in other pathways in addition to the
caspase-dependent pathway. We next tried to identify

FIG. 1. Dose-dependent decrease in the number of OCLs by
EGCG. (A) Crude OCLs were placed on 96-well culture plates. After
culture for 24 h, they were treated with or without the indicated
concentrations of EGCG for 24 h. After treatment, cultures were
stained for TRAP, and then TRAP(�)MNCs (OCLs) were counted.
(B) Osteoblastic cells (circle) and OCLs from pOCs (triangle) were
treated with or without the indicated concentrations of EGCG for
24 h. OCLs from pOCs were cultured in the presence of M-CSF (20
ng/ml) and sRANKL (100 ng/ml). After treatment, OCLs from pOCs
and osteoblasts were stained with TRAP or crystalviolet, respec-
tively. (C) Resorption pits formed on dentine slices by crude OCLs
cultured with (right) or without (left) 100 �M EGCG for 24 h were
stained with Mayer’s hematoxylin (means � S.D.; n � 4). Bar �
100 �m.
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the factor participating in other pathways. During the
assays, we found that EGCG induced reduction of
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT reagent) in a dose-dependent manner
(data not shown). This activity was enhanced by the
presence of serum. These results indicate the redox
potentials of EGCG. Since EGCG chelates iron ion,
which is present in serum, we examined whether iron
ion is involved in EGCG-induced cell death. Pretreat-
ment of OCLs with a Fe(III) chelator deferoxamine or a
Fe(II) chelator o-phenanthroline for 1 h significantly
suppressed EGCG-induced cell death (Fig. 4A). These
chelators also suppressed activation of caspase-3 (Fig.
4B). Complete suppression of cell death by 40 �M
o-phenanthroline suggested that Fe(II) plays a crucial
role in EGCG-induced cell death. We next investigated
whether Fe(III) was reduced to Fe(II) by EGCG. The
complexes of Fe(II)-o-phenanthroline have a maximal
absorption at 510 nm. After reaction of FeCl3 and
EGCG for 20 s, the absorbance at 510 nm increased in
a dose-dependent manner (Fig. 4C). This effect was
also observed at 1 �M EGCG. These results indicate
that EGCG reduces Fe(III) and the resulted Fe(II) is
involved in the increase of caspase activity and EGCG-
induced cell death.

FIG. 2. Induction of caspase-dependent apoptosis in OCLs by EGCG. (A) Purified OCLs cultured with 100 ng/ml sRANKL for 2 h were
treated with or without 25 �M Z-VAD-FMK in the presence of 25 or 100 �M EGCG for 6 h. After treatment, caspase-3 activities in the cell
lysates were measured. Similar results were obtained in two other experiments. (B) Crude OCLs pretreated with or without 25 �M
Z-VAD-FMK for 1 h were incubated with 100 �M EGCG for 24 h. After treatment, cultures were stained for TRAP, and OCLs were counted.
(C) Crude OCLs were treated with 100 �M EGCG for 14 h. After treatment, cultures were stained with Hoechst 33258 (means � S.D.; n �
4). Bar � 10 �m.

FIG. 3. EGCG-induced cell death was suppressed by catalase
and calcitonin. Crude OCLs were pretreated with or without 100
U/ml catalase (CL) (A, C) and/or 10 nM calcitonin (CT) (B, C) for 1 h,
respectively, and then treated with 100 �M EGCG for 24 h (A, B) or
6 h (C). After treatment, cultures were stained for TRAP (A, B) and
caspase-3 activities in the lysates were measured. Similar results
were obtained in two other experiments (means � S.D.; n � 4).
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EGCG induces the Fenton reaction and single-strand
DNA breakage in a cell free system. Fe(II) is one of the
major substances that cause production of hydroxyl
radical under physiological conditions. In this, the so
called Fenton reaction, Fe(II) reacts with H2O2, and
Fe(III) and hydroxyl radical are produced. Since the
involvement of both Fe(II) and H2O2 in EGCG-induced
cell death suggested the possibility that EGCG induces
Fenton reaction and the resulting hydroxyl radicals
cause the cell death, we examined whether EGCG in-
duced the Fenton reaction in a cell free system. Hy-
droxyl radicals are powerful reactive oxygen species
and directly cleave DNA. We evaluated the ability of
EGCG to induce the Fenton reaction by assaying the
single strand DNA breakage. Treatment of supercoiled
pUC19 (SC) with Fe(III)/H2O2 resulted in the forma-
tion of nicked open circular molecules (OC). The
amount of OC increased by addition of EGCG in a dose
dependent manner (0.01–100 �M). Treatment with 100
�M EGCG caused extensive breakage of DNA. We
detected smears of DNA bands in agarose gel (Fig. 5A,
lane 5). As shown in Fig. 5B, both Fe(III) and H2O2
were required in this EGCG-induced DNA breakage.
These results indicate that the combination of Fe(III),
H2O2 and EGCG cause single-strand DNA breakage,
and suggest that hydroxyl radicals produced by EGCG-
induced Fenton reaction play a crucial role in the
EGCG-induced osteoclastic cell death.

FIG. 4. Suppression of EGCG-induced cell death by a chelator for
iron and reduction of Fe(III) to Fe(II) by EGCG. Crude (A) or purified
(B) OCLs were pretreated with or without 100 �M deferoxamine
(DFX) and 40 �M o-phenanthroline (PNT), respectively for 1 h, and
then treated with 100 �M EGCG for 24 h (A) or 6 h (B). After
treatment, MNCs stained with 0.1% crystal violet (OCLs) were
counted (A) and caspase-3 activities in the lysates were measured
(B). Similar results were obtained in two other experiments. (C)
EGCG was added into 1 mM FeCl3 solutions. After incubation at
room temperature for 20 s, 1.2 mg/ml o-phenanthroline was added.
Reduction of Fe(III) was determined by measuring absorbance at 510
nm (means � S.D.; n � 4).

FIG. 5. EGCG cleaves single-strand DNA in the presence of Fe(III) and H2O2. Single-strand DNA (pUC19) was incubated at room
temperature with or without EGCG (A; 0.01–100 �M, B; 100 �M) for 30 min with or without 1 mM H2O2 and 100 �M FeCl3, respectively.
After incubation, DNA was extracted and separated by electrophoresis in 0.8% agarose gel. OC, open circular molecules; SC, supercoiled
molecules.
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DISCUSSION

Enhanced bone-resorbing activity and/or recruit-
ment of osteoclasts is strongly implicated in the patho-
genesis of osteoporosis and other bone diseases. Here,
we have screened natural compounds in foods and
found that EGCG, one of catechins, induced osteoclas-
tic cell death. Although (�)-catechin was previously
reported to inhibit bone resorption (25), the mechanism
has been unknown. In the present paper, we first dem-
onstrated that the inhibitory effect of catechins re-
sulted from the death of activated osteoclasts that was
induced by oxidative stress produced via Fenton reac-
tion. Some investigators have indicated that EGCG act
on tumor cells but not on normal cells (38). We found
that EGCG induces cell death in OCLs in a dose-
dependent manner and has no significant effect on
osteoblastic cells cultured with OCLs. This suggests
that OCLs share some properties with tumor cells.

EGCG reduced the size of pit, but not their number
at the same concentrations that induce the death of
OCLs. When osteoclasts were cultured on dentine
slices, pits were formed in just 2 h after (data not
shown). The time required for EGCG to increase
caspase activity in the OCLs was more than 4 h. This
is why EGCG reduced the size of pit, but not the
number. The increase of caspase-3 activity and its sup-
pression by Z-VAD-FMK indicate that EGCG induces
apoptotic cell death in OCLs as well as in tumor cells
(11, 19, 20, 23, 24). EGCG-induced apoptotic cell death
was confirmed by staining nuclei in OCLs with Hoechst
33258. However the EGCG-induced cell death was not
completely suppressed by Z-VAD-FMK in spite of the
complete suppression of the EGCG-induced caspase-3
activation. This suggests that other pathways, not me-
diated by the increase of caspase-3 activity be also
involved in the EGCG-induced cell death.

Although the mechanism of EGCG-induced apopto-
sis remains to be elucidated, several studies have re-
ported that it was suppressed by catalase (23, 24). We
saw a similar suppression of apoptosis by catalase, and
showed for the first time that iron chelators also sup-
press EGCG-induced caspase-3 activation and cell
death in OCLs. The reduction of Fe(III) into Fe(II) by
EGCG and the complete suppression of EGCG-induced
caspase-3 activation and cell death by Fe(II) chelator
suggest that Fe(II) plays a crucial role in EGCG-
induced these phenomena. These results also indicate
that both H2O2 and Fe(II) are required in EGCG-
induced caspase-3 activation and cell death. It is gen-
erally accepted that hydroxyl radicals are generated by
the reaction of H2O2 and Fe(II), the so-called Fenton
reaction (26). It is difficult to detect hydroxyl radicals
directly, but DNA breakage is easy to assay in a cell
free system and is well correlated with the generated
hydroxyl radical. In vitro assays of DNA damage
showed that the single strand DNA breakage was in-

duced by EGCG in a dose-dependent manner in the
presence of both Fe(III) and H2O2. Although this action
of EGCG conflicts with its antioxidative activity previ-
ously reported (10, 17, 18), it has also been reported
that hydroxyl radical production is enhanced by fla-
vonoids (39, 40). We confirmed the antioxidative activ-
ity of EGCG in the experiment performed at neutral
and alkaline conditions where FeCl3 is difficult to dis-
solve or when high concentration H2O2 (10 mM) was
used (data not shown). These results suggest the pos-
sibility that EGCG enhances DNA breakage in the
presence of ionized iron and that H2O2 and the result-
ing hydroxyl radicals directly induce DNA breakage.

A requirement for both H2O2 and Fe(III) was shown
both for induction of single strand DNA cleavage and
EGCG-induced cell death. This indicates that EGCG
promotes generation of hydroxyl radicals via the Fen-
ton reaction in OCLs cultures and the resulting DNA
breakage is involved in the EGCG-induced death of
OCLs. This conclusion is also supported by the result
that Z-VAD-FMK partially suppresses osteoclastic cell
death, while completely suppressing the increase of
caspase activity in OCLs. In Fig. 6, we propose that
EGCG-generated hydroxyl radicals induce both
caspase-3 activation and direct DNA breakage in
OCLs, which cause cell death. Since H2O2 is generated
from superoxide by SOD, the generation of H2O2 in
OCLs would be promoted by the same mechanism.
Although the precise mechanism of caspase-3 activa-
tion by EGCG remains to be elucidated, caspase-9 ac-
tivation in tumor cells (20) suggests the possibility that

FIG. 6. Hypothetical mechanism of EGCG on osteoclastic cell
death.
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EGCG-induced hydroxyl radicals also induce disorder
of the redox potential in mitochondria of OCLs.

In contrast to OCLs, EGCG had no effect on the
osteoblastic cells. This indicates that the Fenton reac-
tion may occur in OCLs but not in the culture medium
or osteoblastic cells. An increase in intracellular cAMP
level suppresses superoxide generation in OCLs (36,
37), resulting in inhibition of H2O2 generation. Cata-
lase destroys H2O2 in culture media but not in the cells.
Therefore, complete and partial suppression by calci-
tonin and catalase of EGCG-induced caspase-3 activa-
tion and cell death supports this model. Although fur-
ther studies are required to elucidate the reason for
sensitivity of OCLs to EGCG, numerous transferrin
receptors in OCLs (41), expression of a SOD-related
glycoprotein in OCLs (32, 33) indicate that high levels
of iron and H2O2 exist in OCLs. The generation of
superoxide in bone-resorbing OCLs (34, 35) and its
suppression by calcitonin (36, 37) should result in
higher sensitivity of bone-resorbing OCLs than that of
other normal cells against EGCG. Recent study re-
ported that TRAP facilitated hydroxyl radical forma-
tion in alveolar macrophages (42), suggesting that
same mechanism as TRAP provide Fe(III) in OCLs.
The Fenton reaction should easily take place in OCLs,
especially in bone resorbing OCLs, and could be trig-
gered by EGCG. A similar situation may also exist in
tumor cells. Our results may also provide insights into
the mechanism of action of EGCG on tumor cells.

In this study, we examined the in vitro effects of
EGCG only. Whether EGCG exerts this activity in vivo
is uncertain, but its low toxicity and the previous re-
port that EGCG distributes in bone tissue (43) suggest
its effectiveness in vivo. We propose that it may be
possible to use EGCG and the reagents to induce Fen-
ton reaction as a prophylactic or therapeutic agent for
the treatment of osteoporosis.
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