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a b s t r a c t

(�)-Epigallocatechin gallate (EGCG) induces cell death of osteoclasts in an Fe2+- and H2O2-

dependent manner. In the present study, we further explore the cytotoxic mechanism of

EGCG using four EGCG analogues. Molecules methylated at position 40 in the B ring (EGCG-40-

O-Me) or at position 400 in the D-ring (EGCG-400-O-Me) showed markedly decreased cytotoxi-

city to osteoclasts, indicating that hydroxyl groups at these two positions of EGCG are crucial

for inducing cell death of osteoclasts. EGCG-40-O-Me also showed the lowest Fe3+-reducing

activity among five EGCGs. The Fe3+-reducing activity of EGCG was enhanced under con-

ditions whereby protonated EGCG levels were increased, indicating that the protonated

status of EGCG was involved in the Fe3+-reducing activity. The hydroxyl group at position 400

in the D-ring was shown by quantum chemical calculation to be preferentially deprotonated

among all of the hydroxyl groups in EGCGs. It was also shown that the highest occupied

molecular orbital (HOMO) was localized to the B-ring of EGCGs, except for EGCG-40-O-Me. We

report here that the HOMO on the B-ring plays crucial roles in both the Fe3+-reducing activity

of EGCG and the cytotoxicity of EGCG to osteoclasts, while deprotonation of the hydroxyl

group at position 400 in the D-ring plays a supplementary role.
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1. Introduction

Two major types of cells, osteoclasts and osteoblasts, are

involved in bone metabolism. Osteoclasts are bone-resorbing

multinucleated cells that become tightly attached to miner-

alized bone surfaces through their integrins and form resorp-

tion lacuna by secreting protons (H+), proteases, and superoxide

(O2
��) through ruffled borders [1–3]. Osteoblasts are bone-

forming cells that are located near to the surface of bone and

produce cytokines such as macrophage-colony stimulating

factor (M-CSF) [4] and receptor activator of nuclear factor-kB

ligand (RANKL) [5], which are essential for osteoclast differ-

entiation, function, and survival. Imbalance between bone-

resorption and -formation is the key pathophysiological events

in many metabolic bone disorders in adult humans, including

osteoporosis, hyperparathyroidism, metastastic bone disease,

and hypercalcemia inmalignancy. Therefore, wehave screened

for natural compounds that suppress enhanced bone resorp-

tion. Among approximately 300 purified low molecular weight

natural compounds, we previously found that one of the most

extensively studied flavonoids (�)-epigallocatechin gallate

(EGCG) induced apoptosis in osteoclasts [6].

We suggested that EGCG was a possible prophylactic or

therapeutic agent for metabolic bone disorders [6] while it has

been demonstrated in vitro to have a wide range of pharmaco-

logical properties such as antioxidative [7], antimutagenic [8],

and cytotoxic effects [9–27]. Structure–activity relationship

(SAR) analysis with (�)-epicatechin, (�)-epigallocatechin, (�)-

epicatechin gallate, and EGCG has been extensive [18–27], and

has found two different substructures that primarily contribute

to the cytotoxicity of the catechins. The pyrogallol moiety is

crucial for cytotoxicity to human T-cell acute lymphoblastic

leukemia Jurkat cells [18], Ha-ras-transformed JB6 30.7b cells

[19], Ehrlich ascites tumor cells [20], human colon carcinoma

LoVo cells [21], and human lymphoid leukemia Molt 4B cells

[22,23], while the gallate moiety is crucial for cytotoxicity to

humanprostatecancerDU145cells [24],humanstomachcancer

KATOIII cells [25] and MK-1 cells [26], and human myeloid

leukemia U937 cells [27]. EGCG containing both gallate and

pyrogallol moieties exhibited higher cytotoxicity than pyrogal-

lol moiety-containing (�)-epigallocatechin or gallate moiety-

containing (�)-epicatechin gallate in all of these studies.

Although these two moieties are likely to act synergistically

in EGCG, further detailed studies are required to determine the

substructuresofEGCGthatarecrucial for increasedcytotoxicity.

EGCG has been found to cause several characteristic

phenomena of apoptosis, such as cell cycle arrest [11–13],

injury of DNA [11–17], and activation of caspases [15–18].

These represent a number of the molecular mechanism

underlying the cytotoxicity of EGCG. We also proposed a

new mechanism: EGCG triggers the Fenton reaction to form

highly reactive hydroxyl radicals from H2O2 and Fe2+

[H2O2 + Fe2+! �OH + OH� + Fe3+], and the resulting hydroxyl

radical induces apoptotic cell death in osteoclasts and Jurkat

cells [6,18]. Furthermore, our previous studies demonstrated

that EGCG exhibited both H2O2-producing and Fe3+-reducing

activities [6,18]. The H2O2-producing activity rather than Fe3+

reduction played a crucial role in the cytotoxicity to Jurkat cells

[18]. However, it has not yet been elucidated which activity is

essential to the cell death of osteoclasts.
The present study was designed to elucidate the role of

pyrogallol and gallate moieties in the cytotoxicity of EGCG, and

to determine the substructures of EGCG that are crucial to the

induction of osteoclast cell death and the contributions of the

Fe3+-reducing and H2O2-producing activities of EGCG.
2. Materials and methods

2.1. Animals and chemicals

Newborn Std.ddY mice and 6- to 9-week-old male Std.ddY

mice were purchased from Japan SLC Co. (Hamamatsu, Japan).

EGCG, (�)-epigallocatechin-30-O-methylether gallate (EGCG-30-

O-Me), (�)-epigallocatechin-40-O-methylether gallate (EGCG-

40-O-Me), (�)-epigallocatechin 3-(300-O-methyl) gallate (EGCG-

300-O-Me), and (�)-epigallocatechin 3-(400-O-methyl) gallate

(EGCG-400-O-Me) were purchased from Nacalai Tesque, Inc.

(Kyoto, Japan). Fast red violet LB salt, naphthol AS-MX

phosphate, catalase from bovine liver, and D-sorbitol were

from Sigma Chemical Co. (St. Louis, MO, USA). Collagenase,

1a,25-dihydroxyvitamin D3 [1a,25(OH)2D3], o-phenanthroline

hydrochloride, human recombinant superoxide dismutase

(SOD), hydrogen peroxide (H2O2), and 0.1% (w/v) xylenol

orange solution were from Wako Pure Chemical Industries,

Ltd. (Osaka, Japan). Dispase and 0.25 M ammonium iron(II)

sulfate solution were purchased from Godo Shusei (Tokyo,

Japan) and Kanto Chemical Co., Inc. (Tokyo, Japan), respec-

tively. Collagen gel solutions (Cellmatrix, Type I-A) were from

Nitta Gelatin Co. (Osaka, Japan).

2.2. Preparation of osteoclasts

Murine tartrate-resistant acid phosphatase-positive multi-

nucleated cells having more than four nuclei (OCLs, osteo-

clasts) were prepared from a coculture system as previously

described [6,28]. In brief, primary mouse osteoblastic cells

were obtained from calvariae of newborn ddY mice, and

mouse bone marrow cells were from the femora and tibiae of

6- to 9-week-old male ddY mice. Bone marrow cells

(2 � 107 cells) and osteoblastic cells (1 � 106 cells) were cocul-

tured for 7 days in a-minimal essential medium (a-MEM)

(Sigma Chemical Co., St. Louis, MO, USA) containing 10% (v/v)

fetal calf serum (FCS) (Asahi Techno Glass Ltd., Chiba, Japan)

on 100-mm tissue culture dishes (Corning Inc., Corning, NY)

(15 ml/dish) precoated with 2.5 ml of 0.2% (w/v) collagen gel

matrix. Half of the medium was changed after coculture for 2

and then 5 days. For the last 5 days, cells were cultured in the

presence of 10 nM 1a,25(OH)2D3 and 1 mM PGE2. Osteoclasts

were formed within 7 days of culture and released from the

dishes by treatment with 1.5 ml of 0.2% (w/v) collagenase and

0.1% (w/v) dispase. Cells were collected by centrifugation

(300 � g, 5 min) and placed into 96-well culture plates (Corning

Inc.), where 180–270 of osteoclasts per well was observed.

2.3. Assay for cytotoxicity to osteoclasts

Osteoclast preparations were placed into 96-well culture

plates. After preculture for 24 h, the cells were treated with

vehicle [1% (v/v) methanol] or EGCGs [dissolved in methanol
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such that the final concentration of methanol in culture

medium was 1% (v/v)] for 24 h and stained for TRAP, a typical

marker enzyme of osteoclasts. TRAP staining was carried out

as described previously [28]. In brief, the cells were fixed with

3.7% (v/v) formaldehyde in phosphate-buffered saline without

Ca2+ and Mg2+ [PBS(�)] for 15 min. After treatment with

ethanol/acetone (1:1) for 1 min, the well surface was dried and

treated with the TRAP staining solution [0.1 M sodium acetate

buffer (pH 5.0) containing 50 mM sodium tartrate, 0.1 mg/ml

naphthol AS-MX phosphate, and 1 mg/ml fast red violet LB

salt] for 10 min. After the staining, the number of osteoclasts

was counted. Data from quadruplicate cultures in one of three

experiments were expressed as the mean � S.D. of the

percentage of the number of osteoclasts in control cultures.

2.4. Assay for cytotoxicity to osteoblastic cells

Primary osteoblastic cells (4 � 104 cells/well) were placed into

96-well culture plates and precultured for 24 h. Then, the cells

were cultured with vehicle [1% (v/v) methanol] or 100 mM

catechins for 24 h. After the culture, the cells were incubated

in 100 ml of 0.1% (w/v) crystal violet in PBS(�) for 15 min. After

washing the cells with PBS(�), the dye incorporated into the

cytoplasm of living cells was eluted with 100 ml of methanol,

and then absorbance at 595 nm was measured. Viability of

osteoblastic cells was expressed as a percentage of the

absorbance in control culture. Data were expressed as the

mean � S.D. of quadruplicate cultures in one of three experi-

ments.

2.5. Assay for Fe3+-reduction

The activity of EGCG to reduce Fe3+ were measured based on

the previous method [6,18] with slight modification. In brief,

EGCGs (1 mM) were added to 1 ml of working solution (5 mM o-

phenanthroline in 1 mM FeCl3), and the mixture was incu-

bated at room temperature for 20 s. In another experiment,

EGCG and EGCG-40-O-Me (1 mM) were added to 300 ml of 1 mM

FeCl3-containing 100 mM acetate buffer (pH 3.6, 4.6 or 5.6). An

equal volume of 5 mM o-phenanthroline solution was added

after incubation at room temperature for 20 s, and the mixture

was further incubated at room temperature for 20 s. After the

incubation, absorbance of the Fe2+-o-phenanthroline complex

at 510 nm was immediately measured. Fe3+-reducing activity

of the catechins was assessed from the concentration of Fe2+-

o-phenanthroline complex measured in solutions, which was

calculated from a standard curve generated by using known

concentrations of Fe2+-o-phenanthroline complex. This assay

method was applicable to Fe2+-o-phenanthroline complex

solutions as low as 0.1 mM. Data were expressed as the

mean � S.D. of quadruplicate cultures in one of three experi-

ments.

2.6. Measurement of the concentration of H2O2 in a-MEM

EGCGs (100 mM) were added to osteoclast cultures with or

without 100 U/ml catalase, and then the cultures were placed

at 37 8C under 5% (v/v) CO2. After 15, 30, 60, 120, 240, and

360 min, the concentration of H2O2 in the culture was

measured. H2O2-producing activity of catechins was also
determined in cell-free medium, where EGCGs (100 mM) were

added to 96-well culture plates filled with 100 ml of a-MEM

without FCS and cells, and the plates were placed at 37 8C

under 5% (v/v) CO2. After 1 h, the concentration of H2O2 was

measured by the ferrous ion oxidation-xylenol orange method

with slight modification [18,29]. Briefly, medium (30 ml) was

mixed with 300 ml of working solution [250 mM ammonium

iron(II) sulfate, 25 mM H2SO4, 100 mM sorbitol, and 125 mM

xylenol orange], followed by mixing and incubation at room

temperature for 20 min. After incubation, absorbance of Fe3+–

xylenol orange complex at 595 nm was measured. The

concentration of H2O2 was calculated from standard curve,

which was obtained by determining H2O2 concentrations

immediately after the addition of H2O2 into the culture

medium. This assay method was applicable for determining

H2O2 concentrations as low as 0.2 mM. Data were expressed as

the mean � S.D. of three independent experiments.

2.7. Quantum chemical calculation

The MOPAC2002 software (Fujitsu Ltd., Tokyo, Japan) was used

for molecular orbital (MO) and molecular mechanics (MM)

calculations in the present study. The structures of EGCG and

its analogues (EGCG-30-O-Me, EGCG-300-O-Me, EGCG-40-O-Me

and EGCG-400-O-Me) were determined by a conformation

search using MM2 procedures and by following the semi-

empirical MO method with AM1 parameters [30]. And then, the

lowest unoccupied molecular orbitals (LUMOs), highest

occupied molecular orbitals (HOMOs), and formation energies

of EGCGs were quantum chemically calculated. The deproto-

nation energy of each hydroxyl group in EGCG was acquired by

subtracting the formation energy of deprotonated EGCG from

that of protonated EGCG.

2.8. Statistical analysis

Statistical significance of differences was determined by using

Student’s t-test.
3. Results

3.1. Involvement of hydroxyl groups in EGCG in induction
of osteoclast cell death, reduction of Fe3+, and production of
H2O2

To determine the structural requirements for EGCG to induce

cell death of osteoclasts, we performed a SAR analysis with

four EGCG analogues (EGCG-30-O-Me, EGCG-300-O-Me, EGCG-40-

O-Me and EGCG-400-O-Me) in which one of the hydroxyl groups

in the B- or D-ring is methylated. All analogues showed

cytotoxicity to osteoclasts, where no statistical significant

difference was observed between EC50 value of EGCG and

those of its analogues (EC50: EGCG = 58 � 14 mM; EGCG-30-O-

Me = 87 � 2.2 mM; EGCG-300-O-Me = 70 � 11 mM; EGCG-40-O-

Me = > 100 mM; EGCG-400-O-Me = > 100 mM) (Fig. 1B). However,

all analogues showed significantly reduced cytotoxicity to

osteoclasts at 100 mM, compared to EGCG. The cytotoxic

effects of EGCG-40-O-Me and EGCG-400-O-Me were about half

as much as that of EGCG (Fig. 2A). Osteoclasts require the
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Fig. 1 – Cytotoxic effects of EGCG and its analogues on osteoclasts and osteoblastic cells. (A) Structures of EGCG and its

analogues. (B) Cytotoxicity of EGCGs on osteoclasts. Osteoclasts placed into 96-well culture plates were cultured in the

presence of EGCG-30-O-Me (closed circle), EGCG-40-O-Me (closed triangle), EGCG-300-O-Me (closed square), EGCG-400-O-Me

(closed diamond), or EGCG (open diamond) (25, 50 and 100 mM). After culture for 24 h, the osteoclasts were stained for TRAP,

and then counted (mean W S.D. of quadruplicate cultures). (C) Effect of EGCGs on viability of osteoblastic cells. Osteoblastic

cells placed into 96-well culture plates were cultured in the presence of EGCG and its methylated analogues (100 mM). After

culture for 24 h, their cytotoxic effects on the viability of osteoblastic cells were determined. Data were expressed as the

mean W S.D. of quadruplicate cultures in one of three experiments. *P < 0.01 as compared with control (Ctrl). 30-O-Me: EGCG-

30-O-Me; 40-O-Me: EGCG-40-O-Me; 300-O-Me: EGCG-300-O-Me; 400-O-Me: EGCG-400-O-Me.
existence of osteoblasts to sustain their viability in this

experiment. Although EGCG and EGCG-30-O-Me significantly

reduced viability of osteoblasts, other analogues showed no

cytotoxicity to osteoblasts at 100 mM (Fig. 1C). These results

indicate that the hydroxyl groups at positions 40 and 400 in EGCG

play crucial roles in the induction of cell death of osteoclasts.

In cell-free medium, the low-cytotoxicity analogues EGCG-

40-O-Me showed the lowest Fe3+-reducing activity and the

lowest H2O2-producing activity among the five EGCGs tested

(Fig. 2B and C). These results indicate that the hydroxyl groups

at position 40 in EGCGs play crucial roles in both Fe3+-reducing

and H2O2-producing activities. However, another low-cyto-

toxicity analogue, EGCG-400-O-Me, had an H2O2-producing

activity comparable with that of EGCG, which showed high

cytotoxicity (Fig. 2C). Thus, it is suggested that Fe3+-reducing

activity rather than H2O2 production is involved in the

cytotoxicity of EGCGs to osteoclasts.

3.2. Cytotoxicity of exogenous H2O2 and SOD to osteoclasts

To determine the contributions of the Fe3+-reducing and H2O2-

producing activities of EGCG to the induction of osteoclasts

cell death, we next examined whether EGCG produced H2O2 in

osteoclast culture as well as in cell-free medium. Levels of

H2O2 increased after the addition of EGCG to osteoclast culture

(Fig. 3A). However, the increase was transient and the levels
decreased dependent on time, from the maximum observed

level of approximately 20 mM H2O2 (Fig. 3A). Furthermore,

EGCG-40-O-Me having the lowest H2O2-producing activity

generated 1.51 � 0.44 mM H2O2 at 1 h after the addition. No

H2O2 was generated in the presence of 100 U/ml catalase, an

enzyme that catalyses the elimination of H2O2. In contrast,

exogenously added H2O2 at concentrations exceeding 125 mM

induced cell death of osteoclasts in a dose-dependent manner

(Fig. 3B). These results suggest that the levels of H2O2 produced

by EGCG in osteoclast culture are insufficient to induce cell

death.

To investigate the origin of H2O2, we used superoxide

dismutase (SOD), an enzyme that generates H2O2 from O2
��,

and calcitonin, a hormone that suppresses bone resorption

[31]. SOD enhanced the cytotoxic activity of EGCG to

osteoclasts (Fig. 4A and C) while it showed cytotoxicity to

neither osteoclasts nor osteoblastic cells (Fig. 4B and C).

Although statistical significant difference was not provided

between EC50 value of EGCG and EGCG + SOD (EC50: EGCG =

52 � 6.6 mM; EGCG + SOD = 41 � 5.3 mM), SOD significantly

enhanced the cytotoxicity of EGCG to osteoclasts at 50 and

100 mM (Fig. 4A). It is known that bone-resorbing osteoclasts

generate superoxide [2,3], and that superoxide generation is

suppressed by calcitonin. Calcitonin (10 nM) suppressed the

cytotoxicity of EGCG to osteoclasts in the presence of SOD as

shown in Fig. 4C as well as in its absence as reported in our
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Fig. 2 – SAR analysis of EGCGs. (A) Inhibitory effects of

EGCGs on the survival of osteoclasts. Osteoclasts placed

into 96-well culture plates were cultured in the presence or

absence of EGCGs (100 mM). After culture for 24 h, the

numbers of osteoclasts stained for TRAP were counted,

and the inhibitory effects of EGCGs on the survival of

osteoclasts were determined. Data are expressed as the

inhibition of cell survival (%) compared with the control

(mean W S.D. of quadruplicate cultures). (B) Fe3+-reducing

activity of EGCGs. Each compound (1 mM) was added to

1 ml of working solution (5 mM o-phenanthroline and

1 mM FeCl3). After incubation at room temperature for

20 s, the absorbance at 510 nm was measured

immediately. (C) H2O2-reducing activity of EGCGs. Each
previous study [6]. These results suggest that superoxide

generation by osteoclasts is required for the induction of

osteoclast cell death by EGCG.

3.3. pH-dependent Fe3+-reducing activity of EGCG

It is recognized that bone-resorbing osteoclasts secrete

protons onto the bone surface, where an acidic microenvir-

onment (resorption lacuna, pH 3.0 or less) is thus created

[32,33]. Since osteoclasts showed higher sensitivity to EGCG

than osteoblastic cells (Fig. 1B and C), we examined whether

low-pH conditions such as those in resorption lacunae would

affect the Fe3+-reducing activity of EGCG. As shown in Table 1,

the Fe3+-reducing activities of EGCG and EGCG-40-O-Me were

modulated by pH. At pH 3.6, the activities were about two-fold

higher than those at pH 5.6, which indicates that the Fe3+-

reducing activity of EGCGs prefers acidic pH. This suggests

that the protonation status of the hydroxyl groups of EGCG

affects its Fe3+-reducing activity in osteoclast culture.

3.4. Quantum chemical calculation of structures of EGCG
and its analogues

To elucidate the chemical reaction(s) involved in Fe3+ reduc-

tion and H2O2 production by EGCG, we performed quantum

chemical calculations of their structures. Frontier orbital

theory indicates that the lowest and the highest energy-

containing molecular orbitals (lowest unoccupied molecular

orbital, LUMO, and highest occupied molecular orbital, HOMO)

play crucial roles in electrophilic reactions and nucleophilic

reactions, respectively. Thus, we determined the localization

of LUMO and HOMO in the structures of EGCGs. LUMO and

HOMO localized to the D- and B-ring of EGCG, respectively

(Fig. 5). The same localization pattern was expected in EGCG-

30-O-Me, EGCG-300-O-Me, and EGCG-400-O-Me. However, EGCG-

40-O-Me differed from these four EGCGs, in that LUMO and

HOMO were localized to the D-ring and A-ring, respectively

(Fig. 5). The hydroxyl group at position 40 causes localization of

HOMO to the B-ring. These results also suggest that HOMO on

the B-ring plays a crucial role in the Fe3+-reducing activity and

cytotoxicity of EGCG.

Since the protonation status of the hydroxyl groups of

EGCG affects its Fe3+-reducing activity, we calculated the

deprotonation energy for all hydroxyl groups of EGCGs. The

hydroxyl group at position 400 in the D-ring of EGCG, EGCG-30-O-

Me, and EGCG-300-O-Me required the lowest energy for

deprotonation (Fig. 5). However, the hydroxyl group at position

500 was shown to be preferentially deprotonated in the low-

cytotoxicity analogue EGCG-400-O-Me, in which the hydroxyl

group at position 400 is methylated. Therefore, it was suggested

that preferential deprotonation of hydroxyl groups at position
compound (100 mM) was added to 100 ml of a-MEM without

FCS. After incubation at 37 8C under 5% (v/v) CO2 for 1 h,

the concentration of H2O2 was measured. Data are

expressed as the mean W S.D. of quadruplicate cultures in

one of three experiments. *P < 0.01 as compared with

EGCG. 30-O-Me: EGCG-30-O-Me; 40-O-Me: EGCG-40-O-Me; 300-

O-Me: EGCG-300-O-Me; 400-O-Me: EGCG-400-O-Me.
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Fig. 3 – Effect of exogenously added H2O2 on osteoclasts. (A) H2O2 generation by EGCG. EGCG (100 mM) was added to

osteoclast cultures with (closed circle) or without 100 U/ml catalase (open circle). After incubation at 37 8C under 5% (v/v) CO2

for 15, 30, 60, 120, 240, and 360 min, the concentration of H2O2 in the culture medium was measured. Data are expressed as

the mean W S.D. of three independent experiments. (B) Cytotoxicity of exogenously added H2O2 to osteoclasts. Osteoclasts

placed into 96-well culture plates were cultured in the presence or absence of H2O2 (125, 250, or 500 mM). After culture for

24 h, the numbers of osteoclasts stained for TRAP were counted. Data are expressed as a percentage of the control

(mean W S.D. of quadruplicate cultures).
400 of EGCG played a crucial role in the Fe3+-reducing activity of

EGCG and its cytotoxicity to osteoclasts.
4. Discussion

EGCG is a natural compound that has a wide range of

physiological functions [6–27]. We previously reported that

EGCG induced apoptosis in osteoclasts. Since an Fe2+ chelator

o-phenanthroline and catalase suppressed it, we proposed a

new mechanism of EGCG induced apoptosis in osteoclasts:

EGCG triggers the Fenton reaction to generate highly reactive
Fig. 4 – Effects of SOD and calcitonin on cytotoxicity of EGCG. (A

Osteoclasts placed into 96-well culture plates were cultured with

absence (open circle) of 500 U/ml SOD. After culture for 24 h, the

Data are expressed as a percentage of the control (mean W S.D. o

the absence of SOD. (B) Effect of SOD on viability of osteoblastic

(4 � 104 cells/well) placed into 96-well culture plates were cultur

cytotoxic effect of EGCG on the viability of osteoblastic cells was

a percentage of the absorbance in the control culture. Data are

one of three experiments. (C) Effect of calcitonin on SOD-enhan

into 96-well culture plates were cultured with EGCG (100 mM) in

calcitonin. After culture for 24 h, the numbers of osteoclasts sta

percentage of the control (mean W S.D. of quadruplicate cultures
hydroxyl radicals from H2O2 and Fe2+ [H2O2 + Fe2+! �OH +

OH� + Fe3+] [6]. Thus, we speculated that Fe3+-reducing and/or

H2O2-producing activity of EGCG contribute to its cytotoxicity

to osteoclasts. In the present study, we explored the molecular

mechanism of the cytotoxicity of EGCG using four EGCG

analogues (EGCG-30-O-Me, EGCG-300-O-Me, EGCG-40-O-Me and

EGCG-400-O-Me) based on their structures, Fe3+-reducing

activity, and H2O2-producing activity.

SAR analysis performed indicated that the magnitude of the

Fe3+-reducing activity of EGCGs was well correlated with the

cytotoxicity to osteoclasts (EGCG > EGCG-300-O-Me > EGCG-30-

O-Me > EGCG-400-O-Me > EGCG-40-O-Me). On the other hand,
) Effect of SOD on cytotoxicity of EGCG to osteoclasts.

EGCG (0, 25, 50, or 100 mM) in the presence (closed circle) or

numbers of osteoclasts stained for TRAP were counted.

f quadruplicate cultures). *P < 0.01 as compared with data in

cells in the presence or absence of EGCG. Osteoblastic cells

ed with or without 100 mM EGCG for 24 h. After culture, the

determined. Viability of osteoblastic cells was expressed as

expressed as the mean W S.D. of quadruplicate cultures in

ced cytotoxicity of EGCG to osteoclasts. Osteoclasts placed

the presence or absence of 500 U/ml SOD and/or 10 nM

ined for TRAP were counted. Data are expressed as a

).
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Table 1 – Behavior of EGCG and EGCG-40-O-Me in various
pH conditions

Compound Fe3+-reducing activity (mM)a

pH 3.6 pH 4.6 pH 5.6

EGCG 2.33 � 0.25 1.78 � 0.17* 0.98 � 0.28*

EGCG-40-O-Me 1.09 � 0.05** 1.01 � 0.14*,** 0.45 � 0.15*

a Fe3+-reducing activity was determined as described in Section 2.

Data are expressed as the mean � S.D. of three independent

experiments.
* P < 0.05 as compared with pH 3.6.
** P < 0.05 as compared with EGCG.
the order of the H2O2-producing activity of EGCGs (EGCG >

EGCG-300-O-Me = EGCG-400-O-Me > EGCG-30-O-Me > EGCG-40-O-

Me) differed from that of their cytotoxicity to osteoclasts, which

was consistent with reports from Miura et al. [34] and Akagawa

et al. [35]. In addition, more than 125 mM H2O2 was required to

induce osteoclast cell death and the maximum detectable H2O2

level was only about 20 mM when EGCG was added to an

osteoclast culture. These indicate that Fe3+-reducing activity

rather than H2O2-producing activity is mainly involvedinEGCG-

induced cell death of osteoclasts. o-Phenanthroline may

eliminate the free Fe2+ provided by EGCG, which resulted in

suppression of the cytotoxicity of EGCG to osteoclasts as

indicated in Fig. 6. However, further studies are needed to

determine the origin of Fe3+ that allows EGCG to induce cell

death of osteoclasts.
Fig. 5 – Quantum chemical calculation. (A) LUMO, HOMO, and d

deprotonation energies of EGCGs were acquired by quantum ch

(deprotonation energy, kJ/mol; LUMO and HOMO energy, eV). Da

and HOMO are localized are indicated as gray circular and squa

energy are described in the open square box.
Since it seemed that H2O2-producing activity of EGCG did

not contribute mainly to its cytotoxicity to osteoclasts, we

surmised that osteoclast-mediated O2
�� secretion is respon-

sible for it. To verify this speculation, we examined effects of

SOD and calcitonin on cytotoxicity of EGCG. As expected, SOD

enhanced the cytotoxicity of EGCG to osteoclasts, while it

showed no cytotoxicity to osteoclasts. EGCG shows no

cytotoxicity to osteoclasts cultured in the presence of

calcitonin [6], which suppresses osteoclast-mediated O2
��

secretion [6,31,36]. SOD-enhanced cytotoxicity of EGCG to

osteoclasts was also suppressed by calcitonin. These results,

taken together with our previous result that the cytotoxicity of

EGCG was suppressed by catalase [6], support the following

idea; exogenous SOD will produce H2O2 from osteoclast-

secreted O2
��, thereby enhancing the cytotoxicity of EGCG to

osteoclasts. Since a SOD-like enzyme localizes on the plasma

membrane of osteoclasts [2,3], H2O2 generated by the SOD-like

enzyme from osteoclast-produced O2
�� is likely to be involved

in the cytotoxicity of EGCG to osteoclasts. As indicated in Fig. 6,

catalase is likely to suppress the cytotoxicity of EGCG to

osteoclasts eliminating the H2O2 produced by osteoclasts.

Since EGCG-40-O-Me, which lacks a hydroxyl group at

position 40 in the B-ring, and EGCG-400-O-Me, which lacks a

hydroxyl group at position 400 in the D-ring, showed the lowest

and second-lowest Fe3+-reducing activity and cytotoxicity to

osteoclasts respectively, quantum chemical calculations were

carried out to identify chemical properties of the two hydroxyl

groups of EGCG. First, we determined the localization of LUMO
eprotonation energies of EGCGs. LUMO, HOMO, and

emical calculation and are shown as numerical data

ta for LUMO and HOMO are underlined. Areas where LUMO

re areas, respectively. Data for the lowest deprotonation
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Fig. 6 – Hypothetical molecular mechanism of EGCG in reducing Fe3+ and inducing cell death of osteoclasts.
and HOMO in the structures of EGCGs. It was indicated that

LUMO was localized to the D-ring of EGCGs, and that HOMO to

the B-ring, except for in EGCG-40-O-Me, which showed the

lowest Fe3+-reducing activity. Mochizuki et al. reported

that oxidized catechins have unpaired electron in the B-ring

[37], which also suggests the highest reactivity of the B-ring.

Thus, the hydroxyl group at position 40 in the B-ring of EGCG

will be required to localize HOMO on the B-ring, resulting

in reduction of Fe3+ and induction of cell death. Next, we

calculated the deprotonation energy of each hydroxyl group in

EGCGs. The results of the calculations indicated that the

hydroxyl group at position 400 in the D-ring showed the lowest

energy among all of the hydroxyl groups in the EGCGs, except

for EGCG-400-O-Me. In EGCG-400-O-Me, on the other hand, the

hydroxyl group at position 500 in the D-ring showed the

lowest energy. Hynes et al. reported that gallic acid formed

complex with Fe3+ via its hydroxyl groups at positions 4 and 5

(or 3) [38]. van Acker et al. reported that catechol moiety in

flavonoids was the main active site in their interaction with

metal ion [39]. Thus, the hydroxyl group at position 400 in the

D-ring of EGCG may act as catechol moiety in conjunction

with the hydroxyl group at position 300 or 500 in the ring as

shown in Fig. 6. It is also suggested that deprotonation of the

hydroxyl group at position 400 in the D-ring of EGCG is an

important structural change for binding and complex forma-

tion with Fe3+.

Osteoclasts showed higher sensitivity to EGCGs than

osteoblastic cells. Since calcitonin suppressed the cytotoxicity
of EGCG to osteoclasts, it was speculated that the bone-

resorbing activity of osteoclasts was needed for this high

sensitivity of osteoclasts to EGCGs. In the present study, we

examined the Fe3+-reducing activity of EGCG in acidic

conditions to estimate the behavior of EGCG at resorption

lacunae, having a pH of 3.0 or less [32,33]. Fe3+-reducing

activity was observed at pH 3.6–5.6 and the highest activity

was at pH 3.6. Taken together with our preliminary experi-

mental result that Fe3+-reducing activity of EGCG in the

medium of osteoclast culture was extremely lower than that

shown in Fig. 2B (data not shown), EGCG will behave as shown

in Fig. 6 in an acidic microenvironment. The protonation level

of hydroxyl group-possessing compounds increases with

acidification of the solvent, and the larger part of such

compounds is protonated when the pH is lower than the pKa.

Thus, the pKa1 values of EGCG (7.59–7.75) [40,41] indicate that

the principal forms of EGCG that exerts Fe3+-reducing activity

is protonated. Therefore, protonated EGCG is the principal

form of EGCG that reduces Fe3+ and exerts cytotoxicity on

osteoclasts, where semiquinone radical will be involved as

Mochizuki et al. [37] and Hynes et al. [38] reported using gallic

acid and catechins.

An Fe2+- and H2O2-dependent cytotoxic mechanism result-

ing from the Fenton reaction [H2O2 + Fe2+! �OH + OH� + Fe3+]

was previously proposed as the cytotoxic mechanism whereby

EGCG induced cell death of osteoclasts [6]. The present study

demonstrated that Fe3+-reducing activity depending on the

hydroxyl group at position 40 in the B-ring and 400 in the D-ring
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of EGCG primarily contributed to the cytotoxicity of EGCG to

osteoclasts. As shown in Fig. 1A, the B- and D-rings of EGCG

comprise pyrogallol and gallate moieties, respectively. In our

preliminary experiments, EGCG and (�)-epicatechin gallate,

which have gallate moiety, showed about three-fold higher

Fe3+-reducing activity than (�)-epicatechin and (�)-epigallo-

catechin which have no gallate moiety (data not shown).

Although further studies are required, we present here

hypothetical roles of these two moieties: the pyrogallol moiety

with high nucleophilicity allows the hydroxyl group at

position 40 of the moiety to reduce the Fe3+ with which the

catechol moiety in gallate moiety bound and formed complex

(Fig. 6). Based on the mechanism proposed by Mochizuki et al.

[37] and Hynes et al. [38], we now propose a mechanism as

shown in Fig. 6. The hydroxyl group at position 400 in the

D-ring of EGCG binds and forms complex with Fe3+, and the

hydroxyl group at position 40 in the B-ring of another EGCG

advances the reduction of Fe3+ to Fe2+ in resorption lacunae,

whereby the Fe2+- and H2O2-dependent cell death of osteo-

clasts is induced.
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