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Abstract — Bioflavone quercetin is believed to play an important role preventing bone loss by affecting
osteoclastogenesis and regulating many systemic and local factors including hormones and cytokines. This study
examined how quercetin acts on tumor necrosis factor-alpha (TNF-o)-mediated apoptosis in MC3T3-E1
osteoblastic cells. Apoptosis assays revealed the dose-dependent acceleration of quercetin on TNF-ai-induced
apoptosis in MC3T3-E1 cells, which was demonstrated by the increased number of positively stained cells in the
trypan blue staining and TUNEL assay, and the migration of many cells to the sub-Gy/G; phase in flow cytometric
analysis. In particular, quercetin treatment alone increased the expression of p53 and p21 proteins in the cells.
Consequently, this study showed that quercetin accelerates the TNF-o-induced apoptosis in MC3T3-El

osteoblastic cells.
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Introduction

Bone cells and their interactions are quite sensitive to
systemic and local factors such -as hormones and
cytokines. Among the many hormones and cytokines
involved in regulating the bone metabolism, tumor
necrosis factor-alpha (TNF-o) plays a key role in
osteoporosis. TNF-o stimulates the osteoblasts to secrete
other inflammatory cytokines such as interleukin (IL)-1
and 1L-6, and prostaglandin E, (PGE,) as well as TNF-a
itself, which acts directly on osteoclasts to cause bone
resorption (Franchimont er al., 1997; Jilka, 1998; Glants-
chnig et al.,, 2003). In addition, TNF-a induces the
apoptosis of osteoblasts (Chua ef al., 2002; Suh et al.,
2003). Therefore, it is believed that an increase of TNF-a
level and a decrease in the numbers of osteoblast cells via
apoptosis might be responsible for the bone loss, and
which can result in osteoporosis if these conditions
persist.

Recently, there has been a global trend towards the use
of natural bioactive compounds as chemoregulators of
bone cells (Choi and Koo, 2003; Suh er al., 2003;
Gallagher et al, 2004). Quercetin (3,3'4',5,7-pentahyd-
roxyflavone) is a dietary flavone commonly found in plants,
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and has been reported to possess biological, pharma-
cological, and medicinal activity. For example, quercetin
inhibits the osteoclastic resorption of bone in vitro (Wattel
et al., 2003). In addition, quercetin has a suppressive
effect on bone resorption by inhibiting the differentiation
of osteoclast progenitor cells into preosteoclasts and by
disrupting the formation of actin rings in mature
osteoclasts (Woo er al., 2004). These reports suggest that
quercetin plays an important role in inhibiting bone loss
by affecting osteoclastogenesis and regulating a number
of systemic and local factors such as hormones and
inflammatory cytokines.

However, there is little information on the precise
mechanism for quercetin on apoptosis of osteoblastic cells,
particularly in the presence of inflammatory cytokines.
Therefore, this study investigated how quercetin acts on
the apoptosis induction of osteoblastic cells in the
presence of TNF-o using MC313-El, a mouse preosteo-
blast cell line.

Experimental

Chemicals and laboratory wares — Unless otherwise
specified, chemicals and laboratory wares were obtained
from Sigma Chemical Co. (St. Louis, MO, USA) and
Falcon Labware (Becton-Dickinson, Franklin Lakes, NJ,
USA), respectively. Quercetin (Q0125; Sigma Chemical
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Co.) was dissolved in ethanol immediately before use,
and final concentration of ethanol did not exceed 0.1% (v/
v) in any of the experiments.

Cell culture and treatment — Murine osteoblastic
MC3T3-El cells (ATCC, CRL-2593) were cultured in a-
minimum essential medium (a-MEM) supplemented with
10% fetal bovine serum (FBS; HyClone, Logan, UT,
USA) and antibiotics. The cultures were maintained at
37°C with a gas mixture of 5% CO,/95% air, and
subcultures were performed with 0.05% trypsin-0.02%
EDTA in Ca*, Mg**-free phosphate buffered saline
(DPBS; Gibco BRL Co., USA). The cells (1x10° cells/
ml) were resuspended in 2 ml media and spread onto 35-
mm culture dishes (Falcon, Becton Dickinson, NJ, USA).
Cultures were switched with a fresh batch of the same
medium twice a week. In order to determine the effects of
quercetin on the apoptosis mediated by TNF-a (1T7539;
Sigma Chemical Co.), the medium was replaced with
fresh medium containing various concentrations (0-10
uM) of quercetin and TNF-a (10 ng/ml), and incubated
for various times (0-72 h).

Determination of cytotoxicity — A trypan blue exclusion
assay was used to determine the level of cytotoxicity
induced by the treatment with quercetin and/or TNF-a
(Hongo ef al., 1986). Briefly, MC3T3-E1 cells were
incubated in a-MEM supplemented with 10% FBS in the
presence of 1 to 10 uM quercetin and/or 10 ng/ml TNF-a
for various times. After incubation, the cells were stained
with 0.4% trypan blue and about 100 cells were counted
for each treatment. The level of cytotoxicity was
calculated as follows: % cytotoxicity = [(total cells-
viable cells)/total cells]x100.

Terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick-end labeling (TUNEL) assay — After exposing
MC3T3-El cells to 10 ng/ml TNF-o in the presence of
quercetin (1-10 uM) for various times, the cells (2x10°
cells) were fixed with 1% butffered formaldehyde (pH 7.5)
on ice for 30 min. The cells were then washed with PBS,
resuspended in 70% ice-cold ethanol, and kept at —20°C
for 1 h. The cells were then rehydrated with PBS and
incubated in TdT buffer containing 30 mM Tris-HCI (pH
7.2), 140 mM sodium cacodylate, 1 mM CoCl,, 0.05 mg/
ml BSA, 0.1 mM DTT, 7.5 U/ml TdT, and 0.4 nM/ml
FITC-5-dUTP. Afier 30 min incubation at 37°C, the
reaction was blocked by transferring the cells to a buffer
containing 300 mM sodium chloride, 30 mM sodium
citrate, and 2% bovine serum albumin for 30 min. Finally,
the cells were washed with PBS and observed using a
fluorescence microscope (Axioskop 2, Carl Zeiss, Germany).

Propidium iodide (PT) staining — The level of DNA
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fragmentation was also determined by flow cytometric
analysis after propidium iodide (PI) staining. Initially, the
suspension (2x10° cells) of quercetin- and/or TNF-a-
treated cells was fixed with 80% ethanol at 4°C for 24 h
and then incubated overnight at 4°C with 1 ml of PI
staining mixture (250 ul of PBS, 250 ul of 1mg/ml
RNase in 1.12% sodium citrate, and 500 pl of 50 mg/ml
Pl in 1.12% sodium citrate). After staining, 1x10* cells
were analyzed using the FACS Calibur® system (Becton
Dickinson, San Jose, CA, USA).

Western blot analysis — Cell lysates were made in a
lysis buffer (50 mM Tris-Cl, pH 7.4, 1 mM EDTA, 150
mM NaCl, 1% NP-40, 0.25% Na-deoxycholate, and 1 pg/
ml of aprotinin, leupeptin, and pepstatin), and protein
content was quantified using the Bradford (1976) method.
Equal amounts of protein (50 pg/sample) were separated
electrophoretically by 12% SDS-PAGE and blotted onto
PVDF membranes (Bio-Rad, USA). The blots were
probed with primary antibodies for either 2h at room
temperature or overnight at 4°C and incubated with
horseradish peroxidase-conjugated anti-IgG in a blocking
buffer for 1 h. After washing, the blots were developed
with enhanced chemiluminescence (ECL) (Amersham
Pharmacia Biotech, Buckinghamshire, UK, USA) and
exposed to X-ray film (Eastman-Kodak, Rochester, NY,
USA). Polyclonal antibody specific for p21 (SC-397) was
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Monoclonal antibodies specific for p53
(OP03L-100UG) and a-tubulin were purchased from
Oncogene and Sigma Chemical Co., respectively.

Statistical amalyses — One-way ANOVA using SPSS
ver. 10.0 software was used for multiple comparisons. A
value of P <0.05 was considered significant.

Results

Quercetin facilitates the TNF-c-induced apoptosis
of MC3T3-E1 cells — Initially, we investigated the
cytotoxic effect of quercetin on the cells by monitoring
the level of trypan blue exclusion (Fig. 1A). As shown in
the figure, TNF-a treatment increased the number of
trypan blue stained cells. TNF-a-induced decrease in cell
viability was further accelerated by the addition of
quercetin. In contrast, quercetin treatment itself did not
exert a substantial cytotoxic effect. There was also a
marked increase in TUNEL positively stained cells with
quercetin treatment. When MC3T3-E1 cells were treated
with 10 ng/ml TNF-o. alone for 72h, the level of
apoptosis was measured to be 52.4%, while 62.4% of the
cells were apoptotic after adding 1 uM quercetin. More
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Fig. 1. Accelerating effect of quercetin on TNF-o-induced
apoptosis in MC3T3-E1 cells (A) MC3T3-E1 cells were treated
with different concentrations (0-10 uM) of quercetin in the
presence or absence of 10 ng/ml TNF-o for 72 h, and the cells
were then stained with trypan blue (open bar) or FITC-conjugated
dUTP (closed bar) Each bar represents the mean + SE of three
separate experiments. P < 0.01 represents significant difference
between the experiments and TNF-o treatment alone. (B)
Cytotoxicity in the cells was also corroborated by observing cell
morphology. The cells were treated without (a) or with 10 ng/ml
TNF-a (b) in the presence of 10 uM (c) quercetin. (d) indicates
the cells treated with 10 uM quercetin alone.

than 80% of the cells were apoptotic after the cells were
treated with 10 uM quercetin in the presence of 10 ng/ml
TNF-a. The acceleration of TNF-a-induced cytotoxicity
by the quercetin treatment was also corroborated by
observing cell morphology (Fig. 1B). TNF-a-induced
apoptosis and its facilitation by quercetin treatment was
supported by PI staining (Fig. 2). In the absence of
quercetin, apoptotic MC3T3-El cells were 41.5% of the
total cell population after the TNF-ou treatment (10 ng/
ml). However, the apoptotic cells were increased dose-
dependently by the quercetin treatment, such that 52.3%
and 88.1% of the cells were apoptotic when treated with 1
UM and 10 uM quercetin in the presence of 10 ng/ml
TNF-a, respectively.

Cell cycle analysis revealed that after 72 h of exposure
to 10 ng/ml TNF-a, about 53.6% of the cell populations
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Fig. 2. Flow cytometric analyses of MC3T3-El cells after PI
staining The cells were incubated for 72 h without (A) or with
10 ng/ml TNF-a in the absence (B) and presence of 1 (C), 5 (D),
and 10 uM (E) quercetin. (F) is the cells treated with 10 mM
quercetin only. The figures show a representative staining profile
for 10,000 cells per experiment. M1 is the cell population defined
as apoptotic.

were in the sub-Gy/G; phase, which indicates apoptotic
cells, while about 31.2% and 7.2% of the cells were in the
Gy/G; and G»/M phases, respectively (Table 1). The
addition of quercetin to the cells dose-dependently augme-
nted the TNF-a-induced apoptosis. When 10 pM quercetin
was added to the TNF-a-exposed cells, there were 89.2%
of the total cell population in the sub-G¢/G, phase.
However, when the cells were treated with quercetin
alone (10 pM), there was an increase in the Go/G; phase
and a corresponding decrease in the S and G,/M phases,
compared with those of the untreated control cells.
Quercetin itself increases the expression of p533 and
p21 in MC3T3-E1 cells — Because it is known that p53
modulates the cell cycle by activating p21, which induces
a cell cycle arrest in Go/G, phase, the effects of quercetin
and/or TNF-o. on the expression of p53 and p21 proteins
were examined (Fig. 3A). Western blot analysis showed
that the p53 expression level was not affected by TNF-a.
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Table 1. Effects of quercetin on the cell cycle distribution of MC3T3-El cells

0 0 1 5 10 10 Quercetin (uM)
Cell cycles ~
- + + + + - TNF-a (ng/ml)
Sub-Go/G, , 9.5+1.8 53.6+3.2 67.7£3.1 84.1+3.8 89.243.6 12.7£2.5
Go/G, 63.143.8 31.2+2.7 21.8+24 10.5+3.4 7.7£2.8 76.1£3.1
S 12.3+1.1 8.0+1.3 5.8£1.2 3.5+0.8 1.8£0.6 4.9+0.7
GyM 15.1+1.0 7.2+1.1 4.7+0.6 1.9+0.3 1.3+0.3 6.3+1.2

MC3T3-El cells were incubated with the indicated doses of quercetin for 72 h in the presence and absence of 10 ng/ml TNF-o.. The per-
centage of cells in each phase of the cell cycle was calculated through WinMDI 2.8 program of propidium iodide fluorescence data. Data

represent the mean + SD of experiments performed in triplicate.
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Fig. 3. Western blot analysis of MC3T3-El cells. MC3T3-E1
cells were incubated without or with 10 ng/ml TNF-¢ in the
presence of 1 to 10 uM quercetin for 24 h. Cell lysates were
prepared and analyzed by 12% SDS-PAGE followed by
immunoblot analysis (A). A representative result from three indepe-
ndent experiments is shown. In addition, the expression level of
p53 and p2l proteins was quantified and presented as the

sekede

mean * SE relative to control (relative expression = 1.0) (B). P
< (0.001 represents significant difference between the experiments
and untreated control values.

regardless of the addition of quercetin. In contrast, an
approximate 2.8-fold increase in the p53 expression was
observed in MC3T3-E1 cells exposed to 10 mM quercetin
alone for 24h (Fig. 3B). Similarly, the level of p21
expression in the cells was significantly elevated only
when treated with quercetin itself. This can explain why
quercetin itself arrests the cell cycle progression of
MC3T3-E1 cells in the G¢/G; phase.

Discussion

The present study showed that the TNF-o-mediated
cytotoxicity was not inhibited but facilitated by quercetin

treatment in a dose-dependent manner, even though
quercetin itself did not have any toxic effects. This
suggests that in the presence of TNF-o, quercetin
accelerates TNF-o-mediated cytotoxicity in growing
MC3T3-E]1 cells. Our previous findings demonstrated that
quercetin inhibited TNF-a-induced cytokine secretion and
nitric oxide production in differentiated MC3T3-E1 cells
without any cytotoxic effects (Jeon er al., 2005). In
addition, quercetin reduced the TNF-o-induced inhibition
of mineralization of the cells, indicating its ability
preventing inflammatory cytokine-mediated bone loss.
Considering these results, we believe that the acting
mechanism of quercetin on bone cells may differ from the
condition of the cells examined, ie., depending on
exponentially growing or differentiated condition. Further
detailed experiments will be needed to elucidate the
precise mechanism of quercetin on bone formation and
resorption.

TNF-o can induce apoptosis of osteoblastic MC3T3-
El cells (Kitajima ef al, 1996; Suh et al., 2003).
Quercetin also induces apoptosis in a variety of tumor
cells (Monasterio er al., 2004; Son et al., 2004; Ackland
et al., 2005). Apoptosis is the result of a highly complex
cascade of cellular events that are characterized by
chromatin condensation, DNA fragmentation, cytoplasmic
membrane blebbing; and cell shrinkage (Allen et al.,
1997). As evidenced by the increase of TUNEL positive
cells and the migration of many -cells to sub-Gy/G, phase
after PI staining, TNF-o treatment induced apoptosis of
MC3T3-E1 cells, and this induction was further
accelerated by the quercetin treatment.

Wild-type p53 modulates the cell cycle progression and
cellular apoptosis (Adams and Kaelin, 1998). When DNA
damage occurs, elevated p53 is translocated to the nucleus
and activates the expression of p21, which induces cell
cycle arrest in the G¢/G; phase. However, the cellular
machinery leading to apoptosis can be induced if DNA
damage is persisted and prolonged, or if p53 is
overexpressed (Lowe et al., 1993; Muller et al., 1998).
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Furthermore, p53 can induce apoptosis directly by
activating Bax gene that contains p53-binding sites and
encodes an apoptosis inducing factor (Miyashita and
Reed, 1995). In this study, TNF-a treatment induced a
clear increase in the number of cells in sub-Gy/G phase,
which represents apoptotic cells. TNF-o-induced apoptosis
was further facilitated by the quercetin treatment in a
dose-dependent manner. In contrast, quercetin itself (10
uM) induced cell cycle arrest of MC3T3-E1 cells in the
Go/G phase. This was supported by Western blot analysis
showing that quercetin, but not TNF-a, stimulated the
expression of the p53 and p21 proteins in MC3T3-E1l
cells. These results indicate that TNF-a-mediated
apoptosis as well as its acceleration by quercetin is
independent of p53.

Flavonoids have been reported to have inhibitory
effects on PI3-kinase, protein kinase C, protein tyrosine
kinase, mitogen-activated protein kinases, and some
transcriptional factors (Bode and Dong, 2003). Moreover,
this inhibition in turn has been shown to arrest cell growth
and induce cell death in several cell lines (Yang et al.,
1998; Gamet-Payrastre er al., 1999; Ishikawa and Kitamura,
2000; Lee ef al., 2003). As proven by the accumulation of
MC3T3-E1 cells at the G¢/G, phase of the cell cycle, we
assume that quercetin itself inhibits the signal transduction
molecules involved in the cell cycle progression. Moreover,
this inhibition might let the cells to further sensitive to the
cytotoxic action of TNF-a. Therefore, we suggest that Fas
activation, rather than p53 expression, is further associated
with the TNF-a-induced apoptosis and its acceleration by
quercetin in the cells. However, more detailed experiments
will be needed to determine the precise mechanism of
quercetin on the cell cycle arrest and apoptosis induction
of osteoblasts in the absence and presence of inflammatory
cytokines. In addition, it is unclear how quercetin acts,
and it is not known if quercetin increases or decreases the
bone mass in vivo. Additional experiments should be

-performed to elucidate the precise contribution of quercetin
to the bone metabolism in vive and in vitro.

Acknowledgement

This work was supported by Korea Research Foundation
Grant (KRF-2004-005-F00022).

References

Ackland, M.L., van de Waarsenburg, S., and Jones, R., Synergistic
antiproliferative action of the flavonols quercetin and kaempferol
in cultured human cancer cell lines. in Vivo 19, 69-76 (2005).

143

Adams, PD. and Kaelin, W.G. Jr., Negative control -elements of
the cell cycle in human tumors. Curr. Opin. Cell Biol. 10, 791-
797 (1998). ; ‘

Allen, R.T,, Hunter, W.J. 3rd., and Agrawal, D.K., Morphological
and biochemical characterization and analysis of apoptosis. J.
Pharmacol. Toxicol. Methods 37, 215228 (1997).

Bode, A.M. and Dong, Z., Signal transduction pathways: Targets
for green and black tea polyphenols. J. Biochem. Mol. Biol.
36, 66-77 (2003).

Bradford, M.M., A rapid and sensitive method for the quantitation
of microgram quantities of protein- utilizing the principle of
protein-dye binding. Anal. Biochem. 72, 248-254 (1976).

Choi, E.M. and Koo, S.J., Effects of soybean ethanol extract on
the cell survival and oxidative stress in osteoblastic cells.
Phytother. Res. 17, 627-632 (2003).

Chua, C.C., Chua, B.H., Chen, Z., Landy, C., and Hamdy, R.C,,
TGF-betal inhibits multiple caspases induced by TNF-alpha
in murine osteoblastic MC3T3-E1 cells. Biochim. Biophys.
Acta 1593, 1-8 (2002).

Franchimont, N., Rydziel, S., Delany, AM., and Canalis, E.,
Interleukin-6 and its soluble receptor cause a marked induction
of collagenase 3 expression in rat osteoblast cultures. J. Biol.
Chem. 272, 12144-12150 (1997).

Gallagher, J.C., Satpathy, R., Rafferty, K., and Haynatzka, V., The
effect of soy protein isolate on bone metabolism. Menopause
11, 290-298 (2004).

Gamet-Payrastre, L., Manenti, S., Gratacap, M.P., Tulliez, J.,
Chap, H., and Payrastre, B., Flavonoids and the inhibition of
PKC and PI3-kinase. Gen. Pharmacol. 32, 279-286 (1999).

Glantschnig, H., Fisher, J.E., Wesolowski, G.,, Rodan, GA., and
Reszka, A.A., M-CSF, TNFalpha and RANK ligand promote
osteoclast survival by signaling through mTOR/S6 kinase. Cell
Death Differ. 10, 1165-1177 (2003).

Hongo, T., Mizuno, Y., Haraguchi, S., and Yoshida, T.O., A new
anticancer drug sensitivity test using the microplate culture and
surviving tumor cell staining method. Gan To Kagaku Ryoho
13, 247-254 (1986).

Ishikawa, Y. and Kitamura, M., Anti-apoptotic effect of quercetin:
intervention in the JNK- and ERK-mediated apoptotic
pathways. Kidney Int. 58, 1078-1087 (2000).

Jeon, Y.M., Kim, B.T,, Son, Y.O., Kook, S.H., Lee, K.S., Kim,
S.S., Lim, LY., Kim, J.G, and Lee, J.C., Effects of quercetin
on TNF-a-induced cytokine secretion and nitric oxide
production in MC3T3-El osteoblastic cells. Nat. Prod. Sci. 11,
103-108 (2005).

Jilka, R.L., Cytokines, bone remadeling, and estrogen deficiency:
a 1998 update. Borne 23, 75-81 (1998).

Kitajima, 1., Nakajima, T., I[mamura, T., Takasaki, [., Kawahara,
K., Okano, T., Tokioka, T., Soejima, Y., Abeyama, K., and
Maruyama, L, Induction of apoptosis in murine clonal
osteoblasts expressed by human T-cell leukemia virus type 1
tax by NF-kappa B and TNF-alpha. J. Bone Miner. Res. 11,
200-210 (1996).

Lee, J.C.. Kim, J., Park, J K., Chung, GH., and Jang, Y.S., The



144

antioxidant, rather than prooxidant, activities of quercetin on
normal cells: quercetin protects mouse thymocytes from
glucose oxidase-mediated apoptosis. Exp. Cell Res. 291, 386-
397 (2003).

Lowe, S.W., Ruley, H.E., Jacks, T., and Housman, D.E., p53-
dependent apoptosis modulates the cytotoxicity of anticancer
agents. Cell 74, 957-967 (1993).

Miyashita, T., and Reed, J.C., Tumor suppressor p53 is a direct
transcriptional activator of the human bax gene. Cell 80, 293-
299 (1995).

Monasterio, A., Urdaci, M.C., Pinchuk, 1.V.,, Lopez-Moratalla, N.,
and Martinez-Irujo, J.J., Flavonoids induce apoptosis in human
leukemia U937 cells through caspase- and caspase-calpain-
dependent pathways. Nutr: Cancer 50, 90-100 (2004).

Muller, M., Wilder, S., Bannasch, D., Israeli, D., Lehlbach, K., Li-
Weber, M., Friedman, S.L., Galle, PR., Stremmel, W., Oren,
M., and Krammer, P.H., p33 activates the CD95 (APO-1/Fas)
gene in response to DNA damage by anticancer drugs. J. Exp.
Med. 188, 2033-2045 (1998).

Son, Y.O., Lee, K.Y, Kook, S.H., Lee, J.C., Kim, J.G, Jeon,
YM.,, and Jang, Y.S., Selective effects of quercetin on the cell
growth and antioxidant defense system in normal versus

Natural Product Sciences

transformed mouse hepatic cell lines. Ewr: J. Pharmacol. 502,
195-204 (2004).

Suh, K.S., Koh, G, Park, C.Y., Woo, J.T., Kim, S.W,, Kim, JW,,
Park, 1K, and Kim, Y.S., Soybean isoflavones inhibit tumor
necrosis factor-a-induced apoptosis and the production of
interleukin-6 and prostaglandin E2 in osteoblastic cells.
Phytochemistry 63, 209-215 (2003).

Wattel, A., Kamel, S., Mentaverri, R., Lorget, F., Prouillet, C.,
Petit, J.P., Fardelonne, P.,, and Brazier, M., Potent inhibitory
effect of naturally occurring flavonoids quercetin and
kaempferol on in vitro osteoclastic bone resorption. Biochem.
Pharmacol. 65, 35-42 (2003).

Woo, J.T., Nakagawa, H., Notoya, M., Yonezawa, T., Udagawa,
N., Lee, LS., Ohnishi, M., Hagiwara, H., and Nagai, K.,
Quercetin suppresses bone resorption by inhibiting the
differentiation and activation of osteoclasts. Biol. Pharm. Bull.
27, 504-509 (2004).

Yang, EB., Zhang, K., Cheng, LY., and Mack, P, Butein, a
specific protein tyrosine kinase inhibitor. Biochem. Biophys.
Res. Commun. 245, 435-438 (1998).

(Accepted August 4, 2005)



