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a b s t r a c t

The physiological effects of the flavone, apigenin on bone cells were studied. We first show

that apigenin inhibits tumor necrosis factor alpha (TNFa)- and interferon gamma (IFNg)-

induced secretion of several osteoclastogenic cytokines from MC3T3-E1 mouse calvarial

osteoblast cell line. Ligands of the TNF receptor family constitute the most potent osteo-

clastic cytokines. In MC3T3-E1 cells, apigenin dose-dependently (from 5 to 20 mM) inhibits

TNFa-induced production of the osteoclastogenic cytokines, IL-6 (interleukin-6), RANTES

(regulated upon activation, normal T cell-expressed and -secreted), monocyte chemoat-

tractant protein-1 (MCP-1) and MCP-3. In addition, apigenin inhibits IFNg-stimulated secre-

tion of monokines, CXCL-9, and -10 in MC3T3-E1 cells. Next, we show that apigenin strongly

inhibits differentiation of 3T3-L1 preadipocytes to adipocytes with attendant inhibition of

adipocyte differentiation-induced IL-6, MCP-1, and leptin production. Inhibition of adipo-

genic differentiation by apigenin could be due to induction of osteogensis as it robustly

upregulates mRNA levels of bone morphogenetic protein-6 (BMP-6). Finally, the presence of

apigenin inhibited osteoclast differentiation from the RAW 264.7 cell line by reducing

receptor activator of nuclear factor kappa ligand (RANKL)-induced expression of tartrate-

resistant acid phosphatase (TRAP), RANK, and calcitonin receptor but not CCR1, resulting in

the inhibition of multinucleated osteoclast formation. Similarly, apigenin inhibited expres-

sion of the osteoclast differentiation markers TRAP, RANK, and c-Fms in osteoclast pre-

cursor cells obtained from mouse bone marrow following treatment with RANKL and

macrophage colony stimulating factor (MCSF). Furthermore, apigenin induced apoptosis

of mature osteoclasts obtained from rabbit long bone and inhibited bone resorption. In all

instances, a structurally related compound, flavone had no significant effect. These data

suggest that apigenin has multiple effects on all three bone cells that could prevent bone

loss in vivo.
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1. Introduction

Spontaneous increases in the expression and secretion of

osteoclastogenic cytokines such as interleukin-1 (IL-1), IL-6

and tumor necrosis factor alpha (TNFa) are associated with

estrogen deficiency following menopause [1–4]. Available data

now suggest that rheumatoid arthritis (RA), which is a chronic

inflammatory disease responsible for local and systemic bone

loss, closely resembles post-menopausal osteoporosis, invol-

ving the same cascades of osteoclastogenic cytokines (for

review, [5]). In the bone marrow, osteoblasts and adipocytes

are derived from common mesenchymal stem cells or stromal

cells (for review, [6]). Adipocytes can supply the essential

stromally derived soluble and cell surface factors necessary

for osteoclast differentiation and function in vitro [7]. Recent

findings show that high adipocyte count in bone marrow is

directly related to bone loss, as fat cells replace osteoblasts [8–

11]. Also, adipocyte-produced inflammatory cytokines (adi-

pokines), such as IL-6, MCP-1, and leptin could significantly

contribute to bone loss [11,12].

TNFa, produced mainly by activated macrophages, bone

marrow stromal cells, and monocytes, acts directly on

osteoclasts as well as on various processes leading to

osteoclastogenesis [13,14]. Estrogen deficiency results in the

expansion of TNFa-secreting T lymphocytes [15,16]. TNF family

members have been shown to be the most potent pathophy-

siologic mediators of ovariectomy-induced bone loss in various

mouse models [17–20]. In addition, because TNFa was identified

as a pathophysiologic mediator of RA in various mouse models

[21,22], anti-TNFa therapy has been used in the treatment of RA.

However, since TNFa is a pleiotropic cytokine, anti-TNFa

therapy among patients with RA leads to increased risk of

mycobacterium infections (especially tuberculosis [23,24]),

heart failure, and drug-induced lupus [25].

Osteoblasts play a direct and essential role in overall

osteoclast function within the bone microenvironment

through the regulation of osteoprotegerin/receptor activators

of nuclear kappaB ligand (RANKL)/RANK triad [26,27]. Another

mechanism by which TNFa promotes osteoclastogenesis is by

activating the osteoblasts to secrete high levels of various

osteoclastogenic cytokines such as IL-6 and MCP-1 [28,29].

Furthermore, osteoclast formation, activation, and survival

require the interaction of RANK and RANKL, conserved

members of the TNF receptor and TNF ligand families,

respectively (for review, [30]). Therefore, agents that disrupt

TNF receptor family signaling in bone cells specifically are

urgently needed.

Interferon gamma (IFNg) is a member of the T helper (Th)

cytokine family and shares Th1 class with TNFa. IFNg was

initially described as an anti-osteoclastogenic cytokine

because of its inhibitory role in osteoclastogenesis in vitro

[31]. However, it has recently been found to increase bone

resorption during estrogen deficiency by promoting T cell

proliferation and survival [32]. T lymphocytes significantly

contribute to inflammation in RA by secreting IFNg. In chronic

RA patients, IFNg levels were significantly higher along with

TNFa [33]. Recently, CXCL-9/monokine induced by gamma

interferon (MIG) was shown to be upregulated by RANKL in

osteoclast precursor cells and to promote osteoclast adhesion

and migration in an autocrine fashion via its G protein-
coupled receptor, CXCR3 [34]. IFNg-inducible protein-10 (IP-10/

CXCL-10) is another ligand of CXCR3. Neutralizing antibodies

to IP-10 has been shown to inhibit leukocyte migration and

adjuvant-induced arthritis [35]. Therefore, therapeutic

attenuation of IFNg signaling could ameliorate estrogen-

and/or RA-induced bone loss.

Flavonoids, diphenyl propanoids found in edible plants, are

known to have multiple beneficial biological effects owing to

their antioxidant, anti-inflammatory, and estrogenic proper-

ties [36–38]. Apigenin (40,5,7-trihydroxyflavone), a common

dietary flavonoid, is a non-toxic and non-mutagenic flavone

that can act as a weak estrogen or anti-estrogen by competing

with endogenous estrogens for binding to the estrogen

receptor [39,40]. Available literature suggests that isoflavo-

noids such as genistein and daidzein and flavonols such as

quercetin significantly reduce bone loss in ovarectomized rats

[41,42]. Such effects are likely exerted by inhibiting osteoclas-

tic bone resorption [43–45].

Here we report our assessment of the effects of apigenin in

TNFa- and IFNg-induced production of osteoclastogenic

cytokines in osteoblastic MC3T3-E1 cells. We next studied

the role of apigenin in adipocyte differentiation from 3T3-L1

cells and production of adipogenic cytokines (adipokines).

Finally, we studied the various functions of apigenin in

osteoclast differentiation and function. These data suggest

that apigenin has a potent anti-osteoclastogenic effect

through its action on osteoblasts, preadipocytes, and osteo-

clasts and raises the possibility of its in vivo use in preventing

bone loss from osteoporosis and/or RA.
2. Materials and methods

2.1. Materials

Apigenin and flavone were purchased from Indofine chemi-

cals (Hillsborough, NJ). Apigenin was dissolved in DMSO,

aliquoted and stored at �20 8C to avoid oxidation inactivation

of the compound. Cell culture media and supplements were

purchased from Invitrogen (Carlsbad, CA). Recombinant

mouse TNFa, rat/murine RANKL, rat/murine macrophage

colony stimulating factor (M-CSF), IFNg, and ELISA kits for

murine MCP-1, RANTES, CXCL-9, CXCL-10 and leptin were

purchased from R&D Systems (Minneapolis, MN). The ELISA

kit for murine MCP-3 was purchased from Bender Medsystems

(Burlingame, CA). Mouse cytokine antibody array and IL-6

ELISA kits were purchased from Raybiotech Inc. (Norcross,

GA). The adipogenesis assay kit was purchased from Chemi-

con International Inc. (Temecula, CA), cell proliferation kit I

(MTT) and cell death detection ELISA kits from Roche

Diagnostic Inc. (Indianapolis, IN), and Micro BCA protein kit

from Pierce (Rockford, IL). All other reagents were from Sigma

Chemical (St. Louis, MO).

2.2. Culturing MC3T3-E1 and RAW 264.7 cell lines

The mouse calvarial osteoblast cell line, MC3T3-E1, was

purchased from American Type Culture Collection (Manassas,

VA) and cultured in growth medium containing a-MEM

containing 10% heat-inactivated fetal bovine serum (FBS)
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and 1% penicillin–streptomycin. The cells were routinely

passaged at 80–90% confluency.

The RAW 264.7 monocyte/macrophage mouse cell line was

obtained from American Type Culture Collection and was

cultured in the growth medium containing a-MEM containing

10% heat-inactivated FBS, 2 mM L-glutamate, and 1% peni-

cillin–streptomycin. For differentiation, RAW 264.7 cells were

gently scraped and seeded in either 100-mm2 plates or 24-well

plates at a density of 2.5 � 106 cells/plate or 3 � 103 cells/well

(respectively) and cultured for 5 days in growth medium

containing 50 ng/ml recombinant murine RANKL. Medium

was replaced on the third day, and cells were cultured for 2

more days, at which point large numbers of multinucleated

cells were observed. At the end of the culture period, tartrate-

resistant acid phosphatase (TRAP)-positive cells with >3

nuclei/cell were counted after staining with a leukocyte acid

phosphatase kit (Sigma). For determination of TRAP, RANK,

and CTR mRNA levels, RNA was harvested from these cultures.

2.3. Differentiation of 3T3-L1 preadipocyte

3T3-L1 preadipocytes were purchased from ATCC and cul-

tured to confluency in 10% calf serum/DMEM. Two days post-

confluency (DAY 0), the cells were treated with the induction

media [10% calf serum/DMEM containing 1 mg/ml insulin,

1 mM dexamethasone and 500 mM isobutylmethylxanthine

(IBMX)]. Two days after induction medium treatment (DAY 2),

the cells were treated with insulin medium [10% calf serum/

DMEM containing 1 mg/ml insulin]. Two days later (DAY 4), the

medium was changed to 10% FBS/DMEM. The cells were fed

with 10% FBS/DMEM every 2 days. Full differentiation was

usually achieved by DAY 8. To test the effect of apigenin on the

differentiation of 3T3-L1 preadipocytes to adipocytes, 5–20 mM

apigenin or flavone (control) were used in parallel culture sets

throughout differentiation.

2.4. Adipogenesis assay (Oil Red O spectrophotometric
assay)

The kit for adipogenesis assay purchased from Chemicon Inc

is based on Oil Red O staining principles, which allows

obtaining quantitative information about the inducers and

inhibitors of adipogenesis. 3T3-L1 preadipocytes were differ-

entiated in 24-well plates (starting cell number �60,000/well)

in the presence or absence of apigenin or flavone. After the end

of 8-day adipogenesis induction (as described above), media

were removed and cells were washed twice with PBS. Oil Red O

solution (0.5 ml) was added to each well and incubated at room

temperature for 15 min. Oil Red O solution was removed, cells

were washed three times with 1 ml wash solution, and 0.25 ml

dye extraction solution was added to each well. After shaking

the plates for 30 min, the dye-extracted solution was trans-

ferred to 96-well plates, and absorbance was quantified in a

plate reader set at 520 nm.

2.5. MTT cell viability assay

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide] assay, a colorimetric assay, was used to determine

cellular viability following an optimized protocol [46]. After
24 h incubation in reduced serum medium (0.5% FBS) in

presence of apigenin or flavone (concentrations indicated in

Section 3), cells were incubated with 10 ml MTT (10.4 mg/ml) and

incubated at 37 8C in humidified 5% CO2 for 4 h to convert water-

soluble MTT to insoluble formazan, which occurs only in viable

cells. After 4 h, 100 ml 50% dimethylformamide with 20% SDS

was added to each well to solubilize formazan, and the plates

were incubated at 37 8C overnight. Absorbance was then

measured at 595 nm with background subtraction at 655 nm.

2.6. In vitro osteoclastogenesis from mouse bone marrow

In vitro osteoclastogenesis was studied using a protocol

adapted from that of Koga et al. [47]. Briefly, after sacrifice,

mouse bone marrow cells were flushed from long bones using

a-MEM supplemented with 10% FBS. After overnight culture in

this medium, non-adherent bone marrow cells were seeded in

6-well plates at a density of 250,000 cells/well and cultured for

5–6 days in a-MEM containing 10% FBS, 50 ng/ml RANKL, and

10 ng/ml MCSF. Medium was replaced on the third day. In each

well, TRAP-positive cells (>3 nuclei/cell) were then counted

after staining with a leukocyte acid phosphatase kit. For

determination of TRAP, RANK, and c-Fms mRNA levels, RNA

was harvested.

2.7. Primary osteoclasts isolation and culture

Mature osteoclasts were isolated from the long bones of rabbits

or mice according to the procedure described elsewhere [48],

with slight modifications. Briefly, rabbit long bones were

dissected and minced with scissors in a-MEM supplemented

with 10% heat-inactivated FBS. The cells were then dissociated

from the bone fragments by vigorous vortexing and collected by

centrifugation (4 min, 500 rpm) prior to seeding on bovine bone

slice or on 24-well plates and incubated overnight in a-MEM

supplemented with 10% heat-inactivated FBS. The purified

population of osteoclasts used for the apoptotic assay was

obtained by removing all of the non-osteoclastic cells from the

24-well plate-seeded bone cells, using a 0.05% solution of

collagenase–dispase (20 min, 37 8C). Cell purity was assessed

using tartrate-resistant acid phosphatase (TRAP) staining

(Leukocyte Acid Phosphatase kit) and was close to 99%. After

purification, osteoclasts were left undisturbed for at least 2 h in

a-MEM supplemented with 10% FCS and then cultured with test

compounds for 48 h in a-MEM supplemented with 1% FCS.

2.8. Pit resorption assay

A previously described protocol optimized in our laboratory

was used for the assessment of bone resorbing activity of

osteoclasts [44]. Briefly, the unfractionated bone cell prepara-

tion was seeded on bovine bone slices. After sedimentation

(45 min), medium and non-adherent cells were gently

removed and replaced with fresh medium in each well.

Remaining cells were incubated for 48 h with various amounts

of apigenin or flavone. At the end of the culture period, all cells

were removed from the slices and bone resorption was

evaluated with double staining using acid hematoxylin

solution (1 min) and a solution of 1% toluidine blue–1% borate

(30 s). Pit (resorption lacuna) area was then quantified using an
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Table 1 – QPCR primers

Gene
name

Accession
number

Primers

TRAP NM_007388 CACCCTGAGATTTGTGGCTGT (F)

CGGTTCTGGCGATCTCTTTG (R)

RANK NM_009399 GCCCAGTCTCATCGTTCTGC (F)

TAGCTGTCAGCGCTTTCCCT (R)

CTR NM_007588 TCAGGAACCACGGAATCCTC (F)

ACATTCAAGCGGATGCGTCT (R)

CCR1 NM_009912 CCCAGTGAGAAGAAGGTCAAAGC (F)

TGAATCAGAAGCCACAGAGAGC (R)

C-fms X06368 GCAGGCAGGTCTTACGCAAA (F)

CTTAAGCCAGATGCCAGTGGA (R)

BMP-6 NM_007556 CGGTTCTTCAGACTACAACGGC (F)

CAATGATCCAGTCCTGCCATC (R)

Cyclophilin NM_008907 CGAGCTCTGAGCACTGGAGA (F)

TGGCGTGTAAAGTCACCACC (R)
image analysis system (Biocom les Ulis, France) linked to a

light microscope (Olympus BH-2, France).

2.9. Osteoclast apoptosis assay

As previously described [44,49], after treatment with the

compounds described above, cells were fixed with 3.7%

formaldehyde for 5 min and stained with 0.2 mM Hoechst

33258 for 10 min. Cells were examined under a fluorescence

microscope for morphological changes of chromatin. At least

100 TRAP-positive multinucleated cells were scored for the

incidence of apoptosis. The rate of apoptosis was calculated as

the ratio of the number of apoptotic osteoclasts to the total

number of counted osteoclasts (apoptotic and non-apoptotic

cells).

2.10. Mouse cytokine antibody array

MC3T3-E1 cells were cultured to 80% confluency in a 6-well

plate. Cells were serum starved for 4 h, after which cells were

incubated in medium (a-MEM containing 0.5% heat-inacti-

vated FBS and 1% penicillin–streptomycin) with 2 ng/ml TNFa

or TNFa + 20 mM apigenin for 18 h. The cytokine composition

of the conditioned medium was determined using cytokine

antibody array following the manufacturer’s instruction. The

array contained antibodies against CCL21/6Ckine, cutaneous T

cell attracting chemokine (CTACK/CCL27), eotaxin, granulo-

cyte colony stimulating factor (GCSF), granulocyte macro-

phage colony stimulating factor (GM-CSF), IL-2–6, -9, -10, -13, -

17, IL-12p40p70, IL-12p70, interferon gamma (IFN-g), kerati-

nocyte-derived chemokine (KC/mouse homolog of human

CXCL-1), leptin, MCP-1/CCL2, MCP-3/CCL7, MCP-5/CCL12,

macrophage inflammatory protein-1 alpha (MIP-1a/CCL3),

MIP-2, MIP-3b/CCL19, regulated upon activation, normal T

cell-expressed and -secreted (RANTES/CCL5), stem cell factor/

kit ligand (SCF), soluble TNF receptor I (sTNFRI), thymus- and

activation-regulated chemokine (TARC/CCL17), tissue inhibi-

tor of metalloproteinase-1 (TIMP-1), TNFa, thrombopoeitin,

and vascular endothelial growth factor (VEGF).

2.11. Measurement of cytokines in cell culture
supernatants

MC3T3-E1cellswereseededin24-well platesand cultured to 70–

80% confluency. The cells were incubated in a-MEM containing

1% penicillin–streptomycin and 0.5% heat-inactivated FBS for

4 h and then incubated with this medium under various

conditions (described in Section 3). Supernatants were collected

after 18 h and analyzed for IL-6, RANTES, MCP-1, MCP-3, CXCL-

9, and CXCL-10 using ELISA kits. To compare various cytokines

from MC3T3-E1 cells, each sample was corrected using total

protein levels determined by Micro BCA assay.

For measuring IL-6, MCP-1 and leptin from 3T3-L1 cells,

cells were plated in 24-well plates (�60,000 cells/well). Eight-

day differentiation protocol either in the presence or absence

of apigenin/flavone was carried out as described before

(Section 2.3). For measuring the above-mentioned cytokines

in the conditioned medium of 3T3-L1 cells after differentia-

tion, an 18 h incubation with apigenin and flavone was

performed in complete growth medium (10% FBS) at the end
of 8-day differentiation protocol. Supernatants were collected

and analyzed for IL-6, MCP-1 and leptin. To compare various

cytokines from 3T3-L1 cells, each sample was corrected using

total protein levels determined by Micro BCA assay.

2.12. Quantitative real-time PCR

Total RNA was extracted from the cultured cells using Trizol

(Invitrogen). cDNA was synthesized from 2 mg total RNA with

the Omniscript reverse transcription kit (QIAGEN, Valencia,

CA). SYBR green chemistry was used to perform quantitative

determinations of the mRNAs for TRAP, RANK, CTR, and a

housekeeping gene, cyclophilin A, following an optimized

protocol [45,50] using an ABI PRISM 7000 sequence detection

system (PE Applied Biosystems). Table 1 shows the primer

sequences used. The design of sense and antisense oligonu-

cleotide primers was based on published cDNA sequences

using Primer Express software (version 2.0.0, Applied Biosys-

tems). The temperature profile of the reaction was 95 8C for

15 min, 40 cycles of denaturation at 94 8C for 15 s, and

annealing and extension at 60 8C for 1 min. The size of the

PCR product was first verified on a 2.0% agarose gel and then

subjected to melting-curve analysis.

2.13. Statistics

Data are presented as means � S.E. of the indicated number of

experiments. Data were analyzed by one-way ANOVA fol-

lowed by Dunnett’s multiple comparison test or Student’s t-

test when appropriate. A P-value of <0.05 or less was taken to

indicate a statistically significant difference.
3. Results

3.1. Effects of apigenin on TNFa-induced secretion of
osteoclastogenic cytokines from MC3T3-E1 osteoblasts

The effect of apigenin and flavone on cell viability was

investigated in MC3T3-E1 cells. As a control, the cells were

genbank:NM_007388
genbank:NM_009399
genbank:NM_007588
genbank:NM_009912
genbank:X06368
genbank:NM_007556
genbank:NM_008907
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Fig. 1 – Attenuation of TNFa-stimulated secretion of osteoclastogenic cytokines by apigenin in MC3T3-E1 osteoblasts. (A)

Effect of incubation with elevated levels of apigenin, on the MTT assay for MC3T3-E1 cells. The cells were treated for 24 h

with apigenin and the MTT assay was performed as described in Section 2. There were no differences in the results of the

MTT assay for the wells containing cells treated with any of the various concentrations of apigenin and flavone. Amounts

of IL-6 [a > b > c > d > vehicle control; P < 0.05] (B), MCP-1 [a > b > c > d > vehicle control; P < 0.05] (C), MCP-3 [a > b > c > vehicle

control and *<vehicle control; P < 0.05] (D), and RANTES [a > b > c > d > vehicle control and *<vehicle control; P < 0.05] (E)

secreted in the conditioned medium of MC3T3-E1 cells after 18 h incubation under various treatment conditions. The data

are presented as mean W S.E. of three experiments each conducted in triplicate.
exposed to vehicle alone (0.1% DMSO). Treatment of MC3T3-E1

cells with 5–20 mM apigenin or flavone for 24 h at reduced

serum (0.5% FBS) did not significantly affect the cell viability

(Fig. 1A). Therefore, results of the effects of apigenin on

various cytokine secretion from these cells presented subse-

quently (Fig. 1B–E) are not due to reduced cell viability.

TNFa is known to induce synthesis of various osteoclasto-

genic cytokines from osteoblasts. We first employed a

cytokine antibody array to screen for the changes in TNFa-

stimulated cytokines in apigenin-treated MC3T3-E1 cells, an

established mouse calvarial cell line. Using a mouse cytokine

antibody array (containing 32 cytokine antibodies, described

in Section 2), we found that 20 mM apigenin reduced TNFa

(2ng/ml)-induced secretion of IL-6, MCP-1, MCP-3, and RANTES

from MC3T3-E1 cells (data not shown). We confirmed this

observation by ELISA for these cytokines. Experiments for

Fig. 1B–E were performed in reduced serum condition (0.5%

FBS) as described in Section 2.11 for which no significant

alterations in cell viability by apigenin was observed (Fig. 1A).
Fig. 1B shows that 20 mM apigenin alone had no effect on

basal IL-6 secretion but strongly inhibited TNFa-stimulated

secretion in MC3T3-E1 cells. TNFa (2 ng/ml) increased IL-6

secretion by 792 � 43% (P < 0.01), and apigenin dose-depen-

dently inhibited this stimulated secretion by 183 � 17%

(P < 0.05), 426 � 33% (P < 0.05), and 628 � 15% (P < 0.05) at 5,

10, and 20 mM, respectively. Flavone (20 mM) had no significant

effect on TNFa-stimulated IL-6 secretion by MC3T3-E1 cells.

Fig. 1C shows that 20 mM apigenin alone had no effect on

basal MCP-1 secretion but strongly inhibited TNFa-stimulated

secretion in MC3T3-E1 cells. TNFa (2 ng/ml) stimulated MCP-1

secretion by 680 � 21% (P < 0.01), and apigenin dose-depen-

dently inhibited this stimulated secretion by 105 � 23%

(P < 0.05), 248 � 27% (P < 0.05), and 317 � 27% (P < 0.05) at 5,

10, and 20 mM, respectively. Flavone (20 mM) had no significant

effect on TNFa-stimulated IL-6 secretion by MC3T3-E1 cells.

Fig. 1D shows that 20 mM apigenin modestly inhibited basal

MCP-3 secretion in MC3T3-E1 cells by 26 � 8% but had stronger

effects in attenuating TNFa-stimulated secretion of MCP-3.
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TNFa (2 ng/ml) increased MCP-3 secretion by 455 � 39%

(P < 0.01), and apigenin inhibited this stimulated secretion by

183� 38% (P < 0.05), and 268 � 14% (P < 0.05) at 10 and 20 mM,

respectively. Apigenin (5 mM) had no effect on TNFa-stimulated

MCP-3 secretion. Flavone (20 mM) had no significant effect on

TNFa-stimulated IL-6 secretion by MC3T3-E1 cells.

Fig. 1E shows that 20 mM apigenin in MC3T3-E1 cells

inhibited basal RANTES secretion by 43 � 6% but completely

abolished TNFa-stimulated secretion. TNFa (2 ng/ml)

increased RANTES secretion by 272 � 18% (P < 0.01), and

apigenin inhibited this stimulated secretion by 107 � 4%

(P < 0.05), 168 � 13% (P < 0.05), and 268 � 11% (P < 0.05) at 5,

10, and 20 mM, respectively. Flavone (20 mM) had no significant

effect on TNFa-stimulated IL-6 secretion by MC3T3-E1 cells.

3.2. Effects of apigenin on IFNg-induced secretion of
osteoclastogenic monokines from MC3T3-E1 osteoblasts

We studied the effects of apigenin on IFNg-induced secretion

of osteoclastic monokines CXCL-9 (MIG) and CXCL-10 (IP-10)

from osteoblasts. As described in Section 2, 70–80% confluent

MC3T3-E1 cells were treated with either 5 ng/ml IFNg or IFNg

with various concentrations of apigenin, as shown in Fig. 2.

Apigenin (20 mM) had no effect on the basal secretion of CXCL-

9 from MC3T3-E1 (which was very low), but 5 ng/ml IFNg

increased MIG secretion by 243 � 41% (P < 0.05) (Fig. 2A).

Apigenin at 10 and 20 mM inhibited IFNg-stimulated CXCL-9

secretion by 131 � 37% (P < 0.05) and 241 � 9% (P < 0.05),

respectively (Fig. 2A). Flavone (20 mM) had no significant effect

on IFNg-stimulated CXCL-9 secretion from MC3T3-E1 cells.
Fig. 2 – Attenuation of IFNg-stimulated secretion of

monokines, CXCL-9 and -10 by apigenin in MC3T3-E1

osteoblasts. Amounts of CXCL-9 [a > b > c > vehicle control;

P < 0.05] (A) and CXCL-10 [a > b > c > vehicle control;

P < 0.05] (B) secreted in the conditioned medium of MC3T3-

E1 cells after 18 h incubation under various treatment

conditions. The data are presented as mean W S.E. of three

experiments each conducted in triplicate.
Nextweobservedthat,whereas20 mMapigeninhadnoeffect

on the basal secretion of CXCL-10 from MC3T3-E1, 5 ng/ml IFNg

robustly increased CXCL-10 secretion by 542� 32%, (P < 0.05)

(Fig. 2B). Apigenin at 10 and 20 mM inhibited IFNg-stimulated IP-

10 secretion by 104� 15% (P < 0.05) and 308� 22% (P < 0.05),

respectively. Again, 20 mM flavone had no significant effect on

IFNg-stimulated CXCL-10 secretion from MC3T3-E1 cells.

3.3. Effects of apigenin on the differentiation of 3T3-L1
preadipocytes

3T3-L1 preadipocytes were differentiated to adipocytes using

insulin, dexamethasone, and IBMX as described in Section 2.

The differentiation protocol required 8 days to obtain >80%

adipocyte differentiation in culture. First the effect of apigenin

and flavone on 3T3-L1 cell viability was assessed under

adipocyte differentiation conditions. Fig. 3A shows that

treatment of 3T3-L1 preadipocytes with 5–20 mM apigenin or

flavone in the presence of adipocyte differentiation medium

for 8 days did not significantly affect cell viability.

In order to determine whether apigenin has any effect on

adipocyte differentiation, cells differentiated in 5–20 mM

apigenin was used for the entire period of differentiation

and compared with control cells differentiated without

apigenin. Flavone (20 mM) was used as negative control. At

the end of 8 days incubation, lipid-bound Oil Red O was

extracted, and optical density of samples was determined at

490 nm. Fig. 3B shows that apigenin inhibited adipogenesis of

3T3-L1 preadipocytes by 48 � 6% (P < 0.05), 75 � 4%(P < 0.05),

and 89 � 3% (P < 0.05) at 5, 10, and 20 mM, respectively,

compared to control cells (Fig. 3B). Again, 20 mM flavone had

no significant effect on adipogenesis (Fig. 3B).

Overexpression of BMP-6 in mesenchymal stem cells has

been shown to induce osteoinductive effects [51]. Exogenous

BMP-6 stimulates osteogenic differentiation which is inde-

pendent of estradiol [52]. We next studied whether inhibition

of adipogenesis by apigenin in 3T3-L1 cells is accompanied by

increase in osteogenic potential. Fig. 3C shows that at a time

when apigenin inhibits adipogenesis in 3T3-L1 cells, it

stimulated mRNA levels of BMP-6 by 41 � 5% (P < 0.05) and

78 � 7% (P < 0.05) at 5 and 10 mM, respectively, compared to

control cells. Flavone (10 mM) had no significant effect on BMP-

6 mRNA levels compared with the control (Fig. 3C).

3.4. Effects of apigenin on the secretion of osteoclastogenic
cytokines from 3T3-L1 cells

Differentiation of preadipocyte to adipocyte is marked by the

appearance of cytokines such as leptin, IL-6, and MCP-1. All

these cytokines favor various stages of osteoclastic function.

We next studied whether apigenin inhibits production of

these three cytokines from 3T3-L1 preadipocytes differen-

tiated to adipocytes. The differentiation protocol and apigenin

incubation strategy remained exactly similar to the adipogen-

esis assay described in Fig. 3. On day 8, cells were washed with

growth medium and incubated with or without apigenin (5–

20 mM) in complete growth medium (see Section 2.11). Flavone

(20 mM) served as negative control. Following 20 h incubation,

conditioned medium was used for determination of IL-6, MCP-

1, and leptin by ELISA.
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Fig. 3 – Apigenin inhibits adipogenesis of 3T3-L1 cells but

upregulates BMP-6 mRNA levels. (A) Effect of incubation

with elevated levels of apigenin, on the MTT assay for

3T3-L1 cells. There were no differences in the results of

the MTT assay for the wells containing cells treated with

any of the various concentrations of apigenin and flavone.

(B) Adipogenesis under various treatment conditions was

quantitated by extracting lipid-bound Oil Red O and optical

density of samples were determined at 490 nm as

described in Section 2. Data are expressed as percent

inhibition in OD by apigenin treatment over control.

a > b > c > vehicle control; P < 0.05. (C) QPCR determination

of BMP-6 mRNA in 3T3-L1 cells under various treatment

conditions was performed as described in Section 2.

b > a > vehicle control; P < 0.05. The data are presented as

mean W S.E. of three experiments each conducted in

triplicate.

Fig. 4 – Apigenin inhibits secretion of osteoclastogenic

cytokines from 3T3-L1 cells. 3T3-L1 cells were treated for

induction of adipocyte differentiation (8 days of

differentiation) in the presence or absence of apigenin as

described in Section 2. Cells were once washed with

complete growth medium and further incubated for 20 h

under various treatment conditions. Amounts of IL-6

[a > b > c > vehicle control; P < 0.05] (A), (B) MCP-1

[a > b > vehicle control; P < 0.05] (B), and leptin

[a > b > vehicle control; P < 0.05] (C) secreted in the

conditioned medium of 3T3-L1 cells after 20 h incubation

under various treatment conditions. The data are

presented as mean W S.E. of three experiments each

conducted in triplicate.
Fig. 4A shows that apigenin inhibited IL-6 secretion by

22 � 4% (P < 0.05), 34 � 7% (P < 0.05), and 47 � 5% (P < 0.05) at

5, 10, and 20 mM, respectively, compared to control cells. Fig. 4B

shows that apigenin inhibited MCP-1 secretion by 57 � 4%

(P < 0.05), 77 � 7% (P < 0.05), and 93 � 6% (P < 0.05) at 5, 10, and

20 mM, respectively, compared to control cells. Fig. 4C shows

that apigenin inhibited leptin secretion by 18 � 6% (P < 0.05),

23 � 3% (P < 0.05), and 31 � 6% (P < 0.05) at 5, 10, and 20 mM,
respectively, compared to control cells. Flavone (20 mM) had no

significant effect on IL-6, MCP-1 and leptin secretion.

3.5. Effects of apigenin on differentiation of osteoclasts
from their precursor cells

RANKL, a member of the TNFa family, is secreted by

osteoblasts and stimulates formation of multinucleated

TRAP-positive osteoclasts. First, RAW 264.7 cells treated with

RANKL (50 ng/ml) was tested for cell viability in the presence
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Fig. 5 – Apigenin attenuates formation of multinucleated

osteoclasts from mononuclear precursor cells. (A) Effect of

incubation with elevated levels of apigenin, on the MTT

assay for RAW 264.7 cells treated for 5 days with either

RANKL (50 ng/ml) or RANKL + various concentrations of

apigenin/flavone. There were no differences in the results

of the MTT assay for the wells containing cells treated

with any of the various concentrations of apigenin and

flavone. (B) Apigenin (5 and 10 mM) attenuates RANKL-

induced formation of TRAP-positive multinucleated cells

from RAW 264.7 cells at 5 days. Similar concentrations of

apigenin attenuate RANKL + MCSF-induced formation of

TRAP-positive multinucleated cells (>3 nuclei/cell) from

mouse bone marrow cells. *<RANKL-treated cells; P < 0.05.

The data are presented as mean W S.E. of three

experiments each conducted in triplicate.

Table 2 – QPCR determination of expression of osteoclastogen

Gene name RANKL (50 ng/ml) RANKL + 5 mM apigenin

RAW 264.7 cells

TRAP 574 � 33* 343 � 24**

RANK 477 � 25* 203 � 16**

CTR 257 � 17* 196 � 12**

CCR1 533 � 22 492 � 27

Gene name RANKL (50 ng/ml) +
MCSF (10 ng/ml)

RANKL + MC
5 mM apigen

Mouse bone marrow cells

TRAP 486 � 19* 291 � 14

RANK 313 � 8* 201 � 12

c-fms 346 � 7* 237 � 8**

Expressed as percent increase over undifferentiated cells. The data rep

duplicate.
* P < 0.01.
** P < 0.05.
of 10 mM apigenin. Fig. 5A shows that 5-day continuous

treatment of apigenin did not significantly affect cell viability.

Similarly, mouse bone marrow cells treated with RANKL

(50 ng/ml) + MCSF (10 ng/ml) for 6 days with continuous

presence of 10 mM apigenin did not show any alteration in

cell viability (Fig. 5A).

Using RAW 264.7 cells, we next determined the effect of

apigenin on RANKL-induced formation of multinucleated

cells. Fig. 5B shows that 5- and 10-mM apigenin inhibited

RANKL-induced formation of multinucleated cells by 43 � 7%

(P < 0.01) and 77 � 4% (P < 0.01), respectively. Flavone (10 mM)

had no significant effect on RANKL-induced formation of

TRAP-positive cells. Similarly, bone marrow cells treated with

50 ng/ml RANKL + 10 ng/ml MCSF in the presence of 5- and 10-

mM apigenin inhibited formation of multinucleated cells by

36 � 9% (P < 0.05) and 70 � 7% (P < 0.05), respectively. Flavone

(10 mM) had no significant effect on the formation of TRAP-

positive cells from the bone marrow cells treated with RANKL

and MCSF.

Increased osteoclastogenesis is accompanied by increased

expression of osteoclast differentiation genes such as RANK,

TRAP, and calcitonin receptor (CTR). We compared relative

expression of these genes in RANKL-induced differentiation of

RAW 264.7 cells in the presence or absence of apigenin

following 3–5 days’ exposure. QPCR determination of TRAP,

RANK, CTR, and CCR1 mRNA levels was made and the data

expressed as percent increase over undifferentiated RAW

264.7 cells. RANKL-induced expression of TRAP, RANK, and

CTR mRNA levels were robustly attenuated by apigenin but

not CCR1 (Table 2). Flavone (10 mM) did not significantly alter

RANKL-induced expression of any mRNAs studied here

(Table 2).

We next studied the effects of apigenin on the induction of

TRAP, RANK, and c-fms (also known as colony stimulating

factor receptor-1) mRNAs in freshly isolated murine bone

marrow cells (see Section 2 for protocol) treated with RANKL

and MCSF for 6 days. QPCR determination of TRAP, RANK, and

c-fms mRNA levels was made and the data expressed as

percent increase over undifferentiated bone marrow cells. At 5
ic mRNAs

RANKL + 10 mM apigenin RANKL + 10 mM flavone

221 � 14** 556 � 28*

144 � 18** 462 � 21*

120 � 22** 262 � 23*

540 � 17 480 � 38

SF +
in

RANKL + MCSF +
10 mM apigenin

RANKL + MCSF +
10 mM flavone

** 152 � 9** 465 � 20**

** 137 � 12** 332 � 34**

132 � 4** 322 � 21**

resent the mean � S.E. (%) of three experiments, each conducted in



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 1 8 4 – 1 9 7192

Fig. 6 – Apigenin inhibits resorption mature osteoclasts. Rabbit bone cells were cultured for 48 h in a-MEM in the absence or

the presence of various amounts of apigenin or flavone (negative control) from 1 to 50 mM. (A) Bone resorption was assessed

by pit area measurement, and results (expressed as percent of control) represent the mean W S.E.M. of four independent

experiments (n = 11). *** > **; P < 0.001 compared to control. (B) Flavone had no effect on osteoclastic resorption.
and 10 mM concentrations, apigenin robustly inhibited induc-

tion of TRAP, RANK, and c-fms mRNAs by RANKL and MCSF

(Table 2). None of the RANKL- and MCSF-induced mRNA levels

were altered by 10 mM flavone (Table 2).
Fig. 7 – Apigenin promotes apoptosis of mature osteoclasts: pur

the absence or the presence of various amounts of apigenin or

detected by staining cells with 0.2 mM Hoechst 33258 to visual

fluorescence micrograph (magnification, 400�) showing norma

apigenin treatment. (B) Results are expressed as the mean W S.

P < 0.01 compared to controls.
3.6. Effects of apigenin on primary osteoclasts

To investigate the effects of apigenin on bone resorption,

osteoclasts were prepared from rabbit long bones. Unfractio-
ified mature osteoclasts were cultured for 48 h in a-MEM in

flavone (negative control) from 1 to 50 mM. Apoptosis was

ize chromatin condensation. (A) A representative

l (arrow head) and apoptotic osteoclast (arrow) by 10 mM

E.M. of three independent experiments (n = 18). ** > ***;
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nated rabbit bone cells were cultured on bone slices for 48 h in

presence of several concentrations (1–50 mM) apigenin or

flavone (negative control) and bone resorption evaluated by pit

area measurement. Fig. 6 shows that whereas apigenin

significantly inhibited osteoclastic resorption at 10 and

50 mM, flavone had no effect.

We then studied whether apigenin can modulate osteoclast

apoptosis. For this purpose, rabbit osteoclasts were purified

from unfractionated bone cells using a method which yielded

a very high cell purity in past [44]. Osteoclasts displaying

characteristics of apoptosis as chromatin condensation and

DNA-fragmentation can be easily distinguished from normal

cells by using Hoechst staining and detection with fluores-

cence microscopy (Fig. 7A). Furthermore, as shown in Fig. 7B,

when purified osteoclasts were exposed to increasing con-

centrations of apigenin (from 1 to 50 mM), osteoclasts under-

went apoptosis in a dose-dependent manner whereas flavone

had no effect (Fig. 7C).
4. Discussion

We characterized physiological effects of apigenin in osteo-

blasts, preadipocytes, and osteoclasts, the cells involved in

bone remodeling. Our report shows that apigenin modulates

function of these bone cells, whose net effect appears to

inhibit bone resorption. In osteoblasts, apigenin antagonizes

actions of TNFa and IFNg in inhibiting production of various

osteoclastogenic cytokines. In preadipocytes, apigenin inhi-

bits adipocyte differentiation, production of osteoclastogenic

cytokines and likely favors osteoblastic differentiation by

upregulating BMP-6. In osteoclasts, apigenin inhibits differ-

entiation of preosteoclasts to mature osteoclasts, inhibits

bone resorption, and induces apoptosis of mature osteoclasts.

Effect of apigenin was concentration-dependent and a

structurally related compound, flavone, failed to modify any

of the effects of apigenin. These results support apigenin’s

specificity of action.

In osteoblasts, apigenin potently attenuates TNFa-stimu-

lated secretion of IL-6, MCP-1, MCP-3 and RANTES, cytokines

known to promote osteoclastogenesis, without affecting cell

viability. The efficiency of attenuating TNFa-stimulated

secretion of these cytokines by apigenin was IL-

6 > RANTES > MCP-1 > MCP-3. Despite the strong inhibitory

action of apigenin, TNFa appears to stimulate all cytokines

studied here (albeit at much reduced levels) except for

RANTES, in which case apigenin completely abolishes TNFa

stimulation. In the cases of IL-6 and MCP-1, apigenin

selectively inhibits TNFa-stimulated secretion, whereas for

MCP-3 and RANTES, apigenin inhibits both basal and TNFa-

stimulated secretions. The basal inhibition of secretion of

these two cytokines by apigenin is unlikely to result in their

attenuation of TNFa-stimulated secretion, as the extent of

inhibition in the later case is much more than the former.

Recently, we have shown that kaempferol, a flavonol, inhibits

TNFa-stimulated IL-6 and MCP-1 from osteoblasts [45]. From

our current study, it appears that apigenin is more effective

than kaempferol in antagonizing TNFa action on osteoblasts,

as apigenin inhibits TNFa-stimulated RANTES and MCP-3

levels in addition to inhibiting IL-6 and MCP-1 production. The
cumulative effects of inhibiting these TNFa-stimulated osteo-

clastogenic cytokines from osteoblasts by apigenin could

provide more efficient attenuation of osteoclastogenesis and

bone resorption in vivo than kaempferol.

Apigenin is also classified as a phytoestrogen. However,

estrogen itself does not disrupt TNFa-stimulated actions on

osteoblasts. For example, in osteoblasts, 17b-estradiol does

not inhibit TNFa-induced synthesis of IL-6 [53,54] and fails to

modulate Fas-mediated apoptosis induced by TNFa [55]. Our

data show that apigenin specifically inhibited TNFa-stimu-

lated IL-6 and MCP-1 secretion from the osteoblasts without

altering their basal secretion. Moreover, flavone, a structurally

related compound, had no effect in any of the effects observed

by apigenin. Thus, apigenin’s action on TNFa-stimulated

production of various cytokines studied here appears to be

independent of the estrogen receptor.

Recently, apigenin and another flavone, luteolin, from 3.5

to 35.0 mM have been shown to inhibit antigen-specific IFNg

production in vitro from autoimmune T cells derived from

murine and human sources [56]. Bone loss during osteoporosis

and RA is known to occur through the production of IFN and

various other factors by activated T lymphocytes. IFNg

stimulates production of CXCL-9 (MIG) and CXCL-10 (IP-10)

from osteoblasts, which in turn modulates T lymphocyte

proliferation and recruitment by binding with CXCR3 receptor

on T lymphocytes (for review, [57]). In the context of RA, these

events facilitate bone resorption. Our data show that IFNg had

a more robust stimulatory effect on the secretion of CXCL-10

from MC3T3-E1 cells than CXCL-9. However, apigenin com-

pletely abolished IFNg-stimulated CXCL-9 secretion, whereas

IFNg still stimulated CXCL-10 secretion albeit at much reduced

levels. Therefore, at the osteoblast level, our data demonstrate

that, by inhibiting IFNg-stimulated secretion of CXCL-9 and -10

from osteoblasts, apigenin can inhibit osteoclastogenesis.

Adipocytes and osteoblasts share common multipotential

mesenchymal stem cells in bone marrow [6]. Aging bone

marrow is characterized by a reciprocal decrease of osteogen-

esis and an increase in adipogenesis [10]. Therefore, inhibiting

bone marrow adipogenesis and enhancing osteogenesis are

therapeutic goals in the treatment of osteopenic disorders

such as osteoporosis [11]. Our data show that apigenin (but not

the structurally related flavone) strongly inhibits differentia-

tion of 3T3-L1 preadipocytes into adipocytes. Since 3T3-L1

differentiation to adipocyte is accomplished by treatment

with a mixture of insulin, dexamethasone, and IBMX, whether

apigenin specifically blocks any one or all of them need to be

determined. In addition to inhibiting adipogenesis, our data

also reveal that apigenin robustly stimulates mRNA levels of

BMP-6 in 3T3-L1 cells. BMP-6 upregulation favors osteogenic

differentiation of mesenchymal stem cells [51]. BMP-6 is also

known to promote osteogenic differentiation of mesenchymal

stem cell by an estradiol-independent mechanism [52].

Therefore, upregulation of BMP-6 by apigenin suggests that

inhibition of adipogenesis could be due to stimulation of

osteogenesis by apigenin. Additional studies are required to

address this possibility.

Marrow adipocytes support osteoclastogenesis. When

cocultured with preadipocyte or adipocyte-enriched BMS2

stromal layers, primary bone marrow cells undergo osteoclast

differentiation and maturation [7]. One of the mechanisms of
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supporting osteoclastogenesis is by the production of a variety

of cytokines and chemokines, such as leptin, TNFa, IL-6, MCP-

1, and others (for review, [58]). Our data show that, as a likely

consequence of inhibiting differentiation, apigenin potently

inhibits secretion of leptin, IL-6 and MCP-1 by 3T3-L1 cells.

Efficiency of inhibiting secretion of these cytokines by

apigenin was MCP-1 > IL-6 > leptin. MCP-1 expression is

known to be markedly upregulated in 3T3-L1 cells following

induction of adipocyte differentiation [12] and apigenin

inhibits this upregulation potently. Leptin has been identified

as a strong inhibitor of bone formation (for review, [59]).

Therefore, in association with the inhibition of IL-6 and MCP-1

by apigenin, inhibition of leptin secretion is likely to have

beneficial effects on bone health.

Recently, we have shown that flavonols such as kaempferol

and quercetin inhibit osteoclast differentiation by antagoniz-

ing RANKL action in RAW 264.7 cells and promote osteoclast

apoptosis [44,45]. Here we demonstrate that apigenin robustly

diminished the formation of multinucleated giant cells from

RAW 264.7 and bone marrow cells but did not induce cell

death. Apigenin strongly inhibited the expression of RANKL-

induced differentiation genes such as RANK, TRAP, and CTR in

RAW 264.7 cells. The effect of apigenin in inhibiting expression

of these three genes does not appear to be due to generalized

transcriptional repression as apigenin fails to inhibit the

expression of CCR1, the receptor for RANTES, which is highly

upregulated in differentiated osteoclasts [50,60].

We extended the results obtained from RAW 264.7 cells to

mouse bone marrow cells. Differentiation of bone marrow

cells by RANKL and MCSF resulted in a robust increase in the

expression of TRAP, RANK, and c-fms mRNAs, but apigenin

blocked this induction, suggesting that the action of apigenin

observed in the cell line is reproduced in primary culture

system. Since apigenin attenuates differentiation of osteoclast

precursor cells in vitro, it may be efficacious in inhibiting

osteoclast differentiation in vivo.

Thus far, our data show that apigenin antagonizes the

effects of TNFa, IFNg, and RANKL at concentrations that are

10-, 10-, and 25-fold higher than their EC50 of 0.2, 0.5, and 2 ng/

ml, respectively. The concentration range of apigenin in this

study (5–20 mM) in mitigating events stimulated by TNFa, IFNg,

and RANKL is in accordance with the concentrations of

various flavonoids used in various other cell types. For

example, 25- to 50-mM apigenin inhibited TNFa-induced

adhesion of THP-1 monocytes [61], 5 mM resveratrol sup-

pressed TNF-induced activation of the NF-kB pathway in U-937

myeloid cells [62], and 10 mM soy isoflavones or 5–10 mM

kaempferol inhibited TNFa-induced IL-6, PGE2, and MCP-1

secretion in osteoblastic cells [63,45]. In the case of IFNg action,

100 mM silymarin [64] or green tea polyphenol (�)-epigalloca-

techin gallate (EGCG) [65] were required to inhibit IFNg-

induced nuclear translocation of various signal transducers

and activator of transcription (STATs) in RINm5F insulinoma

cells or T84 colonic epithelial cells. In the case of RANKL action

in RAW 264.7 cells, 3-mM genistein inhibited RANKL-induced

NF-kB nuclear localization [66], and 10-mM kaempferol or

quercetin inhibited expression of osteoclast differentiation

markers [45]. Moreover, the effective concentration of 5–20 mM

apigenin in this study was less than half of 40–50 mM apigenin

used in most of the studies [67–72]. However, the in vitro
concentration we used was 10-fold higher than what could be

achieved in animal studies [73]. It is possible that lower in vivo

concentrations of apigenin mimic effects observed at much

higher concentrations in vitro. For example, whereas 10–

40 mM apigenin inhibited TNFa-induced NF-kB activation and

induction of apoptosis in PC-3 prostate carcinoma cells in vitro

[74], a serum apigenin level of 1.26 mM (used by the same group

of investigators in nude mice after 50 mg/mouse/day apigenin

treatment) resulted in increased tumor uptake of apigenin

with growth inhibition and apoptosis induction in xenograft

tumor [73]. Limited bioavailability of apigenin in pure form is a

major drawback, and further studies are needed to increase

the efficacy of apigenin in in vivo studies [75].

Finally, we studied the effect of apigenin on long bone

mature osteoclasts. Our data revealed that apigenin not only

inhibited bone resorption by osteoclasts, but also induced

osteoclast apoptosis. The apigenin-induced stimulation of

apoptosis likely contributes in the inhibition of bone resorption

by apigenin. The specificity of apigenin effects has been shown

by the lack of effect of flavone at similar concentrations. The

failure of apigenin to induce apoptosis in differentiating RAW

264.7 cells while promoting cell death in mature osteoclast

could be explained by the presence of RANKL in RAW 264.7 cell

culture. RANKL is not only required for the differentiation of

osteoclast precursor like RAW 264.7 cells to osteoclasts but it is

also the most potent cell survival factor (for review, [76]). Mature

osteoclast cultures were devoid of RANKL and therefore

represented survival factor withdrawal-induced apoptosis

paradigm as previously described [77,78]. Therefore, apigenin

appears to affect all stages of osteoclastogenesis, starting from

the inhibition of osteoclast differentiation to osteoclast survival

and bone resorption. It is tempting to speculate that the

combination of the effects of apigenin on osteoblasts, pre-

adipocytes, and osteoclasts might prove useful in the preven-

tion and therapy of bone loss disorders.
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