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Genistein, a major phytoestrogen of soy, is considered a potential drug for prevention and treat-
ment of postmenopausal osteoporosis. The aim of the present study was to compare the effects 
of genistein, estradiol and raloxifene on the skeletal system in vivo and in vitro. Genistein (5 
mg/kg), estradiol (0.1 mg/kg) or raloxifene hydrochloride (5 mg/kg) were administered daily by 
a stomach tube to mature ovariectomized Wistar rats for 4 weeks. Bone mass, mineral and cal-
cium content, macrometric parameters and mechanical properties were examined. Also the effects 
of genistein, estradiol and raloxifene (10–9–10–7 M) on the formation of osteoclasts from neonatal 
mouse bone marrow cells and the activity of osteoblasts isolated from neonatal mouse calvariae 
were compared. In vivo, estrogen deficiency resulted in the impairment of bone mineralization 
and bone mechanical properties. Raloxifene but not estradiol or genistein improved bone min-
eralization. Estradiol fully normalized the bone mechanical properties, whereas genistein aug-
mented the deleterious effect of estrogen-deficiency on bone strength. In vitro, genistein, estra-
diol and raloxifene inhibited osteoclast formation from mouse bone marrow cells, decreasing the 
ratio of RANKL mRNA to osteoprotegerin mRNA expression in osteoblasts. Genistein, but not 
estradiol or raloxifene, decreased the ratio of alkaline phosphatase mRNA to ectonucleotide py-
rophosphatase phosphodiesterase 1 mRNA expression in osteoblasts. This difference may explain 
the lack of genistein effect on bone mineralization observed in ovariectomized rats in the in vivo 
study. Concluding, our experiments demonstrated profound differences between the activities of 

genistein, estradiol and raloxifene towards the osseous tissue in experimental conditions. 
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INTRoduCTIoN

In recent years, isoflavones have received 
considerable attention as potential drugs for preven-
tion and treatment of postmenopausal osteoporosis. 
Genistein, an isoflavone, is the major phytoestrogen 
of soybean and soy-based products. Phytoestrogens 
are a heterogeneous group of non-steroidal plant-
derived compounds that exhibit estrogen-like effects 

in estrogen target tissues, including bone (Viereck et 
al., 2002; Weaver & Cheong, 2005). 

Inhibitory effects of genistein on the osteoclast 
formation induced by different stimulatory factors 
(Amano et al., 1998; Gao & Yamaguchi, 1999; Yamag-
ishi et al., 2001; García Palacios et al., 2005; Śliwiński 
et al., 2005) and on osteoclast function (Blair et al., 
1996; Williams et al., 1998; Gao & Yamaguchi, 2000; 
Kajiya et al., 2000) have been reported. Genistein 

Corresponding author: Joanna Folwarczna, Department of Pharmacology, Medical University of Silesia, Jagiellońska 4, 
41-200 Sosnowiec, Poland; phone/fax: (48 32) 364 1540; e-mail: jfolwarczna@sum.edu.pl
*Preliminary results of part of this study were presented during the 34th European Symposium on Calcified Tissues, 5–9 
May, 2007, Copenhagen, Denmark.
Abbreviations: ALP, alkaline phosphatase; ENPP1, ectonucleotide pyrophosphatase phosphodiesterase 1; ER, estrogen 
receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; OPG, osteoprotegerin; RANKL,  receptor activator of nu-
clear factor-κB ligand; SERM, selective estrogen receptor modulator.

Vol. 56 No. 2/2009, 261–270

on-line at: www.actabp.pl



262            2009L. Śliwiński and others

was also reported to increase osteoblastic differen-
tiation and affect osteoblast activity (Rickard et al., 
2003; Pan et al., 2005; Morris et al., 2006; Okumura et 
al., 2006). Animal studies of isoflavones demonstrat-
ed contradictory results depending on animal spe-
cies, age and duration of treatment (for reviews see: 
Migliaccio & Anderson, 2003; Setchell & Lydeking-
Olsen, 2003). It has been suggested, but with no con-
clusive evidence, that isoflavones from the sources 
studied so far have a beneficial effect on bone health 
in postmenopausal women (Cassidy et al., 2006).

Although the effects of isoflavones on bone 
metabolism appear inconsistent in randomized 
clinical trials, recently performed meta-analysis sug-
gested that isoflavones contribute significantly to 
inhibiting bone resorption and stimulating bone for-
mation, especially in postmenopausal women (Ma et 
al., 2008). However, there are still no results of ran-
domized clinical trials concerning the effects of soy 
isoflavones on the fracture risk, the critical end-point 
for all the treatments designed to prevent or treat 
osteoporosis (Migliaccio & Anderson, 2003; Weaver 
& Cheong, 2005). It is also not clear whether the 
mechanism of action of genistein on bone turnover 
is distinct from that of estradiol or raloxifene, a se-
lective estrogen receptor modulator (SERM) used in 
the prevention and treatment of osteoporosis. The 
aim of the present study was to compare the effects 
of genistein, estradiol and raloxifene on the skeletal 
system in vivo, in estrogen-deficient rats, and in vitro 
(on the 1,25-dihydroxyvitamin D3-stimulated forma-
tion of murine osteoclasts and on mRNA expression 
in cultured murine osteoblasts).

MATERIALs ANd METhods

In vivo experiments

Experiments were carried out on mature (3-
month-old) female Wistar rats, obtained from the 
Center of Experimental Medicine, Medical Univer-
sity of Silesia. The rats were fed a standard diet ad 
libitum. The procedure of the experiments was ap-
proved by the Local Ethics Commission (Katowice, 
Poland).

The animals (body mass at the start of the ex-
periment: 210–230 g) were divided into five groups: 
I. Sham-operated control rats; II. Ovariectomized 
control rats; III. Ovariectomized rats receiving gen-
istein (synthesized at the Pharmaceutical Research 
Institute, Warszawa, Poland) at a dose of 5 mg/kg 
daily; IV. Ovariectomized rats receiving estradiol 
(Estrofem, Novo Nordisk A/S) at a dose of 0.1 mg/
kg daily; V. Ovariectomized rats receiving raloxifene 
hydrochloride (Evista, Eli Lilly) at a dose of 5 mg/kg 

daily. The number of rats per group was 11 for the 
control groups (I and II) and 6 for groups treated 
with the drugs (III–V).

The drugs were administered by a stomach 
tube once daily for 4 weeks. The control rats re-
ceived the vehicle — 0.25% water solution of car-
boxymethylcellulose in the same volume of 2 ml/kg 
daily. 

Bilateral ovariectomy and sham-operation 
were performed 3 or 4 days before the start of ad-
ministration of the investigated compounds.

After 4 weeks of drug administration, the ani-
mals were sacrificed and the tibia, femurs and L-4 
vertebra were excised and immediately cleaned of 
soft tissues by cutting and scraping with surgical 
instruments. The left bones were weighed immedi-
ately after isolation (without drying or defatting), 
and their macrometric parameters were determined 
(length, diameter of the diaphysis in mid-length). 
The masses of the uterus and thymus were also de-
termined.

studies on bone mechanical properties. Bone 
mechanical properties were assessed using an appa-
ratus constructed at the Department of Pharmacol-
ogy, Medical University of Silesia, in cooperation 
with Hottinger Baldwin Messtechnik GmbH. The 
mechanical properties of the whole femur and fem-
oral neck were examined as previously described 
(Folwarczna et al., 2004; Pytlik et al., 2004).

The mechanical properties of whole left fe-
murs were studied using a bending test with three-
point loading. The load-deformation curves, ob-
tained for each bone, representing the relationships 
between load applied to the bone and deformation 
in response to the load, were analyzed. Within the 
elastic deformation region, the slope of the load-de-
formation curve, representing the extrinsic stiffness 
of bone, was determined. Within the plastic defor-
mation region, the ultimate load (maximum load 
sustained by the bone) and the deformation caused 
by the ultimate load were determined. 

The mechanical properties of the femoral neck 
were studied using a compression test. The load was 
applied to the head of the femur along the long axis 
of the femur. The load causing fracture of the femo-
ral neck was determined.

In order to determine the mass of mineral 
substances in bones, the L-4 vertebra, left tibia and 
femur were mineralized (ashed) at the temperature 
of 640oC for 48 h in a muffle furnace and the ash 
was weighed. Calcium content in the mineralized 
bones was then determined colorimetrically, using a 
kit produced by Pointe Scientific Inc.

statistical analysis. Results are presented as 
means ± S.E.M. One-way ANOVA followed by Tuk-
ey’s test was used for evaluation of statistical sig-
nificance of the results. The results obtained in the 
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ovariectomized control rats (group II) were com-
pared with those of the sham-operated control rats 
(group I). The results obtained after administration 
of genistein, estradiol and raloxifene were compared 
with those of the ovariectomized control rats (group 
II).

In vitro experiments

Materials. MEM alpha medium without phe-
nol red (α-MEM) (Gibco), Dulbecco’s modified Eagle 
medium (DMEM) (Gibco), Dulbecco’s phosphate- 
buffered saline (PBS) (Sigma), 1 M Hepes buffer so-
lution (Gibco), penicillin-streptomycin solution with 
10 000 units of penicillin and 10 mg of streptomycin 
per millilitre in 0.9% NaCl (Sigma), fetal bovine se-
rum (FBS) (Gibco), 1α,25-dihydroxycholecalciferol 
(Sigma), collagenase (Sigma), trypsin (Sigma), EDTA 
(Sigma), 0.25% trypsin/EDTA solution (Sigma). 

Drugs used: β-estradiol (Sigma), raloxifene hy-
drochloride and genistein, synthesized at the Phar-
maceutical Research Institute (Warszawa, Poland). 

PCR primers were purchased from the Insti-
tute of Biochemistry and Biophysics, Polish Acad-
emy of Sciences (Warszawa, Poland).

osteoclast formation from murine bone mar-
row cells. Bone marrow cells from long bones of 
5–7-day-old BALB/c mice (Center of Experimental 
Medicine, Medical University of Silesia) were ob-
tained and cultured as previously described (Taran-
ta et al., 2002). Long bones from neonatal mice were 
aseptically removed and dissected free of soft tis-
sues. Bones were longitudinally sectioned and mar-
row cavities were flushed with DMEM containing 
10% (v/v) FBS and 1% (v/v) penicillin/streptomycin 
solution, buffered with 10 mM Hepes. The suspen-
sion containing bone fragments was pipetted to 
release the cells. After centrifugation at 250 × g for 
10 min, pellet was resuspended in α-MEM with 
10% (v/v) FBS and 1% (v/v) penicillin/streptomycin 
solution. Bone marrow cells were then plated in 48-
well culture plates (Nunc) and incubated at 37oC in 
5% CO2 in humidified air. The next day after plat-
ing, the medium was replaced with fresh medium 
with addition of 1,25-dihydroxyvitamin D3 (10–8 M) 
and the investigated compounds at concentrations 
of 10–9, 10–8 or 10–7 M (prepared from 1 000× concen-
trated stock solutions in 99.8% ethanol).

The culture media were refreshed every sec-
ond day. The cultures were ended 9 days after 
plating, fixed with 3% paraformaldehyde in 0.1 M 
cacodylate buffer (pH 7.2) and stained for tartrate-
resistant acid phosphatase (TRAP). TRAP staining 
was performed histochemically with a commercially 
available kit (Leucocyte acid phosphatase kit, Sigma 
Diagnostics, procedure 386). Large, multinucleated, 
TRAP-positive cells were considered osteoclasts. 

Osteoclasts were counted and scored accord-
ing to their diameter (below 100 μm, 100–300 μm 
and above 300 μm). The observations and measure-
ments were made using an Eclipse TE 300 micro-
scope (Nikon) connected through a digital camera 
(Nikon) to a personal computer (software: Nis-Ele-
ments 2.21, Nikon). 

The results were obtained in three indepen-
dent experiments.

osteoblast isolation and culture. Osteoblas-
tic cells were obtained and cultured as previously 
described (Luben & Cohn, 1976). One-to-two day-
old BALB/c mice (Center of Experimental Medicine, 
Medical University of Silesia) were killed, and their 
calvariae were aseptically isolated, dissected free 
of adhering soft tissues and washed in PBS. Osteo-
blasts were isolated from the calvariae by six se-
quential digestions (20 min each) with 0.1% collage-
nase and 0.05% trypsin. Osteoblastic cells collected 
from fractions 3–6 were combined and cultured in 
α-MEM supplemented with 10% (v/v) FBS and 1% 
(v/v) penicillin/streptomycin solution. The cultures 
were maintained at 37oC in 5% CO2 in humidified 
air. Medium was changed every 2–3 days. Subcon-
fluent cultures were trypsinized and then replated at 
10 000 cells/cm2. The third passage cells were used 
for experiments. 

mRNA expression in osteoblasts. Osteoblas-
tic cells were plated in 25 cm2 bottles (Nunc) and 
cultured to 80–90% confluence. The medium was 
then replaced with fresh medium with addition of 
genistein, estradiol or raloxifene, used at concentra-
tions of 10–9, 10 –8 and 10–7 M.  After 48 h of culture, 
the cultures were trypsinized, and then total RNA 
was isolated using GenElute mammalian total RNA 
miniprep kit (Sigma) following the manufacturer’s 
instructions.  

Enhanced avian HS RT-PCR-100 kit (Sigma) 
was used for obtaining cDNA following the man-
ufacturer’s instructions. The cDNA of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), α2 pro-
collagen type I chain, receptor activator of nuclear 
factor-κB ligand (RANKL), osteoprotegerin (OPG), 
alkaline phosphatase (ALP) and ectonucleotide py-
rophosphatase phosphodiesterase 1 (ENPP1) were 
amplified using Taq DNA polymerase (ReadyMix 
REDTaq PCR reaction mix with MgCl2, Sigma). The 
PCR conditions are presented in Table 1. 

The obtained PCR products were electropho-
resed on a 1.5% agarose gel containing ethidium 
bromide and visualized under UV light. During the 
electrophoresis, the product of amplification of each 
cDNA was accompanied by the product of amplifi-
cation of GAPDH cDNA and a DNA size standard. 
The image of the stained gel was analyzed semi-
quantitatively using Quantity One program (Bio-Rad 
Laboratories Inc). 
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The results were expressed as the ratio of the 
integrated optical density of the investigated cDNA 
amplification product band to the integrated optical 
density of the GAPDH cDNA amplification product 
band and presented as the percentage of the mean 
value obtained for control cultures. The results were 
obtained in three independent experiments. 

statistical analysis. Results are presented as 
means ± S.E.M. One-way ANOVA followed by Dun-
nett’s test was used for evaluation of statistical signifi-
cance of the results. The results obtained for cultures in 
the presence of genistein, estradiol or raloxifene were 
compared with those obtained for control cultures.

REsuLTs

Effects of genistein, estradiol and raloxifene on the 
mass of uterus and thymus and body mass gain

The bilaterally ovariectomized rats were es-
trogen-deficient, as it was shown by substantial de-
creases in the uterus mass and increases in the thy-
mus mass in relation to the sham-operated control 
rats (Table 2). In the ovariectomized control rats, the 

body mass gain was statistically significantly larger 
than in the sham-operated controls.

Estradiol significantly counteracted the effects 
of estrogen deficiency on the uterus and thymus 
mass; also raloxifene significantly decreased the thy-
mus mass. Only raloxifene decreased the body mass 
gain of the ovariectomized rats.

Effects of genistein, estradiol and raloxifene on 
bone mass and mineralization

The deficiency of estrogens did not cause 
changes in the bone mass and the mass of bone 
mineral (not shown), but it statistically significant-
ly decreased the ratio of mass of bone mineral to 
bone mass and the content of calcium in the bone 
mineral in comparison with the sham-operated rats 
(Figs. 1 and 2). 

Only raloxifene increased bone mineralization 
in ovariectomized rats in relation to the ovariect-
omized control rats, since the ratio of bone miner-
al mass to bone mass was statistically significantly 
higher than in the ovariectomized control rats. Es-
tradiol and genistein had no positive effects on bone 
mineralization. None of the treatments significantly 
affected the calcium content in the bone mineral.

Table 1. Conditions of PCR.

Primers Number of 
cycles Denaturation Annealing Elongation

aGAPDH
5’-ACCACAGTCCATGCCATCAC-3’ (for)
5’-TCCACCACCCTGTTGCTGTA-3’ (rev) 27 95°C, 

1 min
57°C,
2 min

72°C,
2 min

bProcollagen 
type I

5’-GCAATCGGGATCAGTACGAA-3’ (for)
5’-CTTTCACGCCTTTGAAGCCA–3’ (rev) 28 95°C, 

1 min
56°C,
2 min

72°C,
2 min

aRANKL
5’-CGCTCTGTTCCTGTACTTTCGAGCG-3’ (for)
5’-TCGTGCTCCCTCCTTTCATCAGGTT-3’ (rev) 29 95°C, 

1 min
57°C,
2 min

72°C,
2 min

bOPG
5’-AAAGCACCCTGTAGAAAACA–3’ (for)
5’-CCGTTTTATCCTCTCTACACTC-3’ (rev) 30 95°C, 

1 min
55°C,
2 min

72°C,
2 min

cALP
5’-CCGTTCTTTCTCTATTC-3’ (for)
5’-GCCACCCTGGGTAGACA-3’ (rev) 30 95°C,

1 min
54°C,
2 min

72°C,
2 min

dENPP1
5’-TCAGTACCATTTGAAGAAAGGATTTTAG- 
CTGTTCT-3’ (for)
5’-GTCAGAGCCATGAAATCCACTTCCAC-3’(rev)

31 95°C,
1 min

65°C,
2 min

72°C,
2 min

aLi et al., 2002; bTaranta et al., 2002; cLiu et al., 1998; dFarahbakhsh, 2003.

Table 2. Effects of genistein, estradiol and raloxifene on the mass of uterus and thymus and body mass gain in ova-
riectomized rats.

Parameter Sham-operated 
control OVX control OVX + genistein OVX + estradiol OVX + raloxifene

Body mass gain [g] 15.18 ± 1.49 29.18 ± 3.60** 41.83 ± 4.23 26.67 ± 1.73 4.83 ± 2.09ooo

Uterus mass [g] 0.443 ± 0.035 0.098 ± 0.005*** 0.101 ± 0.006 0.217 ± 0.021o 0.118 ± 0.015
Thymus mass [g] 0.275 ± 0.011 0.529 ± 0.021*** 0.539 ± 0.062 0.444 ± 0.025o 0.411 ± 0.029o

Results are presented as means ± S.E.M. (n=6–11). Genistein (5 mg/kg), estradiol (0.1 mg/kg) or raloxifene hydrochloride (5 mg/kg) were 
administered daily for 4 weeks. Significant differences from sham-operated control rats: **P < 0.01, ***P < 0.001. Significant differences from 
ovariectomized control rats: oP < 0.05, oooP < 0.001.
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Effects of genistein, estradiol and raloxifene on 
bone mechanical properties

In the estrogen-deficient control rats, extrinsic 
stiffness of the femur was statistically significantly 
lower than in the sham-operated control rats (Ta-
ble 3). The estrogen deficiency had no effect on the 
ultimate load sustained by the femur, but the defor-
mation of the bone caused by the ultimate load was 
significantly higher. 

After administration of estradiol to the 
ovariectomized rats, the extrinsic stiffness of the 
femur was fully normalized (statistically signifi-
cant effect), and after administration of raloxifene 
it tended to be improved in comparison with the 
ovariectomized controls. In contrast, after admin-
istration of genistein, the extrinsic stiffness was 
statistically significantly decreased in relation to 
the ovariectomized control rats. Also the ultimate 

load of the femur in rats receiving genistein was 
lower than in the sham-operated and ovariect-
omized control rats or in rats treated with estra-
diol or raloxifene.

A similar tendency could be observed in the 
femoral neck of the ovariectomized rats, where es-
tradiol and raloxifene tended to increase its strength 
(determined by the load at fracture), whereas genis-
tein tended to weaken it in relation to the ovariect-
omized control rats.

Effects of genistein, estradiol and raloxifene on the 
formation of osteoclasts in vitro

All the investigated compounds (10–9–10–7 
M) inhibited the formation of osteoclasts in murine 
bone marrow cell cultures, with the maximum effect 
at 10–8 M (Figs. 3 and 4). When the number of osteo-
clasts formed was analysed according to their size, 
very similar patterns of dose-response relationships 

Figure 1. Effects of genistein, estradiol and raloxifene on 
the ratio of bone mineral mass to bone mass in ovariec-
tomized rats.
Results are presented as means ± S.E.M. (n=6–11). Genis-
tein (5 mg/kg), estradiol (0.1 mg/kg) or raloxifene hydro-
chloride (5 mg/kg) were administered daily for 4 weeks. 
Open bars, the ratio of bone mineral mass to bone mass 
in the tibia, and grey bars, the ratio of bone mineral mass 
to bone mass in the vertebra. Significant differences from 
sham-operated control rats: *P < 0.05. Significant differences 
from ovariectomized control rats: oP < 0.05, ooP < 0.01.

Figure 2. Effects of genistein, estradiol and raloxifene 
on the calcium content in the bone mineral of ovariect-
omized rats.
Results are presented as means ± S.E.M. (n=6–11). Genistein 
(5 mg/kg), estradiol (0.1 mg/kg) or raloxifene hydrochlo-
ride (5 mg/kg) were administered daily for 4 weeks. Open 
bars, calcium content in the tibia, and grey bars, calcium 
content in the vertebra. Significant differences from sham-
operated control rats: *P < 0.05.

Table 3. Effects of genistein, estradiol and raloxifene on bone mechanical properties in ovariectomized rats.

Parameter Sham-operated 
control OVX control OVX + genistein OVX + estradiol OVX + raloxifene

Extrinsic stiffness of 
femur [N/mm] 210.37 ± 5.57 190.89 ± 7.42* 159.03 ± 4.80o 213.76 ± 7.57o 201.03 ± 6.92

Ultimate load of femur 
[N] 76.31 ± 1.99 75.95 ± 2.55 68.07 ± 3.38 78.64 ± 2.26 78.12 ± 2.07

Deformation caused by 
ultimate load [mm] 0.445 ± 0.008 0.485 ± 0.011* 0.484 ± 0.026 0.447 ± 0.013 0.383 ± 0.029oo

Load at fracture of 
femoral neck [N] 77.65 ± 2.81 73.95 ± 1.72 69.30 ± 3.45 81.66 ± 6.39 83.68 ± 3.79 

Results are presented as means ± S.E.M. (n=6–11). Genistein (5 mg/kg), estradiol (0.1 mg/kg) or raloxifene hydrochloride (5 mg/kg) were 
administered daily for 4 weeks. Significant differences from sham-operated control rats: *P < 0.05. Significant differences from ovariect-
omized control rats: oP < 0.05; ooP < 0.01.
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were observed in the presence of genistein, estradiol 
and raloxifene in the culture media (not shown).  

Effects of genistein, estradiol and raloxifene on the  
mRNA expression in osteoblasts in vitro

The obtained PCR product sizes were: 443 kb 
for GAPDH, 464 kb for procollagen type I, 570 kb 
for RANKL, 265 kb for OPG, 470 kb for ALP and 
564 kb for ENPP1.

All the investigated compounds (10–9–10–7 
M) decreased the ratio of RANKL mRNA to OPG 
mRNA expression (Fig. 5). Estradiol tended to de-
crease the ratio by increasing the  OPG mRNA ex-
pression and raloxifene decreased it by decreasing 
the RANKL mRNA expression. Genistein decreased 
the ratio by both increasing the OPG mRNA and by 
decreasing the RANKL mRNA expression.

Estradiol and raloxifene tended to decrease 
the collagen mRNA expression, whereas genistein 
had no such effect (not shown). 

Genistein decreased the ratio of ALP mRNA 
to ENPP1 mRNA expression in murine osteoblasts 
(statistically significantly at 10–8 M), whereas es-
tradiol and raloxifene tended to increase the ratio 
(Fig. 6).

dIsCussIoN

The decrease of estrogen level in postmeno-
pausal women results in an increased rate of bone 
turnover with bone resorption exceeding bone for-
mation, leading to a general loss of bone mass and 
development of postmenopausal osteoporosis (Riggs, 
1991). The incidence of osteoporosis-related fracture 
is significantly lower in Southern and Eastern Asian 
women than in Western women; one possible expla-

nation for this difference is a high intake of phytoes-
trogens (as Asian people consume soy 10–20 times 
more than Western people) (Ma et al., 2008). The 
main soy isoflavones are genistein and daidzein; 
both of them are considered potential therapeutics 
(Migliaccio & Anderson, 2003; Setchell & Lydeking-
Olsen, 2003; Mathey et al., 2007; Om & Shim, 2007). 
The value of genistein as a potential antiosteoporotic 
drug still needs to be established (Weaver & Cheong, 
2005; Cassidy et al., 2006). 

Figure 3. Effects of genistein, estradiol and raloxifene on 
number of osteoclasts formed in mouse bone marrow 
cell cultures in vitro.
Results are presented as means ± S.E.M. (n=3). Significant 
differences from controls: *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 4. Effects of genistein, estradiol and raloxifene 
(10–8 M) on osteoclast formation in mouse bone marrow 
cell cultures in vitro.
Representative cultures are shown. From the top: control 
culture (A), and cultures conducted in the presence of 
genistein (B), estradiol (C) and raloxifene (D). 
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Estrogens regulate skeletal homeostasis in 
men and women. Estrogen effects are mediated via 
interactions with two estrogen receptor subtypes, 
α and β (ERα and ERβ). Both ERα and ERβ are 
present in bones. There are experimental data sug-
gesting that ERα mediates estrogen-stimulated net 
increase in bone formation, while the ERβ’s role 
in bone is less clear (Deroo & Korach, 2006). Some 
studies suggest that the effects of estrogen sign-
aling through ERα and ERβ are opposite, while 
according to other reports activation of ERα and 
ERβ has similar effects on bone (Raisz, 2005). Es-
trogens, SERMs and phytoestrogens have different 
clinical profiles, differentially regulating the tran-
scriptional activities of ERα and ERβ. Estradiol is a 

full agonist in all tissues because it nonselectively 
binds to ERα and ERβ. SERMs exert antagonistic 
activity in some tissues and agonistic activity in 
others (Baker et al., 2000). Raloxifene has an ERα-
selective partial agonist/antagonist function but a 
pure antagonist effect through ERβ. Genistein has 
a significantly higher affinity (and potency) for 
ERβ than ERα, although it is only a partial agonist 
of ERβ and a full agonist of ERα (Barkhem et al., 
1998). It has been proposed that genistein’s ago-
nist activity for ERβ mediates its health benefits 
(McCarty, 2006). 

Besides having estrogen-like properties, gen-
istein exhibits numerous biological actions, which 
could contribute to its biological effects on bone 

Figure 5. Effects of genistein, estradiol and raloxifene on 
the mRNA expression of factors affecting bone resorp-
tion in mouse osteoblasts in vitro.
Panel A: receptor activator of nuclear factor-κB ligand 
(RANKL) mRNA expression, panel B: osteoprotegerin 
(OPG) mRNA expression, panel C:  the ratio of RANKL 
mRNA to OPG mRNA expression. Results are presented 
as means ± S.E.M. (n=3). Significant differences from the 
controls: *P < 0.05, **P < 0.01.

Figure 6. Effects of genistein, estradiol and raloxifene on 
the mRNA expression of enzymes involved in bone min-
eralization in mouse osteoblasts in vitro.
Panel A: alkaline phosphatase (ALP) mRNA expression, 
panel B: ectonucleotide pyrophosphatase phosphodieste-
rase 1 (ENPP1) mRNA expression, panel C: the ratio of 
ALP mRNA to ENPP1 mRNA expression. Results are pre-
sented as means ± S.E.M. (n=3). Significant differences from 
the controls: *P < 0.05.
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cells by ER-independent mechanisms. Genistein is a 
well-known protein tyrosine kinase inhibitor, it has 
also been reported to inhibit DNA topoisomerase 
II, cell cycle progression, angiogenesis, and oxida-
tion reactions (Polkowski & Mazurek, 2000; Migliac-
cio & Anderson, 2003). However, it seems that the 
skeletal effects of genistein should be attributed to 
its binding to estrogen receptors, because activation 
of ERs is the only effect of genistein that has been 
documented in the low nanomolar range. These con-
centrations are far too low to inhibit tyrosine kinases 
or topoisomerase II (McCarty, 2006).

To compare the effects of genistein, estradiol 
and raloxifene in vivo, in the present study we used 
the model of bilaterally ovariectomized rats, which 
mimics the accelerated bone loss observed in post-
menopausal women due to estrogen deficiency. This 
is a classical animal model for postmenopausal bone 
loss. The characteristics of skeletal physiology in 
this rat model share similarities with those of early 
postmenopausal women: an increased rate of bone 
turnover with resorption exceeding formation, and 
greater loss of cancellous than cortical bone (Kalu, 
1991; Wronski & Yen, 1991).

In our rat study, genistein was used at the 
dose of 5 mg/kg, about ten times higher than the 
daily intake in Asian populations, where the estimat-
ed genistein consumption is approx. 0.4–0.6 mg/kg 
per day. Followers of strict vegetarian diets would 
be expected to have intake levels approaching that 
of the Asian diet. The typical Western diet contains 
far lower levels of genistein (Soucy et al., 2006). Gen-
istein has been reported to have biphasic effects on 
the skeletal system of rats, with higher doses being 
less effective than lower ones (Reinwald & Weaver, 
2006). However, the dose used in the present study 
was within the range of doses reported to favour-
ably affect the skeletal system of ovariectomized rats 
(Setchell & Lydeking-Olsen, 2003). Safety studies of 
genistein in rats have estimated the no observed ad-
verse effect level to be 50 mg/kg per day (McClain et 
al., 2006). We used a rather low dose of estradiol in 
the present study in order to obtain moderate effects 
comparable with those of genistein. Raloxifene was 
administered at a dose of the effective dose range 
used by others in ovariectomized rats (Evans et al., 
1996).

In our experiment, as it was observed by oth-
ers for genistein or soy extracts, genistein did not 
stimulate the uterus (Erlandsson et al., 2005; Mathey 
et al., 2007) and did not affect the body mass gain of 
ovariectomized animals (Gallo et al., 2005; Mathey et 
al., 2007).

The most interesting finding of our in vivo ex-
periments is that genistein, in contrast to estradiol 
and raloxifene, did not favourably affect bone min-
eralization or mechanical properties, significantly 

worsened by estrogen deficiency in ovariectomized 
rats. In fact, genistein augmented the deleterious ef-
fect of estrogen deficiency on bone strength. 

To elucidate the possible mechanism(s) of the 
observed differences in the mode of action of the in-
vestigated estrogenic compounds, we performed in 
vitro studies on murine bone cells. Such an approach 
has limitations, as it is not always possible to direct-
ly compare the results obtained in different species 
(rats and mice, not to mention humans). Also the 
artificial conditions of the cell culture should make 
one cautious in the interpreting of the obtained re-
sults. However, we made some new observations 
which may be of some value. 

In the present study, genistein, estradiol and 
raloxifene similarly, strongly, inhibited osteoclast for-
mation in murine bone marrow cell culture, with the 
maximum effect at 10–8 M. The inhibitory effect on 
osteoclast formation is consistent with our in vivo ob-
servations and with previous reports (Amano et al., 
1998; Gao & Yamaguchi, 1999; Yamagishi et al., 2001; 
García Palacios et al., 2005; Śliwiński et al., 2005). In 
contrast to our study, genistein (3 × 10–6 M) inhibit-
ed osteoclastic differentiation in RAW264.7 cells (a 
murine monocytic cell line) in response to RANKL 
and M-CSF less effectively than did estradiol (10–8 
M) (García Palacios et al., 2005). The observed simi-
lar effects of genistein, estradiol and raloxifene on 
osteoclast formation from bone marrow cells could 
be due to a similar net effect on the production of 
factors affecting osteoclastogenesis in bone marrow 
stromal/osteoblastic cells. The RANKL to OPG ratio 
is the key regulatory determinant of bone resorption 
(Kryśkiewicz & Lorenc, 2006). All the investigated 
compounds (estradiol, raloxifene and genistein) de-
creased the ratio of RANKL mRNA to OPG mRNA 
expression in murine osteoblasts, which is consistent 
with previous reports (Hofbauer et al., 2004). How-
ever, some differences in the mechanisms engaged 
in the regulation of osteoclast formation could exist. 
In our study, the decreased ratio of RANKL mRNA 
to OPG mRNA expression in murine osteoblasts 
was due to an increase in the OPG mRNA expres-
sion in the case of estradiol and to a decrease in the 
RANKL mRNA expression in the case of raloxifene, 
whereas genistein increased the OPG mRNA and 
decreased the RANKL mRNA expression. This effect 
of genistein is consistent with the results obtained in 
clonal osteogenic stromal ST2 cells (Yamagishi et al., 
2001). An increased  OPG mRNA expression caused 
by genistein was also observed in human osteoblas-
tic cells (Chen et al., 2002; Viereck et al., 2002).

Results of the in vitro studies indicating inhi-
bition of osteoclastogenesis are consistent with our 
histomorphometric data from the study, not present-
ed here. All the investigated compounds increased 
the trabeculae width in femoral epiphysis and tend-
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ed to decrease the ratio of the transverse cross-sec-
tion area of the marrow cavity to the diaphysis area 
in the tibia. Taken together, our in vivo and in vitro 
studies confirmed previous observations that gen-
istein, similarly to estradiol and raloxifene, inhibits 
bone resorption in experimental conditions.

To investigate the mechanisms responsible 
for the differential effects of genistein, estradiol 
and raloxifene on bone mineralization, their influ-
ence on the expression of alkaline phosphatase and 
ectonucleotide pyrophosphatase phosphodiesterase 
1 mRNA in murine osteoblasts was studied. Oste-
oblasts mineralize bone matrix by promoting the 
formation and growth of hydroxyapatite crystals. 
Two osteoblast enzymes, tissue-nonspecific alka-
line phosphatase (ALP) and ectonucleotide pyro-
phosphatase phosphodiesterase 1 (ENPP1, also 
called plasma cell membrane glycoprotein-1) are 
involved in this process, regulating the extracel-
lular inorganic pyrophosphate (PPi) concentration. 
PPi, produced by ENPP1, has an inhibitory effect 
on hydroxyapatite deposition. ALP has a positive 
effect on mineralization primarily by controlling 
the size of the inhibitory pool of PPi through its 
inorganic pyrophosphatase activity. ALP also con-
tributes to the pool of inorganic phosphate (Pi) 
available for deposition as hydroxyapatite, gen-
erating Pi by using nucleoside triphosphates and 
PPi as substrates (Hessle et al., 2002; Harmey et 
al., 2004).

So far there are no reports on the effect of 
genistein on ENPP1 activity. The effects of genis-
tein on ALP activity in osteoblasts have been re-
ported to be stimulatory or inhibitory, probably 
depending on the type of osteoblastic cells used, or 
conditions of experiments (Morris et al., 2006). Gen-
erally, genistein was reported to exert stimulatory 
effects on bone mineralization in vitro (Pan et al., 
2005; Morris et al., 2006). Genistein affected the ra-
tio of ALP mRNA to ENPP1 mRNA expression in 
a different way than did estradiol and raloxifene. 
Genistein decreased the ratio, whereas estradiol 
and raloxifene tended to increase it. This differ-
ence, indicating that genistein may increase the 
pool of PPi, may explain the lack of genistein effect 
on bone mineralization observed in ovariectomized 
rats in our in vivo study.

Concluding, our experiments have demon-
strated profound differences between the activities 
of genistein, estradiol and raloxifene towards os-
seous tissue in experimental conditions. The most 
important difference was the lack of favourable 
effects of genistein on bone mineralization and 
mechanical properties in estrogen-deficient rats, 
which could be the result of its effects on oste-
oblastic expression of enzymes engaged in bone 
mineralization.
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