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Genistein Stimulates the Osteoblastic Differentiation
via NO/cGMP in Bone Marrow Culture
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Abstract The soybean phytoestrogen, genistein (Gen), has anabolic effects on bone through mechanisms that
remain to be elucidated.We examined the role of nitric oxide (NO) and its downstream effector guanylyl cyclase (GC) in
mediating the effects of Gen on the proliferation and osteoblastic maturation of primary mouse bone marrow-derived
mesenchymal stem cells (BMSCs). Gen (10�8� 10�6 M) resulted in a dose-dependent increase in cell proliferation as
measured by increased [3H]thymidine incorporation, and stimulated osteoblastic maturation as assessed by culture
duration-dependent increments in alkaline phosphatase (ALP) activity, calcium deposition into extracellular matrix and
Runx2/Cbfa1 gene expression in BMSCs cultures. Gen also resulted in a dose-dependent increase in NO synthase (NOS)
activity, NO formation, and cGMPproduction in BMSCs cultures. The effects of Genweremimicked by 17b-estradiol (E2,
10�8 M). Concurrent treatment with the estrogen receptor (ER) antagonist ICI182,780 (10�7 M) or the NOS inhibitor L-
NAME (3� 10�3M) diminished theGen (10�6M)-mediated increase inNOSactivity,NOproduction, andcGMPcontent.
In contrast, a solubleGC inhibitor 1H-[1,2,4]oxadiazolo [4,3,-a]quinoxalin-1-one (ODQ,10�6M) selectively blocked the
Gen (10�6M)-mediated increase in cGMPcontent but not inNOproduction andNOSactivity.Moreover, inhibitionof ER,
NOS activity or cGMP blocked Gen-induced proliferation and osteoblastic differentiation of BMSCs and Runx2/Cbfa1
gene expression in culture. Gen has estrogen-like activity and stimulates the proliferation and osteoblastic differentiation
ofmouse BMSCs at least in part throughNO/cGMP pathway. J. Cell. Biochem. 94: 307–316, 2005. � 2004Wiley-Liss, Inc.
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Estrogen deficiency is an important compo-
nent of postmenopausal bone loss [Kanis et al.,
1994]. Although hormone replacement therapy
(HRT) has been a widely used approach for
preventing postmenopausal osteoporosis, HRT

not only increases the risk of breast cancer but it
also has other undesirable side effects [Recker,
1993; Vihtamaki et al., 1999]. So it is becoming
hot to search for alternative therapy of the
classical HRT. Soy protein and soy-derived
phytoestrogens have received a great deal of
attention over the last fewyears because of their
potentially prevention and treatment of post-
menopausal osteoporosis without stimulating
mammary glands and uteri [Anderson and
Garner, 1998; Murkies et al., 1998; Setchell
and Lydeking-Olsen, 2003]. In the epidemiolo-
gical studies, the lower incidence of osteoporosis
after menopause in Asian women compared
with that inWesternwomenwas reported attri-
butable to the traditional soybean-rich Asian
diet [Horiuchi et al., 2000;Mei et al., 2001]. This
was further supported by the studies carried out
on ovariectomy rats and early postmenopausal
women, showing that dietary soybean proteins
and phytoestrogen genistein (Gen) prevented
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bone loss [Arjmandi et al., 1996; Fanti et al.,
1998; Morabito et al., 2002].

Gen, a classic phytoestrogen found predomi-
nantly in soy, has a structural similarity to
mammalian estrogen and can bind weakly to
estrogen receptors (ERs) [Wang et al., 1996;
Kuiper et al., 1997; Rickard et al., 2003]. There
is compelling evidence that Gen in soybeans
stimulates osteoblastic bone formation and
inhibits osteoclastic bone resorption in vitro
[Gao and Yamaguchi, 1999; Sugimoto and
Yamaguchi, 2000; Chen et al., 2003; Heim
et al., 2004] and in vivo [Ishimi et al., 1999,
2000]. However, the mechanisms of Gen action
on bone cells have not yet been fully understood.

Nitric oxide (NO) was reported to mediate
partly the stimulation of 17b-estradiol (E2) on
osteoblast proliferation and differentiation
[O’Shaughnessy et al., 2000]. Recent study
demonstrates that Gen improves flow-mediated
endothelium dependent vasodilatation in ovar-
iectomized rats and healthy postmenopausal
women through a NO-dependent mechanism
[Squadrito et al., 2000, 2003]. Our previous
study also found that asymmetric dimethy-L-
arginine (ADMA), an endogenous inhibitor of
NO synthase (NOS), impairs osteoblastic dif-
ferentiation of primary mouse bone marrow-
derived mesenchymal stem cells (BMSCs)
culture [Xiao et al., 2001a]. In addition, NO
has been shown to be an important signaling
molecule involved in bone turnover [Grant and
El-Fakahany, 2004].

The biological actions of NO are predomi-
nantly mediated by activation of guanyly
cyclase (GC), which results in increased cGMP
level and activation of cGMP-dependent intra-
cellular cascades [Mancini et al., 2000]. NO-
cGMP pathway also has been implicated in the
regulation of osteoblast growth and differen-
tiation [Mancini et al., 2000; Grant and El-
Fakahany, 2004]. Whether the NOS–NO–
cGMP pathway is involved in mediating the
action of Gen is unknown. Therefore, we
examined the role of the NO–GC signaling
pathways in mediating the effects of Gen on
the growth and osteoblastic differentiation of
mouse BMSCs culture.

MATERIALS AND METHODS

Reagents

Alpha minimum essential medium (a-MEM),
phenol red-free a-MEM, Dulbecco’s modified

eagle medium (DMEM), phenol red-free
DMEM, Hanks’ balanced salt solution (HBSS),
fetal bovine serum (FBS), penicillin–strepto-
mycin solution, sodium dodecyl sulfate (SDS),
and Trizol reagent were obtained from Gibco
BRL (Grand Island, NY). Gen, 17b-estrodial
(E2), No-nitro-L-arginine methyl ester (L-
NAME),NG-monomethyl-L-arginine (L-NMMA),
3-isobutyl-1-methyl-xanthine (IBMX), trypsin,
ascorbic acid, b-glycerophosphate, p-nitrophe-
nyl phosphate (p-NPP), p-nitrophenol (p-NP),
diethanolamine, dextran-coated charcoal,
dimethyl sulfoxide (Me2SO), and calcium kit
were purchased from Sigma Chemical Co.
(St. Louis, MO). ICI182,780 and 1H-[1,2,4]oxa-
diazolo [4,3,-a]quinoxalin-1-one (ODQ) were
purchased from Tocris Cookson, Inc., Ltd.
(Avonmouth Bristol BS11 8TA, UK). Tissue
culture plastic wares were purchased from
Corning-Costar Co. (Corning-Costar, NY).
Nitrate/nitrite colorimetric assay kit was pur-
chased fromJingmeiBiotechCo.,Ltd. (Shenzhen,
China).Nitric oxide synthase (NOS)assaykitwas
purchased fromNanjing JianchengBioengineer-
ing Institute (Nanjing, China). Cyclic GMPEIA
kit was purchased from R&D Systems, Inc.
(Minneapolis, MN). Luciferase assay system
was purchased from Promega (Madison, WI)
molecular biology reagents and enzymes were
purchased from Boehringer Mannheim (India-
napolis, IN). iQTM SYBR1Green Supermix and
Bio-Rad reagent for proteinassaywere obtained
from Bio-Rad Laboratories (Hercules, CA).
[3H]thymidine was purchased from Shanghai
Institute of Nuclear Research (Shanghai,
China). All other chemicals were of analytical
grade and from Shanghai Biotech Co., Ltd.
(Shanghai, China).

Cell Culture

Bone marrow cells were obtained from 8- to
10-week-old female mice of the Kunming strain
(the Experimental Animal Center of Xiangya
Medical College, Central South University,
Changsha, China) as previously described [Qu
et al., 1998; Xiao et al., 2001a]. Briefly, the
femurs and tibiaswere dissected, the ends of the
boneswere cut, and themarrowwas flushed out
with 2 ml of ice-cold a-MEM containing 10% v/v
FBS by using a needle and syringe. A suspen-
sion of single bonemarrow cells was obtained by
repeated aspiration of the cell preparation
through a 22-gauge needle, and then cells were
counted with a hemocytometer. Cells were
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seeded into 12-well plates or 60 mm plates at a
densityof1� 107cells/mlandcultured for5days
in a-MEM supplemented with 15% v/v FBS,
100 U/ml of sodium penicillin G, and 100 mg/ml
of streptomycin sulfate and kept in a humidifi-
ed incubator with 5% CO2 and 95% air at a
temperature of 378C. On day 5, all nonadherent
cells were removed with the first medium
change and then the adherent cells (represent-
ing BMSCs) were grown for additional periods
of up to 12 days in the differentiation medium
[phenol red-free a-MEM containing 10% v/v
FBS (dextran-coated charcoal stripped, DCS)
supplemented with 5� 10�3 M b-glyceropho-
sphate and 25 mg/ml of ascorbic acid for inducing
osteoblastic differentiation of BMSCs]. In the
subsequent experiments, the beginning day of
culture in the differentiation medium was
defined as day 0. The treatments were respec-
tively added every 2 days and the medium was
replaced every 4 days thereafter.
C2C12, a muti-pluripotent cell line, was

maintained in DMEM supplemented with 10%
v/v FBS with medium changed every 3 days.

[3H]thymidine Incorporation Assay

Bone marrow cells were seeded into 12-well
plates at a density of 1� 107 cells/ml (0.25�
107 cells/cm2) and cultured for 5 day in a-MEM
supplemented with 15% v/v FBS. For 24 h prior
to experiment, cultures were placed in 0.1% v/v
FBSand phenol red-free a-MEM.After 24 h, the
cells were placed in phenol red-free a-MEM
containing 7.5%v/vFBS (DCS)and treatedwith
the reagents as indicated for 48h.The cellswere
labeled with 370 KBq of [3H]thymidine for the
last 24 h of incubation, and then were rinsed
with phosphate buffered saline (PBS, 3� 5min)
and 10% trichloroacetic acid (1� 30 min).
Finally, the cells were dissolved in 200 ml
of 0.2 N NaOH and left overnight at 48C.
Radioactivity was determined by scintillation
counting.

Alkaline Phosphatase (ALP) Activity

Cellular ALP activity was assayed according
to our previous study [Xiao et al., 2001a]. At the
completion of the incubation period, cells were
harvested after removing the media, washing
twice with PBS, and treating for 10 min with
0.25% trypsin to achieve cell detachment.
Enzyme activity was determined colorimetri-
cally after incubated at 378C for 30 min with p-
NPPas the substrate at pH10.3 and reading the

optical density at 400 nm and total protein
content was measured with a Bio-Rad protein
assay kit. ALP activity is expressed as nmol/
min/mg protein.

Quantitation of Calcium Deposition

Calcification of BMSCs was assessed by a
modification of the Wada procedure [Xiao et al.,
2001a]. The cultures were decalcified with 0.6N
HCl for 24 h. The calcium content was deter-
mined by measuring the concentrations of
calcium in the HCl supernatant by the o-
cresolphthalein complexone method. After dec-
alcification, the cultures werewashedwith PBS
and solubilized with 0.1N NaOH/0.1% SDS.
Total protein content was measured with a Bio-
Rad protein assay kit. The calcium content of
the cell layer was normalized to the protein
content.

Measurement of NO Production

Nitrite production in conditionedmedia (CM)
was measured as indirect measurement of NO
production using nitrate/nitrite colorimetric
assay kit by a modified Griess assay [Green
et al., 1982; Xiao et al., 2001a]. Briefly, 100 ml of
CMor nitrite standards (0–100 mM)weremixed
with 100 ml of Griess reagent. Absorbance was
then measured at 530 nm against a blank
prepared with 100 ml of distilled water, and the
release of NO into the culture medium was
expressed as nitrite concentration, which was
determined from a standard curve. Total pro-
tein content was measured with a Bio-Rad
assay kit. The results were expressed as mM/mg
protein.

NOS Activity Measurement

After treatment of 8 days, the supernatant
was discarded and the cell layer was washed
twice with PBS. The cells were detached on ice
with a tuber scraper. Then, cells were disrupted
(3� 7 s) with ultrasonic disrupter in water bath
at 08C. The specimen was collected and centri-
fuged at 15,000g at 48C for 10 min. The NOS
activity was determined in the supernatant
using NOS colorimetric assay kit. Briefly, 50 ml
of supernatant were mixed with assay reagent
containing L-arginine and NOS in the specimen
catalyzed L-arginine to L-citrulline and NO.
NOS activity was indirectly determined by
measuringNOproduction in colorimetric assay.
Absorbance was obtained at 530 nm against a
blank prepared with distilled water to deter-
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mine the concentration of nitrite, which is NO
metabolite. NOS activity was calculated with
the formula according to the kit reference. Total
NOS (tNOS) and inducible NOS (iNOS) activity
were separately measured by using Ca2þ-con-
taining or Ca2þ-free assay buffer. Total protein
contentwasmeasuredwith aBio-Rad assay kit.
The NOS activity was normalized to the protein
content and expressed as percentage of control
level.

Measurement of the Accumulation of cGMP

Bone marrow stromal cells, after treated for
8 days with Gen (10�8� 10�6 M) in the pre-
sence or absence of L-NAME (3� 10�3 M) or
ICI182,780 (10�7 M) or ODQ (10�6 M), were
washed with phenol red-free a-MEM and then
incubated with phenol red-free a-MEM supple-
mentedwith 0.5� 10�3M of IBMX, a diesterase
inhibitor, at 378C for 15min. The reagents were
thenaddedand the cellswere then incubated for
another 1 h, and the amount of cGMP in the
media was measured with the EIA kit.

Real-Time RT-PCR

For quantitative real-time RT-PCR, 2.0 mg
total RNA was isolated from the BMSCs
cultured in 60-mm plates by the single-step
method using Trizol reagent [Xiao et al., 2004].
PCR reactions contained 100 mg template
(cDNA or RNA), 300 mM of each forward and
reverse primer, and 1� iQTM SYBR1 Green
Supermix in 50 ml. Samples were amplified for
40 cycles in an iCycler iQTM real-time PCR
detection systemwith an initial melt at 958C for
10 min followed by 40 cycles of 958C for 15 s and
608C for 1 min. PCR product accumulation was
monitored at multiple points during each cycle
by measuring the increase in fluorescence
caused by the binding of SybrGreen I to dsDNA.
The threshold cycle (Ct) of tested-gene product
from the indicated genotype was normalized to
the Ct for cyclophilin A. The primers sequences
used to amplify the genes in Table III are
available upon request.

Assay of Runx2/Cbfa1 Promoter Activity

Effect of Gen on p1.4Cbfa1-Luc transcription
was analyzed in stably transfected C2C12 cells
[Xiao et al., 2001b]. The cells were plated at a
density of 1� 104 cells/well in 24-well plates and
grown in DMEM containing 10% v/v FBS for
24 h, then cultures were placed in phenol red-
free DMEM supplied with 0.1% v/v FBS. After

an additional 24 h, the cells were placed
in phenol red-free DMEM supplemented with
5% v/v FBS (DCS) and treated with Gen
(10�8� 10�6 M) in the presence and absence of
L-NMMA (1� 10�3M) or ICI182,780 (10�7M) or
ODQ (10�6 M). After 48 h treatment, the
luciferase activity was measured using the
Luciferse assay system (Promega) on a mono-
light 2010 luminometer (PharMingen, San-
Diego, CA).

Statistical Analysis

The data were expressed as the mean�SD.
and statistically analyzed by one-way ANOVA.
Values considered to be statistically significant
were P< 0.05.

RESULTS

Effect of Gen on DNA Synthesis, ALP Activity, and
Calcium Deposition in Mouse BMSCs Cultures

We had shown in our previous study that in
this mouse BMSCs culture model [Xiao et al.,
2001a] ALP activity and calcium deposition
increased in a time-dependent way and reached
the highest level after 8 and 12 days incubation,
respectively. Thus, we determined these two
indices at the corresponding time point. In the
presence of [3H]thymidine, treatment with Gen
10�8–10�6 M for 24 h dose-dependently in-
creased the [3H]thymidine incorporation into
DNA. The same dose-dependent reactions were
also found in ALP activity and calcium deposi-
tion, respectively after 8- and 12-days incuba-
tion (Table I). The stimulations were
statistically significant at 10�7 M. Gen (10�6

M) was found to give the maximal response
when compared with control (Table I). This
concentration was then used for the proceeding
experiments. The increases induced by Gen
(10�6 M) on [3H]thymidine incorporation, ALP
activity and calcium deposition were inhibited
by coincubation with a pure ER antagonist
ICI182,780 (10�7 M), or a NOS inhibitor L-
NAME (3 or 6� 10�3 M), or a soluble guanylyl
cyclase (GC) inhibitor ODQ (10�6 M), although
these inhibitors alone had no effect on these
indices (Table II). E2 (10�8 M), similar to Gen
(10�6 M), also increased the [3H]thymidine
incorporation, ALP activity, and calcium de-
position respectively after treated for indicated
days, which were also abolished by either ICI-
182,780 (10�7M) or L-NAME(3or 6� 10�3M), or
ODQ (10�6 M) (Table II).
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Effect of Gen on NO Production and NOS Activity
in Mouse BMSCs Cultures

The NO metabolite level in the CM was
elevated in a dose-dependent manner after
treated with Gen (10�8� 10�6 M) for 8 days,
the increment in NO production was small but
significant. The tNOS activity but not iNOS
activity was stimulated by Gen (10�8–10�6 M),
while only 10�6 M Gen gave the statistically
significant response (P< 0.05 vs. control). No
apparent response was found in iNOS activity.
E2 (10�8 M) showed the similar effect as Gen
(10�6 M) on NO release and NOS activity of
BMSCs. The increases in NO release and NOS
activity caused byGen (10�6M) andE2 (10

�8M)
were abolished by ICI182,780 (10�7 M) or L-
NAME (3� 10�3M), but not byODQ (10�6M), a
downstreameffect inhibitor ofNOS/NO cascade
(data not shown).

Effect of Gen on cGMP Content in the
CM of Mouse BMSCs Cultures

The cGMP content in the CM was dose-
dependently elevated by Gen (10�8� 10�6 M)
after treatment for 1 h (Fig. 1). Gen (10�6 M)
gave the greatest responsewhen comparedwith
control (P< 0.01). The increase caused by Gen
(10�6M)wasdiminishedwhencoincubatedwith
ICI182,780 (10�7 M) or L-NAME (3� 10�3 M) or
ODQ (10�6 M); however, these antagonists
alone did not affect the cGMP production
(Fig. 1). Positive control E2 (10�8 M) also
increased the cGMP content in the CM, which
was attenuated by ICI182,780 (10�7 M) (Fig. 1).

Effect of Gen on the
mRNA Expression of Runx2/Cbfa1

The real-time RT-PCR analysis was per-
formed to evaluate the effect of Gen on the

TABLE I. Dose-Dependent Effect of Genistein (Gen) on the
[3H]Thymidine Incorporation, Alkaline Phosphatase (ALP)

Activity and, Calcium Deposition of Mouse Bone Marrow-Derived
Mesenchymal Stem Cells (BMSCs)

Group
[3H]thymidine incorporation

(% control)
ALP activity

(hM/min/mg protein)
Calcium deposition
(mg/mg protein)

Control 98� 3 1.70�0.11 224�9
Gen (M)

10�8 105� 12 1.79�0.10 247� 24
10�7 121� 20b 1.92�0.13b 267� 22b

10�6 177� 11c 2.10�0.18b 279� 12c

10�5 116� 20b 1.99�0.14b 247� 9

n¼ 6, mean�SD, bP< 0.05, cP< 0.01 versus control (Me2SO).

TABLE II. Inhibition of ICI182,780, or L-NAME or ODQ on the
Gen (10�6 M)-Induced Stimulation on the Proliferation and

Osteoblastic Differentiation of Mouse BMSCs

Group

[3H]thymidine
incorporation (%

control)
ALP activity

(hM/min/mg protein)
Calcium deposition
(mg/mg protein)

Control 98�3 1.70�0.11 224� 9
Gen 177�11b 2.10� 0.18b 279�12b

ICI182,780 97� 9 1.60�0.12 219� 12
Genþ ICI182,780 154� 6c 1.74� 0.07c 234� 10c

L-NAME* 98� 9 1.50�0.21 210� 10
Genþ L-NAME* 124� 13c 1.70� 0.15c 219� 15c

ODQ 102� 14 1.67�0.17 224� 8
GenþODQ 123� 12c 1.73�0.13c 230� 10c

E2 221�31b 2.50� 0.35b 363�22b

E2þ ICI182,780 124�11d 1.70� 0.21d 248�23d

E2þ L-NAME* 114�39d 1.84� 0.17d 263�20d

E2þODQ 164�28d 1.97� 0.21d 253�22d

n¼ 6, mean�SD, bP< 0.01 versus control (Me2SO). cP< 0.05 versus Gen. dP< 0.05 versus E2.
*The concentration of L-NAME used in assay of the [3H]thymidine incorporation was 6�10�3 M, and
in assay of the ALP activity and the calcium deposition was 3� 10�3 M.
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expression of mRNA for Runx2/Cbfa1 isoforms
inBMSCs cultures at day 12.When compared to
control cultures, the Gen-treated (10�6 M)
groups had a three-fold increase in Runx2/

Cbfa1 mRNA message, both Runx2/Cbfa1 type
I and type II isoform had equal effects. Osteo-
calcin, the downstream gene of Runx2/Cbfa1,
was also significantly increased in the Gen-
treated (10�6 M) groups. Again, 3� 10�3 M L-
NAME or 10�7 M ICI182,780 reversed the
upregulation of Runx2/Cbfa1 and Osteocalcin
gene byGenwhen itwas addedwith10�6MGen
into the culture medium. In contrast, ODQ
(10�6 M) only partially abolish Gen-induced
increments. L-NAME or ICI182,780 or ODQ
alone had no effect on the gene expression
(Table III). E2 (10

�8M) showed the similar effect
as Gen (10�6 M) on Runx2/Cbfa1 and Osteo-
calcin expression, which was abolished by
ICI182,780 (10�7 M) (Table III).

Stimulation of Gen on Runx2/Cbfa1
Promoter Activity

To examine the effect of Gen on Runx2/Cbfa1
promoter, we stably transfected mouse Runx2/
Cbfa1 P1 promoter/luciferase reporter con-
structs (p1.4Cbfa1-Luc) into undifferentiated,
mesenchymal-derived, pluripotent C2C12 cells.
Gen (10�8� 10�6 M) caused dose-dependent
increases in p1.4Cbfa1-Luc expression levels
as compared with control (Gen 10�6 M vs.
control, P< 0.01). The increase induced by Gen
(10�6 M) was abolished in the presence of L-
NMMA (1� 10�3 M) or ICI182,780 (10�7 M) or
ODQ (10�6 M); however, treatment with L-
NMMA or ICI182,780 or ODQ (10�6 M) alone
had no effect (Fig. 2).

DISCUSSION

Our findings provide the first evidence that
Gen also acts on mouse BMSCs to promote cell
proliferation and osteoblastic differentiation

TABLE III. Inhibition of ICI182,780, or L-NAME or ODQ on the
Gen (10�6 M)-Induced Runx2 Expression of Mouse BMSCs

by Real-Time PCR

Group Runx2 Runx2-I Runx2-II Osteocalcin

Control 1.00� 0.15 1.00� 0.26 1.00�0.17 1.00� 0.27
Gen 3.18�0.17b 3.24�0.25b 3.08� 0.15b 6.38� 0.31b

ICI182,780 1.05� 0.15 1.03� 0.24 0.98�0.16 1.04� 0.28
Genþ ICI182,780 1.16� 0.18c 1.15� 0.27c 1.17� 0.17c 1.75� 0.27c

L-NAME* 1.18� 0.19 1.13� 0.28 1.22�0.18 1.02� 0.28
Genþ L-NAME* 1.18� 0.13c 1.11� 0.23c 1.14� 0.13c 1.17� 0.33c

ODQ 1.08� 0.14 0.96� 0.25 1.15�0.15 1.02� 0.25
GenþODQ 2.51� 0.16c 2.29� 0.21c 2.44� 0.11c 4.65� 0.32c

E2 2.92�0.14b 2.26�0.25b 2.18� 0.18b 6.19�0.28b

E2þ ICI182,780 1.01�0.16d 1.05�0.23d 1.23� 0.16d 1.67� 0.26d

n¼ 4, mean�SD, bP<0.01 versus control (Me2SO). cP<0.05 versus Gen. dP< 0.05 versus E2.
*The concentration of L-NAME was 3�10�3 M.

Fig. 1. Effect of genistein (Gen) on cGMP content in the
conditioned media (CM) of mouse bone marrow-derived
mesenchymal stem cells (BMSCs). A: Dose-dependent effects
of Gen on cGMP content in the CM of mouse BMSC cultures.
B: Inhibition of ICI or L-NAME or ODQ on the Gen (10�6 M)-
induced increases on cGMP content in the CM of mouse BMSC
cultures. BMSCs were treated with Gen (10�6 M) in the presence
or absence of ICI (10�7 M) or L-NAME (3�10�3 M) or ODQ
(10�6 M) for 8 days. The amount of cGMP in the media was
measured with the EIA kit as described in ‘‘Materials and
Methods.’’ E2 as a positive control. n¼6, mean� SD. aP<0.05,
bP< 0.01 versus control (Me2SO). cP< 0.05 versus Gen.
dP< 0.05 versus E2.
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through activation of ER-dependent NO/cGMP
pathway (Table II). The effective dose range for
the actions of Gen in this assay system was
between 10�8 and 10�6 M, levels attainable by
dietary supplementation of soybean-rich food
[Yamamoto et al., 2001; Chen et al., 2003].
These findings in BMSC cultures were in a line
with previous studies showing a stimulatory
effect of Gen and daidzein, another isoflavone,
on the osteoblastic cell line MC3T3-E1 [Yama-
guchi and Sugimoto, 2000; Choi et al., 2001;
Kannoa et al., 2004] and Gen effects on human
bone marrow stromal cells [Heim et al., 2004].
Moreover, our findings indicate that the bone
anabolic effects of isoflavones likely involve
recruitment and differentiation of osteoblastic
precursors that results in increased osteoblast-
mediated bone formation and increased bone
mass in a dose-dependent manner [Choi et al.,
2001; Kannoa et al., 2004].
Wealsoprovide evidence thatERmediates, at

least in part, Gen-stimulated proliferation and

osteoblastic differentiation in mouse BMSCs.
Not only was Gen effects on mouse BMSCs gro-
wth and differentiation similar to that observed
with 17b-estrodial, but these effects were
significantly inhibited by the antiestrogen
ICI182,780. A role of ER in mediating Gen
effects on osteoblasts has been previously
reported [Wang et al., 1996]. Indeed, Gen can
bind to ERb and ERa, but possesses higher
affinity for ERb than for ERa [Kuiper et al.,
1997]. However, Gen is a much weaker ER
agonist and is non-selective for ERb and ERa
[Rickard et al., 2003]. Since the anabolic skelet-
al effects of estrogen are thought to bemediated
by ERb rather than ERa [Vidal et al., 2000], the
actions of Gen on bone may differ from those of
estrogen treatment. In contrast to the anabolic
effects of lower does, Gen at higher doses
(10�5 M) was not as efficient (Table I), findings
consistent with the reported adverse effects on
bone cells of high dose Gen [Anderson et al.,
1998]. The effects of high dose Gen may be
mediated by ER-independent effects. In this
regard, it was reported that Gen has biphasic
effect on the growth of the breast cancer cells,
at concentrations that are sufficient to elicit
transcriptional activity in transfection experi-
ments (�10�6 M), Gen stimulates the prolifera-
tion of breast cancer cells in an ER-dependent
way; while at concentrationsmore than 10�5M,
Gen becomes cytotoxic. Although Gen is known
to have actions to inhibit tyrosine kinase and
topoisomerases [Yoon et al., 1998], the concen-
trations required for these actions are much
greater than those used in the current studies.
Nevertheless, it is likely that Gen is also acting
through estrogen independent pathways, since
BMSCproliferation is not completely blockedby
either ER antagonist (Table II).

We also have evidence that the NO/cGMP
pathway is downstream of Gen-dependent ER
activation. In accord with our previous study,
which found that ADMA impaired osteoblastic
differentiation of mouse BMSCs culture [Xiao
et al., 2001a], the positive actions of Gen on
mouse BMSCs growth and differentiation were
blocked by L-NAME. We then further deter-
mined NO production in the CM and the NOS
activity of the cells after Gen treatment. Gen
promoted the NO production in the CM and the
activity of calcium-dependent NOS isoform but
not that of calcium-independent NOS isoform.
Our observations coincided with that of others,
which reported that estrogen stimulates NOS

Fig. 2. Effect of Gen on Runx2/Cbfa1 P1 promoter activity. A:
Dose-dependent effects of Gen on Runx2/Cbfa1 P1 promoter
activity. B: Inhibition of ICI or L-NMMA or ODQ on the Gen
(10�6 M)-induced increases in Runx2/Cbfa1 P1 promoter
activity. C2C12 cells stably transfected with the 1.4 kb Runx2/
Cbfa1 P1 promoter-Luciferase construct (p1.4Cbfa1-Luc) and
treated with Gen in the presence or absence of ICI (10�7 M) or L-
NMMA (1�10�3 M) or ODQ (10�6 M) for 48 h. E2 as a positive
control. n¼6, mean� SD. aP< 0.05, bP<0.01 versus control
(Me2SO). cP<0.05 versus Gen. dP<0.05 versus E2.
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activity in osteoblastic cells by activation of
eNOS mRNA expression [Armour and Ralston,
1998]. In contrast to the dramatic effect of Gen
as evidenced by the effect of NO inhibitors to
block cGMP production (Fig. 2), we observed
only modest, but significant effects of Gen to
stimulate NO production in the CM of BMSC.
The reasons for this discrepancy may be the
sensitivity and limitation of experimental con-
dition in our current study.

The Gen-induced increases in NO release,
NOS activity, and extracellular cGMP level
were all diminished by ICI182,780, which
suggested that Gen stimulated NO and cGMP
production through ER(s). It has been reported
that estrogen, by binding to ERa, leads to rapid
activation of the eNOS, which is the principal
mechanism of NO release in estrogen-induced
endothelium-dependent vasodilatation. This
action of estrogen is independent from gene
transcription andwas proposed to be associated
with the activation of MAPK, tyrosine kinase-
dependent pathway and phosphatidylinositol-
3-OH kinase (PI3K)/Akt pathway [Chen et al.,
1999; Simoncini et al., 2000]. Further studies
are needed to determine the NO dependent
pathway in the effect of Gen by binding to ER.

Finally, we showed thatGen activation of ER/
NO resulted in upregulation of Runx2/Cbfa1
gene expression. It is known that Runx2/Cbfa1,
an osteoblastic-specific transcription factor,
plays a key role in osteoblast recruitment and
differentiation as well as postnatal bone forma-
tion [Ducy et al., 1997, 1999]. In our study, we
found that Gen stimulated Runx2/Cbfa1 P1
promoter activity (Fig. 2) and enhanced both
Runx2/Cbfa1 type I and type II isoforms mRNA
expression (Table III), which is consistent
with similar studies in human primary bone
marrow stromal cell cultures [Heim et al.,
2004]. Heim et al. found that Gen acted
similarly to E2 during the early osteogenic
phase by upregulation of the osteoblast-deter-
mining Cbfa1 and downregulation of the adi-
pogenic regulator PPARg, while Gen also
upregulated OPG:RANKL ratio and TGFb
mRNA expression during late differentiation
via an ER-dependent mechanism. As shown in
Table III, we also observed the increment of
Runx2/Cbfa1 expression by Gen and E2 was
diminished by ICI182,780, an antiestrogen, and
L-NAME, anNOS inhibitor, indicating thatGen
affected expression of the gene at least in part
through the same way as Gen promoted the

proliferation and differentiation of mouse
BMSCs, although ODQ did not completely but
significantly block the effect of Gen on Runx2/
Cbfa1 expression (Fig. 2 and Table III), suggest-
ing Gen was acting through both cGMP-depen-
dent and -independent pathways. The precise
signal transduction events mediating these
effects has not been investigated in our study.
E2 has been shown to upregulate Runx2/Cbfa1
activity via activation protein-1 (AP-1) binding
site [Tou et al., 2001]. Moreover, cGMP, by
activating G-kinase, modulated c-fos expres-
sion, which is a part of AP-1 transcription factor
complex. Further studies will be needed to
understand the mechanism whereby E2 upre-
gulates Runx2/Cbfa1 activity.

In conclusion, Gen can stimulate prolifera-
tion and osteoblastic differentiation of mouse
BMSCs through mechanisms involving the
ER–NO–cGMP pathway. Activation of this
pathway may mediate the anabolic effects of
Gen on bone and serve as an important mecha-
nism for this isoflavone effectiveness as an
antiosteoporotic treatment.
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