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Abstract

Osteoblast and osteoclast activity is disrupted in post-menopausal osteoporosis. Thus, to fully address this imbalance, therapies should
reduce bone resorption and promote bone formation. Dietary factors such as phyto-oestrogens and Zn have beneficial effects on osteoblast
and osteoclast activity. However, the effect of combinations of these factors has not been widely studied. We therefore examined the effect
of coumestrol, daidzein and genistein in the presence or absence of zinc sulphate (Zn) on osteoclast and osteoblast activity. Osteoclast
differentiation and bone resorption were significantly reduced by coumestrol (107" M), daidzein (107°m) and genistein (1077 m); and
this direct anti-osteoclastic action was unaffected by Zn (107> ). In addition, Zn augmented the inhibitory effect of phyto-oestrogens
on the osteoblast-derived stimulus for osteoclast formation, significantly reducing the ratio of receptor activator of NF-kB ligand
(RANKL)-to-osteoprotegerin mRNA expression in human osteoblast. We then examined the effect of these compounds on osteoblast
activity. Mineralisation was enhanced by coumestrol (10~ to 10~ M), daidzein (107 to 107°w) and genistein (107> M); and Zn significantly
augmented this response. Zn and phyto-oestrogens also significantly enhanced alkaline phosphatase activity and Runt-related transcription
factor 2 (Runx2) mRNA expression. On the other hand, Zn blunted phyto-oestrogen-induced type I collagen and osteocalcin expression
and suppressed coumestrol and daidzein-stimulated osterix expression. Zn may therefore modify the anabolic action of phyto-oestrogens,
promoting characteristics associated with early rather than late stages of osteoblast differentiation. Our data suggest that while Zn enhances
the anti-osteoclastic effect of phyto-oestrogens, it may limit aspects of their anabolic action on bone matrix formation.
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The skeleton constantly remodels in response to changes in Hormone replacement has been shown to prevent the

mechanical load, serum Ca and micro-damage™™®. This
dynamic process generates a bone mass and structure optimised
to current physical and mineral requirements. At a cellular
level, remodelling is performed by osteoblasts that secrete
and mineralise new bone matrix and osteoclasts that resorb
bone. Osteoblast and osteoclast activity is tightly regulated
such that during each remodelling cycle osteoblast formation
is temporally coupled to resorption, ensuring that there is
little net bone loss. However, this balance is disrupted in
many skeletal disorders such as post-menopausal osteoporosis
and osteomyelitis®®. In post-menopausal women, the
reduction in circulating oestrogen increases bone turnover
and skews remodelling in favour of osteoclastic resorption(/').
The resulting bone loss increases fracture risk at elements with
a high trabecular content such as the femoral neck and distal
radius and ulna.

increase in osteoclast formation and thereby reduce fracture
risk®. Hormone replacement also has an anabolic action,
increasing bone formation and volume in rats and
humans®”. This contrasts with other antiresorptive drugs,
such as bisphosphonates, which typically only suppress osteo-
clast activity. However, the widespread use of hormone repla-
cement has been re-assessed in the light of large-scale clinical
trials that showed a substantial increase in the risk of breast
cancer and CHD in older women prescribed combination
hormone replacement. Therefore, several alternative com-
pounds with oestrogenic actions have been examined for
their antiresorptive and anabolic potential. These include
phyto-oestrogens, a diverse group of plant-derived factors
with a structure and function similar to oestradiol. Some
epidemiological studies suggest that diets with high phyto-
oestrogen content, such as soya-rich diets, may generate a

Abbreviations: B-GP, B-glycerophosphate; ALP, alkaline phosphatase; L-AA, L-ascorbic acid; OPG, osteoprotegerin; RANK, receptor activator of NF-kB;
RANKL, receptor activator of NF-«kB ligand; Runx2, Runt-related transcription factor 2; TRAP, tartrate-resistant acid phosphatase.
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more robust skeleton. A positive association between soya
consumption and bone mineral density has been noted in
Asians® 1
beneficial effects on bone mineral density
not all studies note a positive effect at all skeletal sites and
efficacy varies depending on the phyto-oestrogen and dose
studied™™.

The protective effect of phyto-oestrogens is thought to
occur through a combination of osteoclast- and osteoblast-
mediated actions. Several studies note decreases in resorption

and supplements have also been shown to have

A1-19 However,

markers following phyto-oestrogen supplementation(9‘16) and
in vitro studies show a direct suppressive effect of phyto-
oestrogens on cytokine-induced osteoclast differentiation”1®.
In addition to suppressing resorption, phyto-oestrogens have
also been shown to increase bone formation markers such as
serum alkaline phosphatase (ALP) and osteocalcin levels
(219 Genistein has also been
shown to increase mineral apposition and bone formation

29 and phyto-oestrogens stimulate
21-23)

in post-menopausal women

rates in ovariectomised rats
osteoblast differentiation and mineralisation in vitro

In addition, other nutritional factors have been shown to
influence remodelling activity. Zn promotes osteoblast activity
in vitro®®, Zn deficiency is associated with osteopenia in
men® and Zn supplements prevent exercise-induced falls
in long bone mass in rats®®. Osteoclast activity is also
decreased by Zn*?®_ The ability of dietary factors to not
only prevent further bone resorption but also replace bone
already lost is desirable; however, studies have not fully exam-
ined the effect of combinations of dietary factors on bone cell
differentiation and activity. Similarly, the effect of these factors
on osterix mRNA expression which regulates the formation of
mature osteoblasts has not been investigated. We therefore
examined the effect of genistein, coumestrol and daidzein
in the presence of Zn on osteoblast and osteoclast function
in vitro.

Methods
Media and reagents

Saos-2 human osteoblast-like cells were obtained from ECACC
(catalogue no. 89050205) and cultured in phenol red-free
Roswell Park Memorial Institute (RPMI)-1640 supplemented
with 10% charcoal-stripped fetal calf serum (Autogen
Bioclear) 2mmol/l glutamine, 100IU/ml benzylpenicillin
and 100mg/ml streptomycin (all from Sigma). RAW264.7
monocytes (American Type Culture Collection, catalogue no.
TIB-71) were incubated in phenol red-free Dulbecco’s
minimum essential medium supplemented with 10% char-
coal-stripped fetal calf serum (Autogen Bioclear), 2mmol/l
glutamine, 1001U/ml benzylpenicillin and 100 mg/ml strepto-
mycin (all from Sigma). All incubations were performed at
37°C in 5% CO,, and cultures fed every 2—3d by replacing
half of the culture volume with fresh medium. Zinc sulphate
heptahydrate (Zn) was obtained from Sigma. The non-
selective oestrogen antagonist ICI 182780 was obtained from
Tocris Biosciences. Recombinant murine TNF-a was pur-
chased from Insight Biotechnology. All other reagents and
kits were obtained from Sigma unless stated.

Measurement of mineralisation and alkaline phosphatase
activity

Preliminary studies established that concentrations of Zn
below 10> M showed no interaction with phyto-oestrogens;
and all subsequent studies therefore used Zn at a concen-
tration of 10~ °M. The effect of coumestrol (107> to 10_9M),
daidzein (107> to 10 ?M) and genistein (107> to 107M) in
the presence or absence of Zn (10 °M) on ALP activity was
assessed as follows. Saos-2 cells (1 X 10* per wel) were
incubated in ninety-six-well plates for 24h to enable cells to
adhere. Cultures were then incubated in relevant phyto-oes-
trogen and Zn concentrations in the presence of B-glycero-
phosphate (B-GP; 10mm) and L-ascorbic acid (1-AA; 50 mg/D
for 4d. ALP activity was measured by staining cultures with
p-nitrophenyl phosphate (1 mg/ml in 0-2m-Tris buffer at
37°C for 30 min‘®”. Absorbance was measured at 405 nm and
the results were then normalised to total cell number and
expressed as the amount of ALP required to liberate 1 mmol
of p-nitrophenol/min per 10* cells.

Mineralisation was assessed using a modification of Hale’s
methodology®®. This enables the rapid and direct quantifi-
cation of mineralisation by measuring calcein incorporation
into mineralised nodules. Cells were treated with B-GP
(10mMm) and 1-AA (50 mg/D) to initiate mineralisation and the
medium supplemented with genistein, daidzein or coumestrol
(107> to 1072M) with or without Zn (107> m). After 18d of
incubation, the culture medium was aspirated, the monolayer
washed with PBS and incubated in culture medium containing
1 pg/ml calcein for 4h at 37°C. Cultures were then washed
three times in PBS and the fluorescence measured by a
cytofluor II fluorescence multi-well plate reader (PerSeptive
Biosystem) at 485 nm excitation and 530 nm emission.

Proliferation

Saos-2 cells were cultured in ninety-six-well plates at a density
of 1 X 10* cells per well in the presence of coumestrol (10~ to
10_9M), daidzein (107> to 10" M) or genistein 107> to
10~ 7M) with or without Zn (10 °m) for 4d. Proliferation
was then assessed using a commercial AQueous one solution
cell proliferation assay (Promega) according to the manu-
facturer’s instructions.

Real-time quantitative PCR analysis

Saos-2 cells (5% 10° per well) were incubated in six-well
plates for 24, 48 or 96h with coumestrol (107" M), genistein
(1077M) or daidzein (107 °m) with or without Zn (107 m).
Total RNA was extracted from these cultures using a Sigma
genelute RNA isolation kit and reverse-transcribed with Molo-
ney Murine Leukemia Virus RT using random nonamer pri-
mers. Real-time PCR was performed on a StepOne PCR
system (Applied Biosystems) using the DNA-binding dye
SYBR green for detection of PCR products. A total of 2 ul of
external plasmid standard or complementary DNA were
added to a final reaction volume of 25pl containing
0-05U/pul Taqg, SYBR green and specific primers (0-2 um).
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Primers for genes were as follows: human osteocalcin forward
CCCAGCGGTGCAGAGTCCAG, reverse CCTCCCTCCTGGGC-
TCCAGG; human Runt-related transcription factor 2 (Runx2)
forward AGACCCCAGGCAGGCACAGT, reverse GCGCCTAG-
GCACATCGGTGA; human osterix forward GCACCCTGGAGG-
CAACTGGC, reverse GAGCTGGGTAGGGGGCTGGA; human
type 1 collagen forward CCTGGCAGCCCTGGTCCTGA,
reverse CTTGCCGGGCTCTCCAGCAG; human receptor activa-
tor of NF-kB ligand (RANKL) forward ACAGGCCTTTCAAGG-
AGCTGTGC, reverse ACCAGATGGGATGTCGGTGGC;
human osteoprotegerein forward AATCGCACCCACAACCGCGT
reverse  AGCAGGAGACCAAAGACACTGCA; human B-actin
forward GCGCGGCTACAGCTTCACCA, reverse TGGCCGTCA-
GGCAGCTCGTA. For the generation of standard curves, the
corresponding complementary DNA was cloned into pGEM-
T Easy (Promega). The concentration of DNA plasmid stock
was determined by the optical density at 260 nm. Copy
number for each plasmid was calculated from these measure-
ments. The linear range of the assay was determined by the
amplification of log serial dilutions of external plasmid stan-
dard from 500 to 5 X 10° copies. The progress of the PCR
amplification was monitored by real-time fluorescence emitted
from SYBR Green during the extension time. Reaction con-
ditions were 94°C for 2min, followed by thirty-five cycles of
94°C for 30s, 60°C for 30s and 72°C for 30s. At the end of
each PCR run, a melt curve analysis was performed to show
the absence of non-specific bands. For each sample, mRNA
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levels were expressed as an absolute copy number normalised
against the B-actin gene. The mRNA copy number was calcu-
lated for each sample from the standard curves by the instru-
ment’s software. The samples were analysed in triplicate.

Osteoclast differentiation and bone resorption assays

To examine the direct effect of Zn on the anti-osteoclastic
action of phyto-oestrogens, RAW2064.7 cells were transferred
to ninety-six-well plates at a density of 1x 10* cells per
well. The effect of Zn on the anti-resorptive action of phyto-
oestrogens was assessed by seeding 10" RAW264.7 cells onto
20mm? slices of devitalised bovine bone in ninety-six-well
plates. Cells and bone slices were then incubated with com-
binations of TNF-a (50 ng/ml), genistein (107° to 1079M),
daidzein (107> to 107°M) or coumestrol (107> to 10~ °m)
with or without Zn (107°m) for 4d for assessment of
tartrate-resistant acid phosphatase (TRAP)-positive osteoclast
formation or 8d for bone resorption.

Assessment of tartrate-resistant acid phosphatase-positive
osteoclast formation

Osteoclast formation was evaluated by staining for the specific
osteoclastic marker TRAP using a modification of the method
3D using naphthol AS-BI phosphate as a substrate.
The number of TRAP-positive cells was counted using an
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Fig. 1. Zinc has no effect on the direct anti-osteoclastic action of phyto-oestrogens. RAW264.7 cells were incubated in the presence of TNF-a (50 ng/ml) for 4—8d
plus coumestrol (10™° to 10~ °m, &), daidzein (10~° to 10 °wm, &) or genistein (10" ° to 10~ °wm, E) in the presence or absence of zinc (10~ °m, m@). Osteoclast for-
mation was assessed by tartrate-resistant acid phosphatase (TRAP) staining and bone resorption was determined by the percentage of bone surface displaying
resorption pits analysed by reflected light microscopy. Values are means of three separate experiments, with their standard errors represented by vertical bars.
Differences between groups were assessed by one-way ANOVA. * Mean values were significantly different from those of the TNF-a-treated group (P<0-05).
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eyepiece graticule at a magnification of X 100 and the results
expressed as the number of cells/cm?®. All experiments were
performed in triplicate.

Bone resorption

After incubation, cells were removed from the surface of bone
slices by immersion in 10% (v/v) receptor activator of NF-kB
(RANK) sodium hypochlorite for 10 min, followed by washing
in distilled water and dehydration in 70% ethanol. After
drying, slices were mounted onto glass slides and stained
with 1% toluidine blue for 2min, washed in distilled water
and then dehydrated in ethanol to enable visualisation of
resorption pits. The percentage of bone surface resorbed
was quantified by reflected light microscopy using an eye-
piece graticule and magnification of X 100 on an Olympus
BHB microscope with a Schott KL1500 light source.

Statistical analysis

Differences between groups were assessed using Fisher’s one-
way ANOVA (Statview; Abacus Concepts). A difference of
P<0:05 was considered statistically significant.

Results

Zinc has no effect on the direct anti-osteoclastic action of
phyto-oestrogens

Excessive resorption is central to bone loss in several skeletal
disorders including post-menopausal osteoporosis. We and
others have previously shown that phyto-oestrogens possess
antiresorptive actions, directly suppressing cytokine-induced
osteoclast differentiation and bone resorption™®. However,
the effect of combinations of phyto-oestrogens and Zn on
this direct anti-osteoclastic action has not been examined.
As shown previously*®’
all significantly suppressed TRAP-positive osteoclast formation
and bone resorption (Fig. 1). The dose—response for the
phyto-oestrogens matched previous results with maximal sup-
pression noted with coumestrol (107" M), daidzein (107> M)
and genistein (10~7m). In contrast, TRAP-positive osteoclast
formation and bone resorption were unaffected in the pre-
sence of Zn alone. Furthermore, the anti-osteoclastic action
of all phyto-oestrogens was not affected by the addition of
Zn (Fig. D.

, coumestrol, daidzein and genistein,

Zinc augments the suppressive action of phyto-oestrogens
on osteoblastic receptor activator of NF-«kB
ligand:osteoprotegerin ratio

Phyto-oestrogens may also indirectly suppress osteoclast for-
mation by modifying expression of the key osteoblast-derived
regulators of osteoclastogenesis RANKL and osteoprotegerin
(OPG). Osteoclast formation is dependent on a balance
between two osteoblast-derived cytokines, RANKL which
induces osteoclast differentiation after binding to its receptor
receptor activator of NF-kB (RANK) and OPG, a soluble
decoy receptor which sequesters RANKL, preventing RANK

activation®®. To assess the effect of phyto-oestrogens and
Zn on RANKL and OPG expression, we incubated osteoblasts
with Zn and the concentrations of phyto-oestrogens shown to
have the maximal suppressive effect on osteoclastogenesis.
We found that the RANKL:OPG gene expression ratio was sig-
nificantly reduced by Zn (4:16-fold), coumestrol (1-88-fold)
and genistein (3-57-fold) in comparison to control (Fig. 2).
Furthermore, combinations of Zn and genistein or coumestrol
further reduced RANKL/OPG gene expression in comparison
to Zn or phyto-oestrogens alone (Fig. 2). In contrast, although
daidzein lowered RANKL/OPG expression, this did not reach
significance and in the presence of daidzein the suppressive
action of Zn was not noted (Fig. 2).

Zinc augments the stimulatory effect of phyto-oestrogens
on osteoblast mineralisation

To examine the potential interaction between phyto-oestrogens
and Zn on osteoblast differentiation and activity, we utilised
human Saos-2 osteoblast-like cells which readily form minera-
lised nodules in the presence of 1-AA and B-GP. Genistein,
daidzein and coumestrol all enhanced mineralisation, with
coumestrol having the most pronounced effect (Fig. 3(a)).
Zn alone had no significant effect on mineralisation as
assessed by calcein incorporation into mineralised nodules.
Coumestrol (10> to 10~ 7 M) significantly enhanced osteoblas-
tic mineralisation, with maximal effects noted at 10~ °m which
induced a 1-62-fold increase in mineralisation. Daidzein (10>
to 107 °m) also significantly enhanced mineralisation with a
maximal 1-43-fold increase noted at 10> M. Genistein stimu-
lated a significant 1-39-fold increase in calcein incorporation
at the highest dose studied (10"°M). The addition of Zn
augmented the anabolic effect of all phyto-oestrogens, signifi-
cantly increasing mineralisation compared to cultures treated
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Fig. 2. Phyto-oestrogens and zinc suppress the osteoblast-derived stimulus
for osteoclast formation. Human osteoblast-like Saos-2 cells were incubated
with zinc plus coumestrol (10~"m, @), daidzein (107 °wm, &) or genistein
(10~"m, E) in the presence or absence of zinc (10~ °m, m). Total RNA was
extracted and the expression of receptor activator of NF-«B ligand (RANKL)
and osteoprotegerin (OPG) quantified by real-time PCR. Data were normal-
ised to B-actin and expressed as a ratio of RANKL-to-OPG expression in
comparison to control. Values are means of two separate experiments, with
their standard errors represented by vertical bars. Differences between
groups were assessed by one-way ANOVA. *Mean values were significantly
different from those of the control group (P<0-05). t Mean values were sig-
nificantly different from those of the zinc- or relevant phyto-oestrogen-treated
group alone (P<0-05).
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Fig. 3. Zinc augments the effect of phyto-oestrogens on osteoblast mineralisation and differentiation. Saos-2 cells were incubated with coumestrol (10”5 to
107°wm, @), daidzein (1075 to 10~°m, &) or genistein (107° to 10~°m, E) with or without zinc (10~°wm, @) for 4-18d. Mineralisation, osteoblast differentiation and
proliferation were then assessed using (a) calcein incorporation, (b) alkaline phosphatase (ALP) activity and (c) 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) assays. Values are means of three separate experiments, with their standard errors represented by
vertical bars. Differences between groups were assessed by one-way ANOVA. *Mean values were significantly different from those of the control group
(P<0-05). T Mean values were significantly different from those of the zinc- or relevant phyto-oestrogen-treated group (P<0-05).

with phyto-oestrogen alone, coumestrol (107> to 107 M),
daidzein (107 to 10~ °m) and genistein (107> to 10~ m). To
assess whether the augmentative action of genistein, coumes-
trol and daidzein was mediated by an oestrogen-dependent
mechanism, we cultured cells with concentrations of phyto-
oestrogens shown to enhance mineralisation in the presence
or absence of the oestrogen antagonist ICI 182780 ( 10" °m).
The antagonist had no effect on mineralisation in control cul-
tures, but prevented the augmentative effect of genistein,

daidzein or coumestrol in the presence or absence of
Zn (Fig. 4), suggesting that phyto-oestrogens directly enhance
osteoblastic mineralisation by an oestrogen receptor-
dependent mechanism.

To determine the cellular mechanism by which Zn and
phyto-oestrogens enhanced mineralisation, we examined
their effect on osteoblast proliferation and ALP expression.
As shown previously, Saos-2 cells constitutively express
detectable levels of ALP in the presence of 1-AA and B-GP,
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Saos-2 cells were cultured with phyto-oestrogen concentrations shown to promote mineralisation and suppress osteoclast formation coumestrol (1077 M, g),
daidzein (10~°m, &), genistein (10~7 M, 5) with or without ICI 182780 (10 ®m, m). (b) Saos-2 cells were cultured with zinc (10~°m) plus phyto-oestrogen concen-
trations shown to promote mineralisation coumestrol (10~" M, m), daidzein (10™°wm, &), genistein (10”7 M, B) with or without ICI 182780 (10 ®m, m). Values are
means of three separate experiments, with their standard errors represented by vertical bars. Differences between groups were assessed by one-way ANOVA.
*Mean values were significantly different from the indicated group (P<0-05). RFU, related fluorescence ratio.

which was significantly elevated in the presence of Zn for 4d
(Fig. 3(b)). The augmentative action of Zn was further
enhanced in the presence of coumestrol 1077 to 1077M),
daidzein (107> to 10 M) or genistein (107> to 1077 M). Peak
interactions were noted at 10> m daidzein, 10”°M coumestrol
and 10" %wm genistein which induced a significant 1-34-, 1-24-
and 1-21-fold increase in ALP activity compared to Zn-treated
cultures.

While phyto-oestrogens and Zn clearly enhanced osteoblast
differentiation, they had little effect on proliferation. Zn alone
had no effect on osteoblast number (Fig. 3(c)). Similarly,
coumestrol on its own or in combination with Zn had no
proliferative effect although there was a trend towards lower
osteoblast number in all groups. Concentrations of daidzein
shown to enhance mineralisation also had no effect on pro-
liferation although daidzein 10™¢ and 10™°m with or without
Zn increased osteoblast number. Genistein (107° to 10™%m)
induced a modest but significant increase in cell number
and Zn increased the effect of the highest genistein concen-
tration examined (107> m).

Zinc blunts the augmentative action of phyto-oestrogens
on type | collagen and osteocalcin expression

Bone matrix comprises two major elements, inorganic hydox-
yapatite and a range of organic constituents. The organic
component consists primarily of type I collagen and several
non-collagenous proteins such as osteocalcin. During for-
mation, osteoblasts first secrete organic elements to form
osteoid which is subsequently mineralised during maturation.
Aberrant osteoid formation or inadequate mineralisation, as

occurs in vitamin D associated rickets or osteomalacia,
compromises skeletal integrity and can lead to an increased
fracture risk. Thus, to assess the effects of compounds on
bone quality, both the level of mineralisation and organic
constituents has to be considered. We therefore examined
the effect of Zn and phyto-oestrogen concentrations shown
to augment mineralisation and suppress osteoclast formation
on type I collagen and osteocalcin expression. Zn alone had
no effect on type I collagen or osteocalcin mRNA expression
(Table 1). In contrast, all phyto-oestrogens significantly
enhanced type I collagen mRNA expression, a marker that is
expressed from progenitor stages of osteoblast differentiation;
coumestrol (10~7 m) stimulated a 12-04-fold increase, daidzein
(107°m) a 14:39-fold increase and genistein (10" 'M) a
7-:35-fold increase (Table 1). Phyto-oestrogens also enhanced
osteocalcin expression, a marker of mature osteoblast differ-
entiation; coumestrol induced a 2-1-fold increase, daidzein a
16-7-fold increase and genistein a 3-1-fold increase.

Interestingly, the addition of Zn blunted the stimulatory
effect of phyto-oestrogens on type I collagen and osteocalcin
expression, although mRNA levels were still significantly
above that of control. Thus, in contrast to a positive interaction
with phyto-oestrogens on mineralisation, Zn appears to blunt
the stimulatory action of phyto-oestrogens on organic com-
ponents of bone matrix.

Zinc augments the effect of phyto-oestrogens on Runx2
expression but suppresses osterix expression

Osteoblast differentiation is regulated by a network of tran-
scription factors that control gene expression. These include
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Table 1. Zinc blunts the stimulatory effect of phyto-oestrogens on the
expression of organic components of bone matrix

(Mean values and standard deviations)

Table 2. Zinc augments the effect of phyto-oestrogens on Runx2
expression

(Mean values and standard deviations)

Osteocalcin
Type | collagen mRNA copies
mRNA copies per per 108 p-actin
108 B-actin copies copies
Mean SD Mean SD
Control 35048 13799 64 19
Zn 20017 8045 41 11
Coumestrol (1077 m) 422137 127678 136 19
Coumestrol (10’7M) and Zn 86 339"t 2529 92*t 9
Daidzein (10~°m) 504 560" 11805 1066* 389
Daidzein (10~°m) and Zn 119396*t 9980 321*f 13
Genistein (107" m) 257731* 86054 200* 34
Genistein (107" M) and Zn 51177t 12014 96*t 9

*Mean values were significantly different from those of the control group (P<0-05).
tMean values were significantly different from those of the relevant phyto-
oestrogen alone (P<0-05).

Runx2 and osterix which are expressed in a temporally
defined manner. Runx2 expression is elevated during the
early stages of osteoblast differentiation, when it promotes
the formation of immature osteoblasts from mesenchymal
stem cells. Runx2 expression is then down-regulated during
(33

the formation of mature osteoblasts whereas osterix

expression is restricted to mature osteoblasts®>. To determine
the potential molecular mechanism mediating the effect of Zn
and phyto-oestrogens on osteoblast differentiation, we exam-
ined the effect of phyto-oestrogens and Zn on Runx2 and
osterix mRNA expression.

In keeping with their lack of effect on mineralisation, Zn or
genistein (1077 M) alone had no effect on Runx2 or osterix
gene expression (Table 2). Similarly, coumestrol (1077 M) and
daidzein (107> M) enhanced Runx2 and osterix expression.
Interestingly, the addition of Zn had a differential effect on
phyto-oestrogen-induced Runx2 and osterix mRNA expression.
Phyto-oestrogen-induced Runx2 expression was significantly
enhanced by Zn, whereas Zn suppressed the augmentative
effect of coumestrol and daidzein on osterix expression.

Discussion

Bone remodelling, the coupled process of osteoclastic bone
resorption and osteoblastic bone formation, generates a
skeleton optimised to current mechanical and mineral require-
ments. During a normal remodelling cycle, bone resorption
and formation are balanced such that there is little net bone
loss. However, this balance is disrupted in disorders associated
with an increased fracture risk such as post-menopausal osteo-
porosis and osteomyelitis. Numerous studies suggest that diet-
ary factors such as Zn and phyto-oestrogens have a positive
impact on bone cell activity(18’34'36); however, the cellular
mechanism mediating this action is unclear and few studies
have examined the effect of combinations of these factors
on osteoclast and osteoblast activity in vitro. Our present
study further clarifies the cellular mechanism through
which these dietary factors may interact and suggests that
appropriate combinations of Zn and phyto-oestrogens may

Runx2 mRNA
copies per 10°
B-actin copies

Osterix mRNA
copies per 10°
B-actin copies

Mean sD Mean sD
Control 7152 2320 9037 862
Zn (107%m) 8952 1377 7693 362

23114* 1678
34591*t 7006

13856 1505
102911 443
39273* 1498
176511 3610
11049 1492
10107 12

Coumestrol (107" m)

Coumestrol (107" M) and Zn
Daidzein (10~°wm) 19705* 1599
Daidzein (10~°m) and Zn 44631*t 8695
Genistein (1077 m) 7148 778
Genistein (10”7 m) and Zn 18179* 1169

Runx2, Runt-related transcription factor 2

*Mean values were significantly different from those of the control group (P<0-05).

1 Mean values were significantly different from those of the relevant phyto-oestro-
gen treatment alone (P<0-05).

augment mineralisation and further suppress bone resorption.
These results strengthen the data for the use of combinations
of Zn and phyto-oestrogens in the treatment of skeletal
disorders.

Bone resorption is regulated by osteoblast/stromal-derived
signals that stimulate osteoclast differentiation from monocytic
precursors. Resorptive stimuli such as a fall in circulating
calcium increase the expression of osteoblastic RANKL while
decreasing OPG expression, a soluble decoy receptor for
RANKL®?. The subsequent binding of RANKL to its receptor
RANK on the surface of non-committed monocytes activates
a network of intracellular signals that induce the expression
of osteoclastic genes such as TRAP and cathepsin K. In the
absence of pro-osteoclastic stimuli, osteoblastic RANKL
expression decreases and OPG concentrations rise; OPG
then sequesters RANKL and thereby prevents RANK activation
and osteoclast differentiation. Elevated RANKL levels and the
presence of pro-osteoclastic inflammatory cytokines such as
TNF-a are hallmarks of many osteolytic disorders®”*® At a
cellular level, it is therefore possible to suppress osteoclast for-
mation by either directly inhibiting the osteoclast precursor
response to cytokine activation or alternatively by an indirect
action on osteoblasts to lower RANKL:OPG ratios.

Previous studies suggest that phyto-oestrogens suppress
osteoclast formation through both mechanisms. Coumestrol,
daidzein and genistein directly inhibit osteoclast formation in
response to pro-osteoclastic cytokines in wvitro *®* and
decreased osteoblastic RANKL:OPG ratios have been noted
following treatment with a range of phyto-oestrogens>*®.
Genistein and daidzein also reduce osteoblastic expression
of other inducers of osteoclast differentiation including
IL-6“Y. Zn has also been shown to reduce osteoclast for-

(28,42,43)

mation in vitro , whereas Zn deficiency is associated

with increased levels of osteoclast formation and bone

resorption(44)

. However, the cellular mechanism by which
Zn suppresses osteoclast differentiation is unclear, as previous
studies have used heterogeneous bone marrow cultures®® or

have shown inconsistent osteoclastic responses to changes
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in Zn status“*~*_ Similarly, interactions between Zn and

phyto-oestrogens have not been widely investigated.

To help clarify this, we examined the direct effect of Zn on
homogeneous RAW264.7 monocytic cultures and the indirect
action on osteoblastic RANKL:OPG ratios. We noted no
direct effect of Zn on TNF-a-induced osteoclast formation in
RAW264.7 cells and Zn also had no effect on the anti-
osteoclastic action of coumestrol, daidzein or genistein in
these cultures. This differs from results using mouse bone
marrow cultures where Zn significantly suppressed parathyr-
oid hormone-induced osteoclast formation and combinations
of Zn and genistein decreased RANKL-induced osteoclasto-
genesis®®. The suppressive action noted in these studies
may be due to an indirect effect of Zn mediated through stro-
mal cells present in bone marrow cultures which are absent
from RAW264.7 cultures. In keeping with this, we noted that
Zn alone suppressed osteoblastic RANKL:OPG  gene
expression ratio and also augmented the suppressive effect
of phyto-oestrogens. This assertion is strengthened by the
studies of Holloway in which Zn suppressed bone resorption
in the presence of added osteoblasts*. Thus, Zn-associated
changes in osteoclast number are most probably mediated
through an indirect action on osteoblasts rather than a direct
effect on monocyte differentiation and appropriate concen-
trations of Zn and coumestrol or genistein may have a more
pronounced anti-osteoclastic effect than either alone.

Serum phyto-oestrogen concentrations differ between
populations and are dependent on an individual’s diet. Asians
who typically have a soya-rich diet have significantly higher
phyto-oestrogen concentrations compared to Westerners'*”.
The range of phyto-oestrogen concentrations examined in
the present study reflects those measured in Asians (10"° to
1077 M) and Westerners (10™%m). The anti-osteoclastic concen-
trations of genistein and coumestrol seen in this study are
% and are in the range of
levels measured in Asian populations but higher than those
achieved by Western diets“”. In contrast, typical Asian and
Western diets are unable to generate serum concentrations
of daidzein similar to those shown to suppress TNF-a-induced
osteoclastogenesis in our studies. However, these concen-
trations could be achieved with daidzein supplementation
which generates tissue levels several orders of magnitude
higher than dietary sources™®®. Serum Zn concentration also
varies between populations with diets that lack animal-
sourced foods, leading to a high risk of Zn deficiency™.
The Zn concentration used in our studies is similar to
previous in vitro experiments, and is within normal serum
reference ranges reflecting those achieved by healthy
Western diets®>Y. Thus, Zn tissue levels of this concentration
could augment the anti-osteoclastic effect of coumestrol
and genistein, which in turn could limit the excessive resorp-
tion associated with post-menopausal osteoporosis and
osteomyelitis.

However, antiresorptives such as bisphosphonates only
address part of the underlying pathology as they have little
effect on the reduction in osteoblast function®®. Antiresorp-
tives also fail to restore bone that has already been lost and
may in the long term lead to atypical fractures, as normal

similar to those shown previously

remodelling rates are required to repair micro damage?.

An ideal therapeutic strategy would therefore rectify defects
in both osteoclast and osteoblast activity. Osteoblastic bone
formation is a tightly regulated process in which an organic
extracellular matrix, consisting primarily of type I collagen
and other non-collagenous proteins such as osteocalcin and
osteonectin, is initially secreted®®. Non-collagenous proteins
may then have a role in controlling the subsequent mineralis-
ation of the matrix regulating the nucleation and appropriate
growth of hydroxyapatite crystals within osteoid. We found
that Zn enhanced the stimulatory effect of coumestrol,
daidzein and genistein on osteoblast mineralisation in vitro.
Combinations of coumestrol and Zn and genistein and Zn
had the most potent effect (]077M), whereas effects with
diaidzein were only noted at 10~°wm and above.

In contrast to the beneficial action on mineralisation, Zn
partly blunted the stimulatory effect of coumestrol, daidzein
and genistein on type I collagen and osteocalcin mRNA
expression. However, expression levels were still significantly
above control, indicating that matrix formation was still
enhanced. Thus, appropriate combinations of Zn, coumestrol,
daidzein or genistein augment osteoblast function in wvitro,
enhancing the expression of components of the organic
matrix and stimulating mineral deposition.

The augmentative action of Zn would at least in part appear
to be due to increased expression of the marker of osteoblast
differentiation ALP. Osteoblast-derived matrix vesicles contain
high ALP levels and mutations in ALP lead to the genetic
hypophosphatasia characterised by
poorly mineralised bone®”. ALP promotes the initial stage
of mineralisation by hydrolysing inhibitory pyrophosphate to
generate inorganic phosphate needed for the initiation of
hydroxyapatite deposition®”. Thus, elevated ALP activity
would be expected to enhance mineral formation. In contrast,
the augmentative effect of phyto-oestrogens alone would
not appear to be mediated through an effect on ALP as
levels remained near control. Similarly, although daidzein
and genistein stimulated a modest increase in osteoblast
number, this was only seen at concentrations other than
those shown to enhance mineralisation.

To further examine the mechanism by which phyto-
oestrogens and Zn augment osteoblast function, we examined
the expression of key intracellular regulators of osteoblast
differentiation. Osteoblastogenesis is a sequential process
transcription  factors that stimulate
mesenchymal precursors to form immature pre-osteoblasts
and ultimately mature osteoblasts°®. The initial stage of
osteoblastic lineage commitment is controlled by the selective
expression of Runx2, which promotes the formation of
immature osteoblasts characterised by the production of
organic extracellular matrix components including type I

disorder which is

involving multiple

collagen and osteocalcin. Homozygous loss of Runx2 is
lethal due to the lack of osteoblasts and skeletal elements in
57 whereas heterozygous loss leads to cleidocranial
dysplasia in humans and is associated with abnormal osteo-
blast development in mice®”>®. With the formation of

mature osteoblasts capable of mineralising osteoid, Runx2
(CP))

mice

expression falls whereas levels of osterix increase
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Previous studies have shown that Zn enhances Runx2
expression®”] but to date no study has examined the effect
of Zn on osterix expression. We found that anti-osteoclastic
concentrations of coumestrol (107" m) and daidzein (107> M)
significantly enhanced Runx2 expression and Zn significantly
augmented Runx2 in the presence of all phyto-oestrogens.
On the other hand, Zn blunted the stimulatory action of
coumestrol and daidzein on osterix expression. Therefore, Zn
appears to promote the expression of a transcription factor pro-
file typical of early mature osteoblast with high Runx2 and low
osterix levels. This profile is likely to explain the observed
changes in organic matrix protein expression. The studies of
Liu et al®” showed that Runx2 maintains osteoblasts in an
immature state, with transgenic Runx2 expression suppressing
type I collagen and osteocalcin production and preventing the
formation of mature osteoblasts. Osteocalcin levels are com-
paratively low in pre-osteoblasts when Runx2 expression
peaks, and osteocalcin levels subsequently rise as Runx2
expression decreases in mature osteoblasts. Thus, the blunting
of type I collagen and osteocalcin expression is in keeping with
Zn promoting the formation of early rather than late stages of
mature osteoblast differentiation.

Our data show that Zn augments the indirect anti-osteoclas-
tic action of coumestrol and genistein at concentrations
typically generated by soya-rich diets. Interactions between
Zn and anti-osteoclastic phyto-oestrogen concentrations were
also noted for osteoblast differentiation and function. Appropri-
ate combinations of Zn and phyto-oestrogens increased ALP
activity, extracellular matrix expression and mineralisation.
This effect may be due to Zn inducing the formation of an
early mature stage of osteoblast differentiation. These results
strengthen data for the use of combinations of Zn and phyto-
oestrogens in the treatment of skeletal disorders.

Acknowledgements

The authors report no conflict of interest. Both authors
contributed to the experimental design, laboratory work,
data analysis and manuscript preparation. This work was
supported by an Iraqi government PhD studentship.

References

1. Martin TJ & Seeman E (2008) Bone remodelling: its local
regulation and the emergence of bone fragility. Best Pract
Res Clin Endocrinol Metab 22, 701-722.

2. Henriksen K, Neutzsky-Wulff AV, Bonewald LF, et al. (2009)
Local communication on and within bone controls bone
remodeling. Bone 44, 1026—1033.

3. Nair SP, Meghji S, Wilson M, et al. (1996) Bacterially induced
bone destruction: mechanisms and misconceptions. Infect
Immun 64, 2371-2380.

4. Manolagas SC, Kousteni S & Jilka RL (2002) Sex steroids and

bone. Recent Prog Horm Res 57, 385—409.

Writing Group for the Women’s Health Initiative Investi-

gators (2002) Risks and benefits of estrogen plus progestin

in healthy postmenopausal women. JAMA 288, 321-333.

6. Chow J, Tobias JH, Colston KW, et al. (1992) Estrogen main-
tains trabecular bone volume in rats not only by suppression

N

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

S. Karieb and S. W. Fox

of bone resorption but also by stimulation of bone for-
mation. J Clin Invest 89, 74-78.

Khastgir G, Studd JW, Fox SW, et al. (2003) A longitudinal
study of the effect of subcutaneous estrogen replacement
on bone in young women with Turner’s syndrome. / Bone
Miner Res 18, 925-932.

Horiuchi T, Onouchi T, Takahashi M, et al. (2000) Effect
of soy protein on bone metabolism in postmenopausal
Japanese women. Osteoporos Int 11, 721-724.

Mei J, Yeung SSC & Kung AWC (2001) High dietary
phytoestrogen intake is associated with higher bone mineral
density in postmenopausal but not premenopausal women.

J Clin Endocrinol Metab 86, 5217—-5221.

Kim MK, Chung BC, Yu VY, et al. (2002) Relationships of
urinary phyto-oestrogen excretion to BMD in postmeno-
pausal women. Clin Endocrinol 56, 321-328.

Alekel DL, Germain AS, Peterson CT, et al. (2000) Isoflavone-
rich soy protein isolate attenuates bone loss in the lumbar
spine of perimenopausal women. Am J Clin Nutr 72,
844-852.

Morabito N, Crisafulli A, Vergara C, et al. (2002) Effects of
genistein and hormone-replacement therapy on bone loss
in early postmenopausal women: a randomized double-
blind placebo-controlled study. J Bone Miner Res 17,
1904-1912.

Atkinson C, Compston JE, Day NE, et al. (2004) The effects
of phytoestrogen isoflavones on bone density in women: a
double-blind, randomized, placebo-controlled trial. Am J
Clin Nutr 79, 326—333.

Wu J, Oka J, Tabata I, et al. (2006) Effects of isoflavone and
exercise on BMD and fat mass in postmenopausal Japanese
women: a 1-year randomized placebo-controlled trial. J Bone
Miner Res 21, 780-789.

Ricci E, Cipriani S, Chiaffarino F, et al. (2010) Soy isoflavones
and bone mineral density in perimenopausal and
postmenopausal western women: a systematic review and
meta-analysis of randomized controlled trials. J Womens
Health 19, 1609-1617.

Weaver CM, Martin BR, Jackson GS, et al. (2009) Antiresorp-
tive effects of phytoestrogen supplements compared with
estradiol or risedronate in postmenopausal women using
41Ca methodology. J Clin Endocrinol Metab 94, 3798—3805.
Gao YH & Yamouguchi M (1999) Inhibitory effect of genis-
tein on osteoclast-like cell formation in mouse marrow cul-
tures. Biochem Pharmacol 58, 767-772.

Karieb S & Fox SW (2011) Phytoestrogens directly inhibit
TNF-alpha-induced bone resorption in RAW264.7 cells by
suppressing c-fos-induced NFATcl expression. J Cell Bio-
chem 112, 476—487.

Roudsari AZ, Tahbaz F, Hossein-Nezhad A, et al. (2005)
Assessment of soy phytoestrogens’ effects on bone turnover
indicators in menopausal women with osteopenia in Iran:
a before and after clinical trial. Nutr J 4, 30—35.

Dai R, Ma Y, Sheng Z, et al. (2008) Effects of genistein on
vertebral trabecular bone microstructure, bone mineral den-
sity, microcracks, osteocyte density, and bone strength in
ovariectomized rats. /] Bone Miner Metab 26, 342—349.
Kanno S, Hirano S & Kayama F (2004) Effects of phytoestro-
gens and environmental estrogens on osteoblastic differen-
tiation in MC3T3-E1 cells. Toxicology 196, 137-145.

Wu X-T, Wang B & Wei J-N (2009) Coumestrol promotes pro-
liferation and osteoblastic differentiation in rat bone marrow
stromal cells. J Biomed Mater Res B Appl Biomater 90,
621-628.

ssa.d Ansseniun abpriquied Aq auljuo paysiignd SSE£00L LSt LLL000S/ZLOL 0L/BIo 10p//:sdny


https://doi.org/10.1017/S0007114511007355

o

British Journal of Nutrition

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

30.

37.

38.

39.

40.

41.

Nutrition and bone cell differentiation

Yadav DK, Gautam AK, Kureel ], et al. (2011) Synthetic ana-
logs of daidzein, having more potent osteoblast stimulating
effect. Bioorg Med Chem Lett 21, 677—-681.

Kwun I-S, Cho Y-E, Lomeda RA, et al. (2010) Zinc deficiency
suppresses matrix mineralization and retards osteogenesis
transiently with catch-up possibly through Runx 2 modu-
lation. Bone 46, 732—741.

Hyun TH, Barrett-Connor E & Milne DB (2004) Zinc intakes
and plasma concentrations in men with osteoporosis: the
Rancho Bernardo Study. Am J Clin Nutr 80, 715-721.

Seco C, Revilla M, Hernandez ER, et al. (1998) Effects of zinc
supplementation on vertebral and femoral bone mass in rats
on strenuous treadmill training exercise. / Bone Miner Res
13, 508-512.

Yamaguchi M & Uchiyama S (2004) Receptor activator of
NF-kB ligand-stimulated osteoclastogenesis in mouse
marrow culture is suppressed by zinc in vitro. Int | Mol
Med 14, 81-85.

Uchiyama S & Yamaguchi M (2007) Genistein and zinc
synergistically stimulate apoptotic cell death and suppress
RANKL signaling-related gene expression in osteoclastic
cells. J Cell Biochem 101, 529—-542.

Sabokbar A, Millett PJ, Myer B, et al. (1994) A rapid, quanti-
tative assay for measuring alkaline phosphatase activity in
osteoblastic cells in vitro. Bone Miner 27, 57-67.

Hale LV, Ma YF & Santerre RF (2000) Semi-quantitative
fluorescence analysis of calcein binding as a measurement
of in-vitro mineralization. Calcif Tissue Int 67, 80—84.
Burstone MS (1958) Histochemical demonstration of acid
phosphatases with naphthol AS-phosphates. J Natl Cancer
Inst 21, 523-539.

Boyce BF & Xing L (2008) Functions of RANKL/RANK/OPG
in bone modeling and remodeling. Arch Biochem Biophys
473, 139-146.

Marie PJ (2008) Transcription factors controlling osteoblasto-
genesis. Arch Biochem Biophys 473, 98—105.

Poulsen RC & Kruger MC (2008) Soy phytoestrogens: impact
on postmenopausal bone loss and mechanisms of action.
Nutr Rev 66, 359—374.

Seo HJ, Cho YE, Kim T, et al. (2010) Zinc may increase bone
formation through stimulating cell proliferation, alkaline
phosphatase activity and collagen synthesis in osteoblastic
MC3T3-E1 cells. Nutr Res Pract 4, 356—361.

Yamaguchi M (2010) Role of nutritional zinc in the preven-
tion of osteoporosis. Mol Cell Biochem 338, 241-254.
Nanes MS (2003) Tumour necrosis factor-alpha: molecular
and cellular mechanisms in skeletal pathology. Gene 321,
1-15.

Somayaji SN, Ritchie S, Sahraei M, et al. (2008) Staphylococcus
aureus induces expression of receptor activator of
NF-{kappalB ligand and prostaglandin E2 in infected
murine osteoblasts. Infect Immun 76, 5120-5126.

Garcia Palacios V, Robinson LJ, Borysenko CW, et al. (2005)
Negative regulation of RANKL-induced osteoclastic differen-
tiation in RAW2064.7 cells by estrogen and phytoestrogens.
J Biol Chem 280, 13720—-13727.

Chen WF & Wong MS (2006) Genistein modulates the effects
of parathyroid hormone in human osteoblastic SaOS-2 cells.
Br J Nutr 95, 1039-1047.

Chen XW, Garner SC & Anderson JJB (2002) Isoflavones
regulate interleukin-6 and osteoprotegerin synthesis during
osteoblast cell differentiation via an estrogen-receptor-
dependent pathway. Biochem Biophys Res Commun 295,
417-422.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

57.

58.

60.

1745

Holloway WR, Collier FM, Herbst RE, et al. (1996) Osteo-
blast-mediated effects of zinc on isolated rat osteoclasts:
inhibition of bone resorption and enhancement of osteoclast
number. Bone 19, 137-142.

Yamaguchi M & Weitzmann MN (2011) Zinc stimulates
osteoblastogenesis and suppresses osteoclastogenesis by
antagonizing NF-kB activation. Mol Cell Biochem 355,
179-186.

Fong L, Tan K, Tran C, et al. (2009) Interaction of dietary zinc
and intracellular binding protein metallothionein in postnatal
bone growth. Bone 44, 1151-1162.

Eberle J, Schmidmayer S, Erben RG, et al. (1999) Skeletal
effects of zinc deficiency in growing rats. J Trace Elem Med
Biol 13, 21-26.

Windisch W, Wher U, Rambeck W, et al. (2002) Effect of Zn
deficiency and subsequent Zn repletion on bone mineral
composition and markers of bone tissue metabolism in
65Zn-labelled, young-adult rats. J Anim Phys Anim Nutr
86, 214-221.

Morton MS, Arisaka O, Miyake N, et al. (2002) Phytoestrogen
concentrations in serum from Japanese men and women
over forty years of age. J Nutr 132, 3168—3171.

Gardner CD, Oelrich B, Liu JP, et al. (2009) Prostatic soy
isoflavone concentrations exceed serum levels after dietary
supplementation. Prostate 69, 719-726.

Hotz C (2007) Dietary indicators for assessing the adaquacy
of poulation zinc intakes. Food Nutr Bull 28, S430—S453.
Martin-Lagos F, Navarro-Alarcon M, Terrés-Martos C, et al.
(1998) Serum zinc levels in healthy subjects from southeast-
ern Spain. Biol Trace Elem Res 61, 51-60.

Yamaguchi M, Goto M, Uchiyama S, et al. (2008) Effect of
zinc on gene expression in osteoblastic MC3T3-E1 cells:
enhancement of Runx2, OPG, and regucalcin mRNA
expressions. Mol Cell Biochem 312, 157—166.

Raisz LG (2005) Pathogenesis of osteoporosis: concepts, con-
flicts, and prospects. J Clin Invest 115, 3318—3325.

Shane E, Burr D, Ebeling PR, et al. (2010) Atypical subtro-
chanteric and diaphyseal femoral fractures: report of a task
force of the american society for bone and mineral research.
J Bone Miner Res 25, 2267—-2294.

Golub EE (2009) Role of matrix vesicles in biomineralization.
Biochim Biophys Acta 1790, 1592—1598.

Fedde KN, Blair L, Silverstein J, et al. (1999) Alkaline
phosphatase knock-out mice recapitulate the metabolic
and skeletal defects of infantile hypophosphatasia. / Bone
Miner Res 14, 2015—-2026.

Jensen ED, Gopalakrishnan R & Westendorf JJ (2010) Regu-
lation of gene expression in osteoblasts. BioFactors 36,
25-32.

Otto F, Thornell AP, Crompton T, et al. (1997) Cbfal, a can-
didate gene for cleidocranial dysplasia syndrome, is essential
for osteoblast differentiation and bone development. Cell 89,
765-771.

Mundlos S, Otto F, Mundlos C, et al. (1997) Mutations
involving the transcription factor CBFA1 cause cleidocranial
dysplasia. Cell 89, 773-779.

Komori T (2010) Regulation of bone development and extra-
cellular matrix protein genes by RUNX2. Cell Tissue Res 339,
189-195.

Liu W, Toyosawa S, Furuichi T, et al. (2001) Overexpression
of Cbfal in osteoblasts inhibits osteoblast maturation and
causes osteopenia with multiple fractures. J Cell Biol 155,
157-166.

ssa.d Ansseniun abpriquied Aq auljuo paysiignd SSE£00L LSt LLL000S/ZLOL 0L/BIo 10p//:sdny


https://doi.org/10.1017/S0007114511007355

