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ABSTRACT

We have previously reported that human cultured bone cells (hObs) respond to estradiol-173 (E2) by
stimulating DNA synthesis, creatine kinase BB specific activity (CK) and other parameters sex-specifically.
We now investigate the sex specificity of the response of these hObs to estrogen receptor (ER) a and ER3
specific agonists. Real time PCR revealed that all cells express mRNA for both ERs. ERaee mRNA but not ER3
mRNA was stimulated by all estrogenic compounds in both pre- and post-menopausal hObs with no effect
in male hObs. Cells treated with E2, 2,3-bis (4-hydroxyphenyl)-propionitrile (DPN; ER specific agonist)
and 4,4’ ,4"-[4-propyl-(1H)-pyrazol-1,3,5-triyl] tris-phenol (PPT; ERa specific agonist) showed increased
DNA synthesis and CKin all female but not male hObs. Raloxifene (Ral), a specific ERa antagonist, inhibited
the stimulation of DNA synthesis and CK by E2 or PPT, but not by DPN. DPN and PPT like E2 modulated
the expression of both 12 and 15 lipooxygenase (LO) mRNA in both female but not male hObs. 12 and 15
HETE production was modulated only by DPN and PPT in these cells. The LO inhibitor baicaleine inhibited
only E2 and PPT but not DPN effects in both female hObs. In conclusion, we provide herein evidence for
the separation of age- and sex-dependent mediation via both ERa and ER3 pathways in the effects of
estrogens on hObs, with a yet unknown mechanism.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Estrogens appear to confer multiple skeletal protective effects
in vitro [1-4] and in vivo [5-7], and to positively affect skeleton
outcome in prospective trials in post-menopausal women [8,9]. We
found that vitamin D, PTH as well as other hormones including phy-
toestrogens stimulate DNA and CK as well as LO mRNA and HETE
formation[10,11]. We also found that the ERa and ER( specific ago-
nists have differential effects on all these parameters in the human
osteoblastic cell line SaSO-, [12]. In the present study we analyzed
the response of primary human osteoblasts in culture from males or
females to the ERa agonist PPT and the ER[3 agonist DPN at different
parameters, in order to see whether the sex-specificity is retained
also using the specific ERs agonist similar to E2 itself.

We analyzed specifically the expression and regulation of
lipoxygenase (LO) enzymes in these human bone cells. We focused
on these enzymes in osteoblasts since LO products were shown to
modulate MAPK activity [13,14] and proliferation or survival [15] in
a number of cell types and could thus play a role in promoting cell

* Corresponding author at: Institute of Endocrinology, Metabolism and Hyperten-
sion, Tel Aviv Sourasky Medical Centre and the Sackler Faculty of Medicine, Tel Aviv
University, Tel.:-Aviv 64239, Israel. Tel.: +972 3 697 3812; fax: +972 3 697 3421.

E-mail address: dalias@tasmc.health.gov.il (D. Somjen).

0960-0760/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsbmb.2011.03.006

growth, either independently or through estrogens action. Addi-
tionally, there is recent strong circumstantial evidence linking LO
expression to bone mineral content [15,16]. We hypothesized that
the growth promoting effects of estrogens in human osteoblast-like
cells may be associated with accelerated production of LO metabo-
lites, whose putative action may explain some of the newly found
links between LO and bone density.

We now attempt to determine whether or not the estro-
gens receptor specific multiple ligands affect primary cultures of
osteoblast-like cells (hObs) derived from pre- or post-menopausal
cells compared to male-bone derived cells and to see whether the
effects are similar to what was found using SaSO, cells [12].

We set to determine: (1) Whether or not these receptor spe-
cific ligands affect ERe and ER3 mRNA expression. (2) Whether
or not the receptor specific ligands affect DNA synthesis and CK
specific activity in hObs with and without ERa specific inhibitor
raloxifene (Ral). (3) Whether or not the receptor specific ligands
affect LO mRNA expression and its activity by stimulating the
production of HETEs in Obs. (4) To evaluate whether LO activity
inhibitor baicaleine inhibit DNA synthesis and CK specific activity
induced by the receptor specific ligands of the estrogens receptors
in Obs.

We found that: (1) All compounds tested increased the expres-
sion of both ERs’ mRNA in hObs from pre- but not post-menopausal
or male-derived bone cells. (2) E2 as well as PPT and DPN increases
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DNA synthesis and CK specific activity in hObs from pre- and post-
menopausal but not male-derived bone cells. (3) Only E2 as well as
PPT but not DPN increases in DNA synthesis and CK specific activ-
ity in hObs from pre- and post-menopausal derived bone cells were
inhibited by Ral. (4) All estrogens modulated both 12- and 15 LO
mRNA expression in hObs from pre- and post-menopausal but not
male-derived bone cells. (5) DPN and PPT stimulated the produc-
tion of 12HETE in hObs from pre- and post-menopausal but not
male-derived bone cells. Only PPT stimulated the production of
15HETE in hObs from pre- and post- menopausal but not male-
derived bone cells. (6) Baicaleine which inhibits 12- and 15-HETE
formation through blockade of 12 and 15 LO activity, inhibited DNA
synthesis and CK specific activity stimulation by E2 and PPT but not
by DPN.

In conclusion, our data suggest that E2 as well as PPT (ER«x
specific) and DPN (ER specific) increases DNA synthesis and CK
specific activity in hObs from pre- and post-menopausal but not
male-derived bone cells, in part via induction of lipoxygenase
enzymes in a yet unclear mechanism (s). This feature of estrogenic
compounds appears to be shared by multiple members of the estro-
gens family and is not exclusively linked to either ERa or ERP as
well as membranal binding sites, but is sex specific.

2. Materials and methods

Creatine kinase assay kit was from Sigma Chemicals Co. (St.
Louis, MO). DPN and PPT were from Tocris biosciences (Bristol, BS11
0Ql, UK). Raloxifene (marketed as Evista) was from Eli Lilly and
Company. All other reagents used were of analytical grade.

2.1. Cell cultures

Primary human bone cells (hObs) from pre- and post-
menopausal females or males were prepared by us [17].

2.2. Hormonal treatment

Sub-confluent cells were treated daily with vehicle, E2 at 10 nM
or DPN at 42 nM and PPT at 39 nM;

(a) for 3 days daily for the expression of mRNA for 12LO and 15LO
type 1 expression or for estrogen receptor o (ERa) and estro-
gen receptor [3 (ERB) were determined as previously described
[18,19] or;

(b) for 1h with serum-free medium, followed by the addition of
vehicle or estrogenic compounds: E2 at 30 nM, DPN at 420 nM
and PPT at 390nM for 10 min and HETE were extracted and
assayed as previously described [11,12,20] or;

(c¢) for 24 h with the addition of vehicle or estrogenic compounds:
E2 at 30 nM, DPN at 420 nM and PPT at 390 nM for DNA synthesis
and for CK specific activity as previously described [12,20]. In
these experiments raloxifene (Ral) was used at 3000 nM.

2.3. Determination of mRNA by RT-PCR

2.3.1. For ERx and ERB
RNA was extracted and expression of ERa and ER3 was carried
out by RT-PCR as described previously [18,19].

2.3.2. For 12 and 15LO by RT-PCR
RNA was extracted and expression of 12 and 15L0O enzymes was
carried out by RT-PCR as described previously [11,12,20].
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Fig. 1. The expression of ERa and ER3 mRNA in cultured human female and male
bone cells and the ratio of the expression of ERa to ER. Cells were obtained, cultured
and analyzed as described. Number of cultured bone specimen n=>5 for each group,
#p<0.05.

2.4. Determination of the levels of 12 and 15HETE by HPLC

Cells and medium were extracted for HETE and analyzed by
HPLC as described previously [11,12,20].

2.5. Assessment of DNA synthesis and creatine kinase extraction
and assay

Twenty-two hours after hormonal treatment, 3[H] thymidine
was added for 2h and its incorporation into DNA was deter-
mined as described previously [11,12,20] or cells were scraped
off the culture dishes and homogenized by freezing and thaw-
ing three times in an extraction buffer as previously described
[11,12,20]. Supernatant extracts were obtained by centrifugation of
homogenates at 14,000 x g for 5min at 4°C in an Eppendorf micro
centrifuge. Creatine kinase activity (CK) was assayed by a coupled
spectrophotometric assay described previously [11,12,20]. Protein
was determined by Coomasie blue dye binding using bovine serum
albumin (BSA) as the standard.

2.6. Statistical analysis

The significance of differences between experimental and con-
trol means was evaluated using Student’s t-test or ANOVA, in which
n=>5-8 number of cultures. p>0.05, was considered significant.

3. Results

3.1. Modulation of ERx and ER mRNA expression in cultured
human female and male bone cells by estrogenic compounds

Both ERa (Fig. 1A) and ER[3 (Fig. 1B) mRNA are expressed in cul-
tured human pre- or post-menopausal female or male bone cells
(hObs) with higher abundance of ERa in all hObs (Fig. 1). Three
daily additions of E2 (10 nM), DPN (42 nM) or PPT (39 nM) to bone
cells, modulated the expression of mRNA for ER(3 (Fig. 2B) and ERa
in hObs (Fig. 2A). All hormones stimulated ERx and ER[3 expression
in pre-menopausal female hObs, but only E2 and PPT modulated
the expression of mRNA for ERa in post-menopausal female hObs
(Fig. 2A). Only DPN decreased the expression of mRNA for ER3
in post-menopausal female hObs (Fig. 2B). None of the hormones
affected the expression of any of the ERs mRNA expression in male
derived bone cells (Fig. 2).
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Fig. 2. The effect of E2, DPN and PPT on the expression of ERa and ER3 mRNA
in cultured pre- or post-menopausal female and male human bone cells. Cells
were obtained, cultured as well as treated by the different hormones and ana-
lyzed as described. Number of cultured bone specimen n =5 for each group, *p <0.05,
**p<0.01.

3.2. The effect of estrogenic compounds on DNA synthesis and CK
specific activity in cultured human female and male bone cells

Addition of E2 (30nM), DPN (420nM) or PPT (390nM) to
bone cells, induced DNA synthesis (Fig. 3A) and CK specific
activity (Fig. 3B) in both female derived hObs, but not in male
derived Obs.

3.3. The effect of estrogenic compounds on DNA synthesis and CK
specific activity in cultured human female bone cells in the
presence of raloxifene

Addition of raloxifene (Ral at 3000nM) to E2 (30nM), DPN
(420 nM) or PPT (390 nM) to both female derived hObs modulated
the induction of DNA synthesis (Fig. 4A) and CK specific activity
(Fig. 4B). Ral inhibited the stimulations by E2 and PPT but did not
affect the stimulatory effects of DPN (Fig. 4).
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Fig. 3. The effect of E2, DPN and PPT on DNA synthesis and on CK specific activity
in pre- or post-menopausal female and male cultured human bone cells. Cells were
obtained, cultured as well as treated by the different hormones and analyzed as
described. Number of cultured bone specimen n=5-10 for each group, *p<0.05,
*p<0.01.
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Fig. 4. The effect of E2, DPN and PPT in the presence of raloxifene (Ral) on DNA
synthesis and on CK specific activity in pre- or post-menopausal cultured human
female bone cells. Cells were obtained, cultured as well as treated by the different
hormones and analyzed as described. Number of cultured bone specimen n=5-10
for each group, *p<0.05, **p<0.01.

3.4. Modulation of LO mRNA expression in cultured human
female and male bone cells by estrogenic compounds

Three daily additions of E2 (10 nM), DPN (42 nM) or PPT (39 nM)
to bone cells, modulated the expression of mRNA for 12LO (Fig. 5A)
and 15L0 (Fig. 5B) in female and male hObs. All compounds stimu-
lated 15LO0 mRNA expression in pre- and post-menopausal female
hObs (Fig. 5B). On the other hand E2 and DPN stimulated 12LO
mRNA expression with only PPT inhibiting it in these cells (Fig. 5A).
E2 also decreased the expression of mRNA for 12LO in male hObs
(Fig. 5A).

3.5. Modulation of HETE formation in cultured human female and
male bone cells by estrogenic compounds

Additions of E2 (30nM), DPN (420nM) or PPT (390nM) to

bone cells, modulated the formation of 12 and 15HETE in hObs
(Fig.6). DPN and PPT stimulated 12HETE formation in pre-and post-
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Fig. 5. The effects of E2, DPN and PPT on the expression of 12LO and 15LO mRNA
in cultured pre- or post-menopausal female and male human bone cells. Cells
were obtained, cultured as well as treated by the different hormones and ana-
lyzed as described. Number of cultured bone specimen n =5 for each group, *p <0.05,
*p<0.01.
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Fig. 6. The effects of E2, DPN and PPT on the formation of 12HETE and 15HETE
in cultured pre- or post-menopausal female and male human bone cells. Cells
were obtained, cultured as well as treated by the different hormones and ana-
lyzed as described. Number of cultured bone specimen n =5 for each group, *p <0.05,
**p<0.01.

menopausal female hObs (Fig. 6A) and only PPT induced 15HETE in
these cells (Fig. 6B). Only E2 inhibited 15HETE formation in male
hObs (Fig. 6B).

3.6. The effect of estrogenic compounds on DNA synthesis and on
CK specific activity in cultured human female bone cells with and
without baicaleine

Treatment of pre- or post-menopausal female hObs for 24 h with
estrogenic compounds: E2 (30 nM), DPN (420 nM) or PPT (390 nM)
showed increased DNA synthesis and CK specific activity (Fig. 7).
Baicaleine (baic, 1000 nM) the inhibitor of 12 and 15HETE synthe-
sis, abolished the E2- and PPT- but not DPN-stimulation of DNA
synthesis and not CK specific activity in both female hObs (Fig. 7).

4. Discussion
The effects of estrogenic compounds both the ERa specific

agonist PPT, the ER[ specific agonist DPN as well as E2 on pri-
mary human derived cultured hObs complements our findings in
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Fig. 7. The effect of E2, DPN and PPT with and without the HETE formation inhibitor
baicalein (baic) on DNA synthesis and on CK specific activity in pre- and post-
menopausal cultured human female bone cells. Cells were obtained, cultured as
well as treated by the different hormones and analyzed as described. Number of
cultured bone specimen n=5-10 for each group, *p <0.05, **p<0.01.

human skeletal cells in vitro, where E2 stimulate cell prolifera-
tion, energy metabolism as well as other responses mediated by
membranal binding sites [19,22] only in female- but not male-
derived cells. We also demonstrated changes in the lipoxygenase
systems. Although reports suggest that 12 and 15HETE interact
with multiple signals promoting cell replication, their effects are
probably not redundant, since inhibition of their production hin-
ders normal cell growth in a variety of cell types [16]. Recent
publications linked also 12/15LO0 or 15LO and 12LO (platelet type)
to bone density [16,22]. In this study we provide the first direct
evidence for the expression and biological role of LOs in bone
cell biology. We found mRNA expression of three types of LOs in
cultured human bone cells and lines, i.e., the platelet type 12LO,
15L0 type 1 and 15LO type 2 [10]. Here we show that the expres-
sion of the LOs in these cells not only by modulated by vitamin D
metabolites and analogs [11,20] or PTH [10], but also by the estro-
genic compounds as well [21]. The expression of these enzymes
results in the ability of hObs to secrete 12HETE and 15HETE, the
products of LO. Moreover, the generation of HETE which is driven
by the estrogenic compounds is linked to hObs growth induced
by these hormones. The HETE raise local oxidative stress as was
shown by us previously [11,20] by measurements of ROS formation
induced by E2, DPN and PPT. Because oxidative stress, in turn, may
lead to inhibition of differentiation of bone osteoblasts-like cells
[17] and acceleration of osteoclast differentiation [16], its induc-
tion may also result in the release of oxidizing fatty acids which
unfavourably affect overall bone osteoblast/osteoclast homeosta-
sis through enhanced oxidative stress. Presently, however, these
potential secondary sequels of estrogens-stimulated LO activities
in bone remain entirely conjectural and are the subject of future
investigation. This previously unrecognized feature of estrogenic
compounds appears to be shared by multiple members of the estro-
gens family and is not exclusively linked to either ERa or ER[3
and/or membranal binding sites. The most serious potential haz-
ard of these effects could be unwanted induction of inflammatory
reaction.

We also demonstrated here similar to what we found previ-
ously [21] that there is sex specificity in the response of human
derived cultured osteoblasts to ERs-specific agonists as well as to
E2 itself or to different phytoestrogens and their synthetic deriva-
tives [21]. Of interest is the fact that male-derived bone cells which
did not respond to estrogenic compounds in the different param-
eters tested, expressed mRNA for both estrogen receptors similar
to female derived bone cells and especially post-menopausal cells,
suggesting post-receptor mechanism(s) in determining the ability
of the cells to respond to the hormones [23,24]. It is also impor-
tant to note that the “less differentiated” cells of the epiphyseal
cartilage which can be considered as “pre-osteoblasts” and the “de-
differentiated” bone cells derived from gonadectomized animals
lost their sex-specific response to gonadal steroids.

Whether these findings imply also to human bone in vivo is yet
to be established. Although recently it was published in a review
that in human subjects in vivo there is also sex-specific, the role for
the gonadal steroids in the quality and the response to gonadal
hormones [25] and especially the origin of the lack of response
of male-derived cells is not yet understood. Whether it is due to
changes in their “differentiation status” and/or the lack of post-
receptor factors and pathways has still to be tested.
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