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Comparative Effects of Estrogen and Antiestrogens
on Differentiation of Osteoblasts in Mouse Bone
Marrow Culture
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Abstract Estrogens as well as some antiestrogens have been shown to prevent bone loss in postmenopausal
women. These compounds seem to inhibit bone resorption, but their anabolic effects have been less explored. In this
study, bone marrow cultures were used to compare the effect of 17p-estradiol (E2), and two triphenylethylene
derivatives, tamoxifen (TAM), and FC1271a, and a benzothiophene derivative raloxifene (RAL) on differentiation of
osteoblasts. All enhanced osteoblastic differentiation of 21-day cultures as indicated by increased mineralization and
bone nodule formation. All, except RAL, stimulated cell proliferation during the first 6 days of the culture. However, in
the presence of RAL the content of total protein was increased in 13-day cultures. SDS-PAGE and autoradiography of
[*4C]-proline labeled proteins revealed elevated level of the newly synthesized collagen type I. The pure antiestrogen ICI
182,780 abolished the increase of the specific activity of alkaline phosphatase by E2, TAM, and FC1271a but not the
effect of RAL on protein synthesis. Our results show that E2 as well as TAM, FC1271a, and RAL stimulate bone formation
in vitro but the mechanism of the anabolic action of RAL in bone clearly differs from that of E2, TAM, and FC1271a. J.

Cell. Biochem. 73:500-507, 1999.  © 1999 Wiley-Liss, Inc.
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Estrogen decrease in postmenopausal women
results in an increase of bone turnover, with
bone resorption exceeding bone formation.
Eventually this leads to a general loss of bone
mass [Riggs, 1991]. Estrogen has been shown to
be effective in preventing postmenopausal bone
loss [Riggs and Melton 111, 1992], but its use is
limited by the concern of increasing risk of
development of endometrial and breast cancer.
Meanwhile, several synthetic antiestrogens,
which present both estrogen agonist and antago-
nist properties, have been found to have benefi-
cial effect on bone. These antiestrogens include
triphenylethylene derivatives (e.g., clomiphene,
tamoxifen, droloxifene, toremifene) and benzo-
thiophene derivatives (e.g., raloxifene). Several
studies have demonstrated that tamoxifen
maintains bone mass in ovariectomized rats
[Jordan et al., 1987; Turner et al., 1987, 1988].
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Also, raloxifene has been reported to prevent
bone loss, while not showing any significant
stimulatory effect on uterus [Larry et al., 1994].
FC1271a is a novel triphenylethylene deriva-
tive with a tissue-specific profile in vivo.
FC1271a specifically binds to the estrogen re-
ceptor with the affinity closely similar to that of
TAM [Harkodnen et al., 1996].

The presence of estrogen receptors « and 8 in
osteoblasts [Eriksen et al., 1988; Arts et al.,
1997] suggests that estrogen has a direct role in
the regulation of osteoblast function. However,
the in vitro studies carried out to demonstrate
the effect of estrogen on osteoblasts and bone
formation have yielded conflicting results. In
the cells of the osteoblastic lineage from a vari-
ety of sources, estrogen has been reported to
stimulate, to inhibit, or not to affect osteoblast
proliferation and/or differentiation [Ernstetal.,
1988; Watts et al., 1989; Keeting et al., 1991;
Scheven et al., 1992]. Although many of the in
vivo studies have demonstrated that the pre-
dominant effect of estrogen on bone remodeling
is to decrease bone resorption [Riggs et al.,
1972; Parfitt, 1979], some have suggested that
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estrogen may also increase bone formation di-
rectly [Turner, 1991; Chow et al., 1992a]. By
using an in vitro model we have demonstrated
recently that estrogen stimulates sequential
differentiation of osteoblasts and increases depo-
sition and mineralization of matrix in mouse
bone marrow cultures [Qu et al., 1998]. Studies
with a human fetal osteoblastic cell line also
suggest that estrogen can directly regulate os-
teoblast differentiation [Robinson et al., 1997].
Recent report of Takeuchi et al. [1995] indi-
cated that tamoxifen enhances the mineraliza-
tion of matrix deposited by human osteosar-
coma cells.

The recent discovery of an additional estro-
gen receptor subtype (ERp) in various tissues
can, at least partially, explain the pleiotrophic
effects of estrogen. A marked expression of ER3
has been shown in prostate and ovary [Kuiper
et al., 1996]. Recently, expression of ERB has
been observed in osteoblasts and other bone
cells, and the level of expression was higher
than that of ERa [Arts et al., 1997; Onoe et al.,
1997]. It has been reported that most estrogen
and anti-estrogen compounds bind to both
known subtypes of ER (ERa and ERp) with
almost identical affinity (Mosselman et al., 1996;
Kuiper et al., 1997). Although ERp transacti-
vates promoters containing estrogen respon-
sive elements (ERE) in an estradiol-dependent
manner, the regulation of the transcriptional
activity through ERB appears to be distinct
from that of ERa [Tremblay et al., 1997].

Besides the ER-mediated regulation of gene
transcription through the estrogen response el-
ement (ERE), it is possible that RAL and TAM
can modulate bone cell activities through path-
way(s) independent of ERE [Takeuchi et al.,
1995; Yang et al., 1996a]. The ligand-activated
ERa and ER can also signal via AP1 site and
in certain cellular contexts can in opposite ways
[Paech et al., 1997]. In transfected HelLa cells,
E2 bound to ER« activated transcription of the
reporter luciferase gene whereas ERp inhibited
it [Paech et al., 1997]. Moreover, the antiestro-
gens like tamoxifen and raloxifene were also
demonstrated to be potent transcriptional acti-
vators with ERB at an AP1 site [Paech et al.,
1997]. In addition, the activation of human
transforming growth factor-g3 gene in intact
bone and cultured bone cells by RAL has been
shown to occur through the mediation of raloxi-
fene response element (RRE), and this regula-
tion does not require the DNA binding domain

of the ER [Yang et al., 1996a]. Also, TAM has
been reported not to activate ERE-mediated
transcription in osteoblasts, although it stimu-
lates mineralization by human osteoblast-like
osteosarcoma cells as an estrogen agonist
[Takeuchi et al., 1995].

In this study, we have compared the effects of
tamoxifen, raloxifene, and a new triphenylethyl-
ene derivative FC1271a to that of 17B3-estradiol
during the differentiation of osteoblasts derived
from mouse bone marrow stromal cells.

MATERIALS AND METHODS
Cell Cultures

All cultures were carried out in phenol red-
free «-MEM (Gibco, New York, NY) supple-
mented with 15% fetal calf serum (BIOCLEAR,
Bioclear UK Ltd., Wilts, UK), 10 nM dexametha-
sone (Sigma Chemical Co., St. Louis, MO), ascor-
bic acid (50 pug/ml), 10 mM sodium B-glycero-
phosphate and antibiotics in a humidified
atmosphere of 95% air and 5% CO, at 37°C.
FC1271a, raloxifene (RAL), and tamoxifen
(TAM) were kindly provided by Dr. Marja Soder-
vall (Orion Corporation, Oulu, Finland). The
pure antiestrogen ICI 182,780 was a gift from
Dr. AE Wakeling (Zeneca Pharmaceuticals,
Macclesfield, UK). 17B-estradiol (Sigma Chemi-
cal Co.) and the above compounds were dis-
solved in ethanol as a 10 mM stock solution.
The final concentration of ethanol in culture
medium was 0.01% or less. Control cultures
received ethanol to the same final concentra-
tion.

Bone marrow cells were obtained from the
femurs of 10-week-old female NMRI mice bred
in the Animal Center of University of Oulu.
Animals were killed by cervical dislocation. Both
femora were removed and the soft tissues were
detached aseptically. Metaphyses from both
ends were resected and bone marrow cells were
collected by flushing the diaphysis with culture
medium. A suspension of bone marrow cells
was obtained by repeated aspiration of the cell
preparation through a 22 gauge needle and
nucleated cells were counted with a hemocytom-
eter. Cells were plated in 260 ml Tissue Culture
Flasks (Nunc, Roskilde, Denmark) at a density
of 108 cell/cm? and cultured for 6 days by replac-
ing the medium every 3 days (phase I). On day
6, subcultures were prepared and the cultures
were continued for various time periods (phase
I1). Cells were washed with warm PBS and
adherent cells were detached by using trypsin-
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EDTA (Sigma-Aldrich Co. Ltd., Irvine, UK).
Trypsinized cells were passed through a sy-
ringe with a 22 gauge needle to make a single-
cell suspension, counted and plated in 24-well
or six-well plates at a density of 5 X 102 cells/
cm?. The next day E2, or TAM, or FC1271a, or
RAL treatment was started. For studying the
cell proliferation bone marrow cells were plated
directly in 6-well plates at a density of 5 X 103
cells/cm? and cultures were continued without
subculturing for 6 days.

Cell Proliferation Assay

To assess the effects of E2, TAM, FC1271a,
and RAL on cell proliferation during phase | of
the cultures, bone marrow cells were dispersed
into 6-well culture plates (Nunc, Roskilde, Den-
mark) at a density of 10* cell/cm?. The above
compounds were added at different concentra-
tions ranging from 0.01-10 nM. On day 6, the
cells were trypsinized and cell numbers counted
using a hemocytometer.

Assay of Cellular Alkaline Phosphatase
(ALP) Activity

Cellular ALP activity was assayed by the
method of Lowry et al. [1954]. The cell layers
were washed twice with PBS, and extracted
into 200 pl 0.1% Triton X-100 buffer (pH 7.6).
They were then frozen and thawed three times,
and sonicated in an ice bath for 30 sec using an
ultrasonic disruptor. Enzyme activity was deter-
mined colorimetrically using p-nitrophenylphos-
phate as substrate at pH 9.7 and reading the
optical density at 405 nm. In parallel, the pro-
tein contents of the wells were determined by
BI10O-RAD protein assay (Bio-Rad Laborotaries,
Richmond, CA) and ALP activity was expressed
as units/mg protein.

[*4C]-Proline Incorporation Assay
for Matrix Protein

Protein synthesis in the subcultures (phase
1) was studied by using 96-well plates at a
density of 104 cell/well. On day 13 the cells were
pulsed for 12 h with 1 pCi/ml [**C]-proline in
200 ul proline-free medium. Following a 12-h
pulse, the relative number of cells in each well
was determined using a colorimetric method
with a CellTiter 96 Kit (Promega, Madison,
WI). Absorbance was read at 490 nm and the
relative cell numbers (relative absorbances) cal-
culated on the basis of the standard curve. The

medium was then removed and the cell layer
was washed with PBS. The matrix proteins
were extracted with 1% SDS (Bio-Rad Laborato-
ries) and proteins were precipitated with an
equal amount of 20% TCA (Baker Analyzed®
Reagent, Deventer, Holland). After centrifuga-
tion, the protein pellet was dissolved in 100 pl
of 1% SDS. Radioactivity was measured from a
50 pl aliquot of the solution by a Liquid Scintil-
lation Counter (LKB-Wallac, Finland).

To characterize the proportion of newly-
synthesized major proteins, subcultures in 24-
well plates were pulsed for 24 h at day 13 with 1
MCi/ml [*C]-proline in a proline-free medium.
The matrix proteins were extracted with 200 pl
of 1% SDS and the radioactivity was deter-
mined by a Liquid Scintillation Counter. Twenty
ug of protein from each sample was loaded on
9.5% SDS-PAGE. The size of proteins was esti-
mated by using a commercial Kit of standards
(Sigma Chemical Co.). The gel was immersed
with 20% 2,5-diphenyl-oxazole (Sigma), dried,
and exposed to an X-ray film.

Calcium Determination and Detection
of Bone Nodules

Calcium content in the cultures was deter-
mined as described elsewhere [Gitelman, 1967].
The cell cultures were washed three times with
Ca?*- and Mg?*-free PBS and incubated over-
night at room temperature in 0.6 N HCI. Ex-
tracts of 50 pl were complexed with 1 ml
o-cresol-phthalein-complexon (Test Combina-
tion Calcium, Boehringer-Mannheim, Mann-
heim, Germany). The colorimetric reaction was
read at 570 nm in a spectrophotometer. For
detection of bone nodules, cultures were fixed
with 40% ethanol for 20 min. Bone nodules
were detected with von Kossa [von Kossa, 1901]
staining for calcium. After staining, the propor-
tional area of positive staining was analyzed by
digital image analysis (M2 image analyzer, Im-
aging Research Inc., Brock University, Ontario,
Canada).

Statistical Analysis

Data were expressed as mean = SEM. Statis-
tical significance was determined using an one-
way analysis of variance (ANOVA) and the un-
paired Student t-test to compare means between
groups, with a P value of less than 0.05 being
considered significant.
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RESULTS

Effect of E2 and Antiestrogens on Bone Marrow
Cell Proliferation

We have shown earlier that using this model
E2 stimulates cell proliferation during the phase
I with concentrations ranging from 0.01 nM to
10 nM with a peak at 0.1 nM [Qu et al., 1998].
Figurel shows that TAM increased cell prolif-
eration with the concentrations ranging from
0.1 to 10 nM. The maximal effect was achieved
at a concentration of 1 nM TAM. A novel triphe-
nylethylene derivative, FC1271a, also increased
cell proliferation during the phase | of the cul-
tures with a profile similar to that of E2 (Fig. 1).
When compared to controls, maximal stimula-
tion of cellular proliferation achieved with E2,
FC1217a, and TAM was 81%, 48%, and 42%,
respectively. Opposite to all other compounds
studied RAL had no effect on cell proliferation
at any concentrations (1 nM-1 uM) tested (Fig.
1).

Effect of E2 and Antiestrogens
on Differentiation of Osteoblasts

ALP expression is a typical marker of osteo-
blast differentiation and was followed here by
measuring total and specific activity of the en-
zyme. E2 was found to increase the specific
activity of ALP with a maximal effect at 0.1 nM
as also reported earlier [Qu et al., 1998] (Fig.
2a). With E2, the increase in the specific activ-
ity was due to the relative increase of the expres-
sion of ALP. TAM and FC1271a also resulted in
significant increase in specific activity of ALP,
showing maximal effect with the concentra-
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Fig. 1. Effect of E2, TAM, FC1271a, and RAL on cell prolifera-
tion in mouse bone marrow derived cultures at day 6. Means =
SEM (n = 6) are expressed in relation to values in control
cultures.
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Fig. 2. Effect of E2 (a), TAM (b), and FC1271a (c) on the
specific activity of ALP in mouse bone marrow derived cultures
as measured on culture day 15. The columns show the means =
SEM from three different experiment each containing four paral-
lel wells. In all cases addition of ICI 182,780 was able to block
the stimulation. *P < 0.05 vs. controls.

tions of 1 nM and 0.1 nM, respectively (Fig.
2b,c). The stimulatory effect of E2, TAM, and
FC1271a on ALP activity could be opposed by a
pure antiestrogen ICI 182,780 (Fig. 2). In RAL
treated cultures we first observed a dose-
dependent increase of total ALP activity (Fig.
3a) but this was not, however, reflected as an
increase in the specific activity (Fig. 3b), as
with other compounds. In contrast it paralleled
with a marked increase of total protein content
of cultures (Fig. 3c). The increase of total pro-
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tein content was not observed with either E2 or
with TAM or FC1271a. RAL-induced increase
in total protein content of cultures was de-
creased by addition of ICI 182,780 to the incuba-
tion medium with RAL but the different was
not statistically significant (Fig. 4a). ICI1 182,780
alone did not cause any change. In order to test
this observation further, we measured [**C]-
proline incorporation into protein in cultures
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Fig. 3. Effect of different concentrations of RAL on ALP activity
in mouse bone marrow derived cultures measured on culture
day 15. Marked increase of enzyme activity (a) was not due to
the increase of specific activity of ALP (b), but due to the
increase in total protein content of cultures (c). The columns
show the means = SEM from three separate experiments each
containing four parallel wells. *P < 0.05, **P < 0.01, ***P <
0.001 vs. controls.
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Fig. 4. a: Effect of ICl 182,780 (1 uM) on RAL (10 nM) induced
increase of total protein content in mouse bone marrow derived
cultures at day 13. b: Linear increase in [*4C]-proline incorpora-
tion at the same time point. The columns show the means *
SEM from three experiments each containing four parallel wells.
*P < 0.05 vs. controls.

grown in the presence of different concentra-
tions of RAL. As shown in Figure 4b, RAL
increased the incorporation of [**C]-proline into
protein in a concentration dependent manner.
This stimulatory effect on proline incorporation
could not be found in E2-, FC1271a-, or TAM-
treated cultures (data not shown).

We next studied the relative incorporation of
[**C]-proline into newly synthesized proteins by
using SDS-PAGE and autoradiography of the
gels (Fig. 5). Coomassie blue staining of the
reduced SDS-PAGE revealed the bands of al
and a2 chains of type | collagen with a ratio of
about 2:1 (Fig. 5a). RAL treatment enhanced
the relative staining intensity of collagen al
and «2 bands (Fig. 5a). Autoradiography fur-
ther supported the increased incorporation of
[**C]-proline into several protein bands includ-
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ing type | collagen a1l and «2 chains in the
cultures grown in the presence of RAL (Fig. 5b).

Effect of E2 and Antiestrogens on Matrix
Mineralization

To analyze the final differentiation status of
cultures at day 21, we stained the cultures with
von Kossa method to visualize calcium deposi-
tion. Positively stained areas were clearly in-
creased by all the compounds studied when
compared to the control (Fig. 6a). We also mea-
sured the proportional area of von Kossa posi-
tive staining (Fig. 6b) and calcium content of
the cultures (Fig. 6¢). All these measurements
indicated significantly increased calcium appo-
sition in the presence of E2, TAM, FC1271a, or
RAL. However, we could not find clear differ-
ences in terms of bone nodule formation or
calcium content between TAM, FC1271a, and
RAL in the cultures.

DISCUSSION

E2 has been shown to have a stimulatory
effect on bone formation and an inhibitory ef-
fect on bone resorption in vivo [Takano-Yama-
mato et al., 1990; Chow et al., 1992Db,c; Harris et
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collagen in extractions of matrix protein. (1) Control, (2) E2 (0.1
nM), (3) FC1271a (0.1 nM), (4) TAM (1 nM), and (5) RAL (10
nM). b: Autoradiography showed the increased incorporation of
[14C]-proline into type | collagen a1l and «2 chains in the
cultures grown in the presence of RAL. Lanes are labeled same
as above.
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Fig. 6. Comparison of effects of E2, FC1271a, TAM, and RAL at
doses of 0.1 nM, 0.1 nM, 1 nM, and 10 nM respectively, on
matrix mineralization at day 21 in mouse bone marrow derived
cultures. a: Bone nodule formation visualized by von Kossa
staining. b: Proportional area of positive histological staining
with von Kossa method. c: Total calcium content of cultures.
The results are means = SEM from three separate experiments
each containing four parallel wells. *P < 0.05, **P < 0.01,
***p < 0.001 vs. controls.

at., 1996]. Results of the in vitro experiments
with osteoblasts have been controversial [Ernst
et al., 1988; Watts et al., 1989; Keeting et al.,
1991; Scheven et al., 1992]. We have previously
reported [Qu et al., 1998] the expression of ERa
in mouse bone marrow cultures and shown that
E2 stimulates osteoblast differentiation and
bone nodule formation through an ER-medi-
ated manner. In this study we demonstrated
that E2, TAM, and FC1271a stimulate bone
marrow cell proliferation, specific activity of
alkaline phosphatase and matrix mineraliza-
tion in our in vitro model for bone formation. In
contrast, RAL did not stimulate bone marrow
cell proliferation but markedly increased ma-
trix protein synthesis at the early stages of the
culture. Although bone nodule formation and
calcium accumulation eventually increased in
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the presence of all compounds studied, our re-
sults strongly suggest that the mechanism of
action of RAL in bone marrow cultures differs
from that of estrogen and other antiestrogens.
This is in agreement with recent results of Nuttall
et al. [1998], reporting that RAL showed no ago-
nist activity through ERE in osteosarcoma cells.

Histomorphometric studies have shown that
E2 and TAM treatment can similarly protect
bone against OVX-induced bone loss [Turner et
al., 1988; Larry et al., 1994]. However, recent in
vitro experiments have also suggested that TAM
can stimulate mineralization in human osteo-
blast-like osteosarcoma cell cultures [Takeuchi
et al., 1995; Fournier et al., 1996]. In our study,
TAM as well as a novel triphenylethylene de-
rivative FC1271a enhanced cell proliferation
and differentiation of bone marrow derived os-
teoblasts, suggesting that these synthetic ana-
logs exert estrogen agonist activities on bone
marrow cells.

The effect of RAL on bone in OVX rats is very
similar to that of TAM. RAL antagonizes the
changes induced by OVX in cortical and cancel-
lous bone volume [Evans et al., 1994], bone
density [Sato et al., 1994], bone mass [Jordan et
al., 1987], and bone strength [Turner et al.,
1994]. RAL has been reported to be able to
restore the estrogen withdrawal-induced reduc-
tion of TGFB3 mMRNA levels in rat femur and to
activate TGFR3 promoter as a full agonist [Yang
et al., 1996b]. More recently, it was found that
TGFR3 activation by RAL was not mediated by
ERE but through a novel sequence, RRE, with
which ER probably interacts by intervening
proteins [Yang et al., 1996a]. In our experi-
ments effects of RAL clearly differed from those
of other antiestrogens since RAL did not stimu-
late cell proliferation during the early culture
period, as E2 and other tested compounds did.
However, RAL appeared to stimulate protein
synthesis including type | collagen synthesis of
differentiated osteoblasts. Furthermore, the
stimulation by RAL could not be significantly
opposed by a pure antiestrogen ICI 182,780.
Finally, although RAL preferentially stimu-
lated matrix protein synthesis in a unique man-
ner, the end result of cultures at day 21 was not
different from that of E2 and triphenylethylene
derivatives. All these observations suggest that
the mechanism of RAL action in bone differs
from that of other antiestrogens studied.

It has been suggested that RAL is more po-
tent than E2 in the regulation of TGFB3 gene

expression [Yang et al., 1996b]. In the TGFB3
promoter area, the preferred ligand was RAL,
whereas E2 activated the TGFB3 promoter as a
partial agonist/antagonist [Yang et al., 1996b].
In addition, the metabolites of E2 were found to
function as effective agonists at TGFB3 pro-
moter [Yang et al., 1996b]. Thus, it is possible
that RAL mimics the endogenous ligands by
regulating production of matrix proteins in o0s-
teoblast cultures. It is now generally accepted
that the main effect of E2 in the prevention of
bone loss is via the bone resorption [Riggs et al.,
1972; Parfitt, 1979]. Our in vitro results with
osteoblasts suggest that the bone sparing effect of
RAL may be partly due to its direct effect on
osteoblasts and bone formation. It is thus impor-
tant to study in details the effects of RAL and
other estrogen analogues separately on bone
resorbing and bone forming cells. This may
help to understand their mechanisms of action
at the molecular level and finally their effects in
Vivo.

In conclusion, our present results support the
earlier results [Qu et al., 1998] that estrogen can
enhance bone formation in vitro. We further dem-
onstrate that TAM, FC1271a, and RAL have estro-
gen-like effects on bone formation in bone mar-
row cell cultures but the mechanism of action of
these compounds seem to differ from each other.
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