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ABSTRACT. Background: We demonstrated previously that
β (E2)
phytoestrogens and vitamin D analogs like estradiol-17β
modulate bone morphology in rat female model. Aim: We
now analyze the effects of phytoestrogens, E2, selective E2
receptor modulators, and the less-calcemic analogs of vitamin
D: JKF1624F2-2 (JKF) or QW1624F2-2 (QW) on fat content
in bone marrow (BM) from long bones in ovariectomized female rats (OVX). Materials and methods: OVX rats were injected with treatments known to affect bone formation, 5
days per week for 2.5 month for analysis of fat content in
BM. Results: In OVX young adults there is a decreased bone
formation and a 10-fold increase in fat cells content in BM.
Treatment with E2, raloxifene (Ral) or DT56a resulted in almost completely abolishment of fat cells content. Daidzein
(D) decreased fat cells content by 80%, genistein (G) or

biochainin A (BA) did not change fat cells content and carboxy BA (cBA) had a small but significant effect. JKF or QW
did not affect fat cells content, whereas combined treatment
of JKF or QW with E2 resulted in complete abolishment of
fat cells content. These changes in fat cells content are inversely correlated with changes in bone formation. Conclusions: Our results demonstrate that adipogenesis induced by
OVX is a reversible process which can be corrected by hormonal treatments. The awareness of a relationship between
fat and bone at the marrow level might provide a better understanding of the pathophysiology of bone loss as well as a
novel approach to diagnosis and treatment of postmenopausal osteoporosis.
(J. Endocrinol. Invest. 34: 106-110, 2011)
©2011, Editrice Kurtis
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ing ovariectomy, bone volume in rat metaphysis decreased
and the space was filled with hemopoietic and adipose tissue. Marrow fat content increased with time after ovariectomy, with a reciprocal relationship between marrow fat
content and bone formation rate (7, 8).
Factors expected to enhance osteogenesis enhance also
adipogenesis and vice versa, via transcription factors and
cytokines that serve as mediators for terminal differentiation of both (9).
Estrogen deficiency is known to be involved in osteoporosis (10), and it has been reported that estrogens as well as
androgens, are necessary for the maintenance of the male
as well as the female skeleton (11, 12). Recently, we have
demonstrated that some phytoestrogenic derivatives such
as DT56a have estrogen-like activities on bone formation
(13, 14) and can replace current hormone replacement therapy (HRT) treatments with no deleterious effects.
We also tested the less-calcemic vitamin D 3 analogs
QW1624F2-2 (QW) and JKF1624F2-2 (JKF), and found repair of the loss of trabecular bone and the gain of adipcytes in rats long bones occurring immediately after
ovariectomy (15, 16).
Ovariectomy was shown to increase body weight by stimulating an increase in carcass adiposity due primarily to
increased fat mass, while estrogen treatment prevented
this increase in adult OVX rats (17, 18). Whether or not
hormonal treatments affecting osteoblasts and bone formation will affect adipocytes number in BM leading to
the reversal of this process is not clear.

Osteoporosis is associated with atrophy of the spongy
bone due to reduction in bone formation, thus affecting
bone strength to the extent that fractures occur after minimal trauma. At menopause, an accelerated loss of bone
mass (3%/yr) takes place during the first 5 yr, along with
an increased volume of bone marrow (BM) adipocytes.
Previous histomorphometric studies showed an association
between osteopenia and increased adipose tissue in BM
with aging (1, 2). Such a phenomenon was observed also in
ovariectomized (OVX) rats (3). In humans, osteoporosis and
age-related osteopenia were shown to be associated with
an increase in marrow fat tissue. It was shown that the number of osteoblasts were negatively correlated with the numbers of adipocytes (4), suggesting that adipocytes were
generated at the expense of osteoblasts. The increased
numbers of adipocytes observed in BM in osteoporosis and
age-related bone loss may be directly linked to osteogenic
potential, reflecting a switch in the balance of commitment
of stem cells from osteoblasts to adipocytes (5, 6). Follow-
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Using rat models, it was shown that there is an increased
numbers of adipocytes in BM of aged and OVX animals,
associated with thinning of structure of trabecular bone
due to a reduction in osteoblastic activity (19).
The aim of the present study was to evaluate the effects of
different estrogenic compounds as well as vitamin D lesscalcemic analogs on BM adipocytes volume (%MAV) in BM
of long bones from OVX female rats treated for 2.5 months.

Intact

Ovx+E2

Ovx

Ovx+DT56a

MATERIAL AND METHODS
Animals
In several experiments carried out in our laboratory, Wistar-derived,
locally bred female rats, aged 25 days and weighing 60 g at the
start of the experiment, were maintained, on a 14 h light/10 h dark
schedule at 23 C, and provided with food pellets and water ad libitum. Experiments were carried out according to the regulations
of the Committee on Experimental Animals of the Tel-Aviv Sourasky
Medical Center and the NIH guidelines. Ovariectomy was carried
out at 25 days of age and used starting 2 weeks post-surgery.

Ovx+D

Fig. 1 - The effects of estradiol 17β (E2), DT56a, and daidzein
(D) on fat volume in bone marrow from ovariectomized (OVX)
female rats. Details are as described in Materials and Methods.

Hormonal treatment
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Histology and histomorphometry

that the growth plate contained the typical arrangement
of cartilage cells, including proliferative, chondroblastic,
and hypertrophic chondrocytes. Numerous thin trabecular spicules were observed underneath and adjacent to
the lower aspect of the growth plate and adipocytes were
scarcely observed (Fig. 1 and Table 1).
After 2.5 months from ovariectomy, control animals
demonstrated changes in the growth plate structure. The
overall growth plate architecture was disrupted with fewer proliferative and chondroblastic cells. The metaphysis
underneath the growth plate contained only few trabecules as compared to the intact control tibiae. Unlike
the BM appearance of bone from intact rats, the metaphysis from OVX rats contained plenteous adipocytes,
and %MAV was 27.10±1.80% as compared to
0.28±0.17% in the intact control (Fig. 1 and Table 1).

After 2.5 months of treatment, 24 h after the last injection, rats
were sacrificed and organs were removed for histomorphometry. Tibiae were dissected and fixed in 4% formaldehyde in 0.1
M phosphate buffer, pH 7.2, and decalcified in 10% EDTA in
0.05M Tris-HCl buffer, pH 7.2. Specimens were embedded in
paraffin and 6-mm thick sections, parallel to the long axis of the
bone, were cut serially and stained with hematoxylin and eosin.
The %MAV was determined in a defined area, directly under the
tibial growth plate. Image capture, processing and analysis were
done using Image Pro Plus software, a computerized histomorphometric system (Media Cybernetics Inc. USA).

Effects of E2, DT56a, and D on bone marrow fat
volume
After 2.5 month of treatment with E2, the tibial morphological appearance was similar to that observed in the intact bone. Treatment with E2 restored bone loss in the
OVX rats by 32% compared with the control OVX rats
(p<0.01) (14-16). The growth plates contained the typical
arrangement of proliferative, chondroblastic, and hypertrophic cellular populations. The bony trabeculae observed in the primary spongiosa appeared to be thicker

Animals were divided into groups (no.=5 for each treatment
group) and different experiments were used: a) intact, OVX, and
OVX animals treated with estradiol-17β (E2) and DT56a; b) intact, OVX, and OVX animals treated with E2, raloxifene (Ral),
genistein (G), daidzein (D), biochainin A (BA), or carboxy BA
(cBA); c) intact, OVX, and OVX animals treated with QW, JKF, E2
or E2 + JKF and E2 + QW (14-16).
In all studies, OVX rats were injected 5 days per week with: a) 166
µg/kg E2, with 650 µg DT56a, with 1660 µg/kg D or with vehicle
0.1% ethanol in saline (C); b) 166 µg/kg E2, 1660 µg/kg Ral, 1660
µg/kg G, D, cBA or BA, or with vehicle 0.1% ethanol in saline (C);
c) with E2 (1 µg/rat), with JKF or QW at 0.2 ng/g BW or JKF or
QW at 0.2 ng/g BW followed by injections of E2 (1 µg/rat) on day
5 of each week, or with 0.1% ethanol in saline (C) (15, 20).
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Statistical analysis
Table 1 - The effects of estradiol 17β (E2), DT56a, and daidzein
(D) on fat volume (FV) in bone marrow.

Statistical analysis was carried out using the Stat-2 software. The
data were subjected to one way analysis of variance (Kruskalwallis test) and TUKEY non-parametric test for differences between groups.

%FV in bone marrow (%FV±SEM)
Control intact

0.28±0.17

OVX + Control

27.10±1.80a

RESULTS

OVX + E2

0.03±0.002a

In all experiments, specimens were studied at the metaphysis including the growth plate and the primary spongiosa adjacent to the growth plate.
Examination of the control intact animal group revealed

OVX + DT56a

0.00±0.00a

OVX + D

5.37±0.30b

ap<0.01, bp<0.05, from the corresponding mean values of ovariectomized
control rats.
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Table 2 - The effects of different estrogenic compounds on fat
volume (FV) in bone marrow.

as compared to the spicules observed in the intact control animals whereas the %MAV was reduced by almost
100% from 27.10±1.80% to 0.03±0.002% (p<0.01) (Fig.
1 and Table 1). The growth plate architecture has been
partially restored after treatment with D and the primary
spongiosa contained thick bone trabecules with a reduction of 80% in %MAV from 27.10±1.80% to
5.37±0.30% (p<0.05) (Fig. 1 and Table 1).
DT56a treatment completely prevented the OVX-induced
reduction of growth plate width, restoring the growth
plate to the same width as that in non-OVX controls.
Moreover, the growth plates of DT56a-treated rats were
more mature in appearance than those of E2-treated rats,
containing relatively more chondroblastic and hypertrophic cells and fewer proliferative cells. Treatment with
DT56a decreased completely and significantly the %MAV
from 27.10±1.80% to 0.00±0.00% (p<0.01) (Fig. 1 and
Table 1) (14, 16).

%FV in bone marrow (%FV±SEM)
Control intact

0.28±0.17

OVX Control

27.10±1.80a

OVX + E2

0.03±0.002a

OVX + DT56a

0.00±0.00a

OVX + Ral

0.20±0.02a

OVX + D

5.37±0.30b

OVX + G

23.00±2.10

OVX + BA

25.07±1.90

OVX + cBA

19.10±1.60

ap<0.01, bp<0.05,

from the corresponding mean values of ovariectomized
(OVX) control rats. E2: estradiol 17β; Ral: raloxifene; D: daidzein; G: genistein; BA: biochainin A; cBA: carboxy BA.

Effects of several estrogenic compounds on bone
marrow fat volume
Treatment of OVX rats for 2.5 months with Ral revealed
an almost complete recovery of the bone architecture.
The growth plate arrangement was typical and normal
and there was an increased % trabecular bone volume
(%TBV), restoring bone loss caused by ovariectomy (16).
A complete reduction in %MAV was observed in this region from 27.10±1.80% to 0.20±0.02% (Fig. 2 and Table
2). A disrupted organization of the growth plate and trabecules was observed after treatment for the same time
with G. No proliferative chondrocytes were observed.
Most of the growth plate contained chondroblastic and
hypertrophic chondrocytes. G only slightly decreased
%MAV from 27.10±1.80% to 23.00±2.10 % (Fig. 2 and
Table 2). Compared to the OVX control rats, no change
was observed after treatment with BA with BM that contained large %MAV, similar to that observed in the OVX
control rats from 27.10±1.80% to 25.07±1.90% (Fig. 2
and Table 2). Similar results were observed after treat-

ment with cBA with 30% decrease in %MAV from
27.10±1.80% to 19.10±1.60% (ns) (Fig. 2 and Table 2)
(16).
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Effects of less-calcemic vitamin D analogs: JKF and
QW on bone marrow fat volume
Treatment of 2.5 month with JKF resulted in some recovery of the bone architecture of OVX rats, but not
similar to bone from intact rats, along with a thin
epiphiseal cartilage with not many proliferative cells,
vast hypertrophic cells. A significant difference was
found in cortical bone thickness and %TBV, and numerous adipocytes in the bone marrow (15, 20). In fact,
JKF increased the MAV by 120% from 32% to 70% (Fig.
3 and Table 3).
Addition of E2 to the treatment with JKF restored some
aspects of bone architecture. Hardly any bone marrow
adipocytes were observed with 100% reduction of %MAV
from 32 to 0% (Fig. 3 and Table 3) (15, 20).
Treatment of OVX rats with QW restored the growth
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Ovx

Ovx+Ral

Ovx

Ovx+E2

Ovx+JKF

Ovx+BA

Ovx+cBA

Ovx+JKF+E2

Ovx+QW

Ovx+QW+E2

Fig. 2 - The effects of raloxifene (Ral), genistein (G), biochainin
A (BA) and carboxy BA (cBA) on fat volume in bone marrow from
ovariectomized (OVX) female rats. Details are as described in
Materials and Methods.

Fig. 3 - The effects of less-calcemic vitamin D analogs
JKF1624F2-2 (JKF) and QW1624F2-2 (QW) on fat volume in bone
marrow from ovariectomized (OVX) female rats. Details are as
described in Materials and Methods. E2: estradiol 17β.
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Table 3 - The effects of less-calcemic vitamin D analogs
JKF1624F2-2 (JKF) and QW1624F2-2 (QW) on fat volume (FV) in
bone marrow.

tion such as transforming growth factor (TGF)-β and interleukin (IL)-11 are decreased, and inhibitors of bone
formation such as tumor necrosis factor (TNF)-α and IL-6
are increased (23, 24). In addition, the expression of
adipocyte-restricted peroxisome proliferator-activated
receptor-γ2 transcription factor, which is a key regulator
of osteoblasts and adipocytes differentiation, is increased
in marrow from old mammals (25).
Clinical studies have shown that decreased bone mass is
inversely correlated with increased BM fat content, and
increased marrow fat contents secretes large amounts of
TNFα and IL-6, which in turn inhibit osteoblastogenesis
(26). Other clinical observations documented an inverse
relationship between adipocytes and osteoblasts in osteoporotic patients (27).
In our study, we found that treatment with E2 as well as
with some of the estrogenic compounds reversed the aging process of BM by reducing its lipid content and repaired the morphology of the growth plate. These results are in accordance with studies examining the effect
of estrogens on BM from OVX mice on adipogenesis,
showing that old animals responded better to E2 administration by reducing the high content of marrow fat in
their bones (28).
Magnetic resonance imaging revealed that the effect of
ovariectomy on rat fat was not limited to subcutaneous
and abdominal fat, but included fat composition of marrow ovariectomy and induced an increase in the fat content of the rat tibial metaphyses. Furthermore, treatment
with E2 was correlated with a decrease in tibial marrow
fat in vivo after 1 week of treatment (18).
Using a murine pre-osteoblastic clonal cell line KS483 it was
shown that E2 stimulates the differentiation of progenitor
cells into osteoblasts and concurrently inhibits adipocyte
formation in an estrogen receptor (ER)-dependent way (29).
Estrogen may recruit progenitor cells in the osteoblastic
lineage at the expense of adipocytes and it may stimulate
maturation of early osteoblasts as was demonstrated in
both KS483 and ST-2 stromal cell lines (29).
Studying the effect of several phytoestrogens on bone,
we found that G, BA or cBA had almost no effect on the
OVX rats bone structure (16) and increased amounts of
adipocytes were observed in BM similar to BM from untreated OVX rats. Only DT56a and D promoted osteoblastic formation, replacing the extensive numbers of
adipocytes caused by ovariectomy (14, 16).
In vitro studies of the soy pyhtoestrogens D (30) and G
(31) showed that at low concentrations, both D and G
have estrogenic effects, stimulating osteoblastogenesis
and decreasing adipogenesis. It was shown that in human BM stromal cells G enhanced the commitment and
differentiation of BM stromal cells to the osteoblastic lineage with no effect on the late osteogenic maturation
markers. Conversely, G as well as E2 reduced adipogenic
differentiation and maturation (31). However, while in vitro studies on human cultures of bone cells showed that
G was as active as D or E2 (31), in our in vivo studies D
partially restored bone formation including disappearance of BM adipocytes, indicating that aside from its effect on bone growth and maturation, this substance may
have also an effect on BM metabolism, while G had no effect (Table 2). Our findings on the effect of G (16) are in

%FV in bone marrow (%FV)
Control intact

0.28

OVX Control

32.00

OVX + E2

0.48

OVX + JKF

70.00

OVX + JKF + E2

0.00

OVX + QW

30.00

OVX + QW + E2

0.00

E2: estradiol 17β.

plate structure, however with slight disruption of its organization. Proliferative cells were observed and although
the mineralized zone appeared to be resorbed, it was
not accompanied with trabecular bone formation or with
less adipocytes in bone marrow. %MAV was reduced
slightly from 32 to 30% (Fig. 3 and Table 3). Addition of
E2 to the treatment of QW resulted in a complete restoration of the growth plate architecture displaying normal
appearance with the typical division of the growth plate
zone and thin spicules. Moreover, the primary spongiosa
contained thin bone trabeculae, %TBV was restored to
that observed in the intact control rats, and almost no
adipocytes in bone marrow were observed, with a reduction of 100% in MAV from 32 to 0% (Fig. 3 and Table
3) (15, 20).
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In the present studies, the effect of various phytoestrogens, both native and synthetic, E2 and Ral on rat bone,
as well as the less-calcemic 1,25(OH)2D3 analogs JKF and
QW were compared and analyzed regarding their ability
to repair the damage caused by ovariectomy. Ovariectomy caused an almost complete cessation of bone
growth, as was demonstrated by the disruption of the
growth plate cell organization, and the complete disappearance of thin bone spicules, with an increased amount
of adipocytes replacing osteoblasts in the bone marrow
of long bones adjacent to the growth plate (14-16, 20).
We demonstrated that the parameter of bone marrow
adipocytes, i.e. %MAV increased due to ovariectomy,
and that E2, DT56a, D, Ral, and combined treatment of
QW+E2 or JKF+E2 were able to reverse this increase.
Thus, indicating that these hormonal treatments promote
osteogenic formation, replacing the vast medullary
adipocytes due to the removing of the source of estrogens by ovariectomy. These results may indicate that the
hormonal treatments affected overall BM metabolism.
The changes caused by OVX reflects a more mature
stage of bone as observed in aged animals such as mice
with accelerated aging (SAMP6 strain), osteoblastogenesis was decreased with correlation to increased number
of adipocytes (21). Age-related changes in the differentiation potential of mesenchymal marrow stem cells (mMSC) are accompanied by alterations in intracellular mechanisms and extracellular signaling controlling their fate
(22). With aging, the levels of stimulators of bone forma-
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15.

contrast with other studies in vivo showing that administration of G decreased bone loss in OVX rats (32) and
mice (33), but in accordance with the in vitro studies
where G is as active as D or E2 (34).
When the selective ER modulator Ral was administered,
there was almost complete recovery of bone morphology, with no adipocytes observed in BM (Table 2). Treatment with the less-calcemic vitamin D3 analogs JKF and
QW restored a few aspects of the OVX bone architecture (16), however, an increased number of BM adipocytes were observed compared to OVX rats. The addition of E2 to JKF or QW, improved all bone parameters
examined (15, 20) including complete disappearance of
the adipocytes in BM of long bones (Table 3).
Our present study showed that adipogenesis caused by
ovariectomy is a reversible process, which can be corrected and may rejuvenate BM to its normal accurate
chronological age by the addition of some of the hormonal compounds tested.

16.

17.

18.

19.

20.

21.

22.
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