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Abstract

Postmenopausal osteoporosis is a high turnover type of osteoporosis induced by estrogen deficiency following
menopause. In this type of osteoporosis, the osteoblastic activity is known to be elevated even though bone
resorption by osteoclasts eventually exceeds bone formation by osteoblasts, resulting in the deterioration of the
bone structure. Although the mechanisms underlying the progression of bone resorption in this disease are relatively
well understood, the mechanisms underlying the elevated osteoblastic activity are yet to be elucidated. The purpose
of this study is to investigate the possibility that leptin, a 16 kDa circulating hormone secreted mainly by white
adipose tissue, is involved in the development and/or progression of the high turnover type of osteoporosis.
Immunohistochemical analysis and ELISA were used to examine the expression of leptin in bones of ovariectomized
mice. To investigate the effect of leptin on proliferation and osteoblastic differentiation of bone marrow stromal cells,
cell proliferation assay and real-time RT-PCR analysis were performed using a mouse bone marrow stromal cell
line, MMSC3. Immunohistochemistry and ELISA revealed enhanced expression of leptin in bone marrows of
ovariectomized mice. A cell proliferation assay detected no significant effect of leptin on the proliferation of MMSC3
cells. In contrast, real-time RT-PCR revealed that leptin promoted the osteoblastic differentiation of this cell line.
Estrogen depletion caused by ovariectomy induces the upregulation of leptin expression in the bone marrow cavity,
which leads to the elevated osteoblastic activity observed in the early phase of high turnover type osteoporosis of

ovariectomized mice.
. J

the enhancement of energy consumption [11]. In addition to these
effects on the central nervous system, leptin has been reported to exert
its influence on a variety of physiological activities including
hematopoiesis [12], reproductive function  [13,14] and
thermoregulation [15]. Although an effect of leptin on bone formation
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Introduction

Postmenopausal osteoporosis, which is classified as a primary and
high turnover type of osteoporosis, is induced by estrogen depletion
following the menopause. In this type of osteoporosis, bone
resorption by osteoclasts eventually exceeds bone formation by
osteoblasts, even though osteoblastic activity is normal or even
enhanced. Subsequently, bone resorption becomes relatively
dominant, resulting in the deterioration of bone structure [1,2].
Accumulating evidence suggests that estrogen deficiency induces bone
resorption by increasing levels of proinflammatory cytokines such as
IL-1, IL-6, TNF-a and HIFla which enhance the formation and
activation of osteoclasts [3-7]. However, Jilka et al. [8] reported that
the lack of estrogen not only stimulates the formation of osteoclasts
but also inappropriately stimulates the formation of osteoblasts in
mice. In addition, the lack of estrogen is also believed to modify bone
formation and the responsiveness of bone tissue to mechanical stress
through direct effects on osteoblasts and osteocytes [9]. However, the
cellular and molecular mechanism underlying the elevated bone
turnover in osteoporosis still remains unclear.

Leptin, a 16 kDa circulating hormone secreted mainly by white
adipose tissue, was identified by Zhang et al. [10] in 1994 as the gene
responsible for hereditary obesity in obese (0b/0b) mice. It crosses the
blood-brain barrier and exerts weight-reducing effects including
promotion of sugar and fat metabolism, inhibition of food intake and

has also been reported, its effects on bone metabolism remain
controversial. Some studies have reported that it has anabolic effects
on bone [16-24], while other studies reported suppressive effects on
bone formation [25,26].

In the present study, on the basis of the hypothesis that leptin is
involved in development/progression of the high turnover type of
osteoporosis, we examined the expression of leptin in the bone
marrow of ovariectomized mice and also investigated the effects of
leptin on cell proliferation and osteogenic differentiation of mouse
bone marrow stromal cells.

Materials and Methods

Preparation of ovariectomized mice

ICR mice (8 weeks old, female) were used for the following
experiments. The housing care and experimental protocol were
approved by the Animal Care and Use Committee of Tsurumi
University School of Dental Medicine (Permit number: 24A064).
Ovariectomy was performed under pentobarbital anesthesia (40 mg/
kg), and all efforts were made to minimize suffering as described
previously [27]. These animals were designated as the ovariectomized
group (OVX group, n=20). In the control group (n = 20), a sham
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operati?rn was .perfc;lrmed uﬁdefr ﬁhe éameb fiondit.io}rlls as the OV)§ Primers Sequence Size
group. To monitor the growth of the mice, body weight was measure (GeneBank  accession (bp)
every week. no.)

Histology and microfocus X-l'ay CT Type | collagen F: 5-CACTGCCCTCCTGACGCAT-3’ 137
(NM_007742.3) R: 5-CACACAGCCGTGCCATTG-3’
Mice were sacrificed by administration of an overdose of anesthetic
at 2 or 4 weeks after operation, and then a laparotomy was performed | Bone sialoprotein F: 5-CCAGGACTGCCGAAAGGAAG-3' 144
on all OVX animals to confirm the complete removal of bilateral (NM_008318.3) R: 5-CCCCGTTTTCTTCAGAATCCTCTG
ovaries. -3
Both tibiae were removed and fixed with 10 N Mildform® (Wako Osteocalcin F: 5-CGGCCCTGAGTCTGACAAA -3’ 67
Pure Chemical Industries, Osaka, Japan). Thereafter, the | (NM_031368.4) R: 5-GCCGGAGTCTGTTCACTACCTT -3’
microstructure of the proximal epiphyses of the tibiae was examined
using a Hitachi microfocus X-ray cone beam CT apparatus (uCT, Ob-Ra F: S“ACACTGTTAATTTCACACCAGAG =3° | 236
Hitachi Medical Corporation, Tokyo, Japan). Four tibiae form each | (NM_001122899.1) R: 5-AGTCATTCAAACCATAGTTTAGG -3
. . o i ine . .
group were ther.l decalcified w1th 10% form1F acid/10% sodium citrate Ob-Rb F: 5 ACACTGTTAATTTCACACCAGAG -3' | 445
and embedded in paraffin. Sections 3 um thick were cut and observed ’ ,
histologically after hematoxylin and eosin staining. (NM_146146.2) R: 5-TGGATAMCCCTTGCTCTTCA -3
GAPDH F: 5-CCATCACCATCTTCCAGGAG -3’ 303
Immunohistochemistry (NR_003623.1) R: 5-GCATGGACTGTGGTCATGAG -3’

Ten sections from each group were immunostained for leptin. After
inactivation of endogenous peroxidase, sections were incubated with
10% normal rabbit serum at room temperature (RT) for 10 minutes,
and then with goat anti-mouse leptin antibody (Genozyme Teche,
Cambridge, USA) diluted 1:500 in phosphate buffered saline (PBS, pH
7.4) containing 1% bovine serum albumin (BSA) at 4°C overnight.

The localization of leptin was visualized using a Histone SAB-PO
(G) Kit (Nichirei, Tokyo, Japan) and a diaminobenzidine (DAB)
Substrate Kit (Nichirei). The specificity of the immunoreaction was
confirmed by preabsorption of the anti-mouse leptin antibody with
recombinant mouse leptin (Diaclone Research, Besan, France).

Cell culture

Mouse bone marrow stromal cells (MMSC3) [28] and MC3T3-El
cells, a mouse osteoblastic cell line, were cultured in alpha-modified
Minimum Essential Eagle’s Medium (a-MEM: Sigma Chemical Co. St.
Louis, MO) containing 10% fetal bovine serum (FBS, Filton, Brooklyn,
Australia), 50 pg/mL L-ascorbic acid (Wako Pure Chemical Industries,
Osaka, Japan), 1x Glutamax® (Invitrogen, Carlsbad, CA), 10 mM pB-
glycerophosphate (Sigma), 100 units/mL penicillin (Invitrogen) and
100 pg/mL streptomycin (Invitrogen) at 37°C in a humidified
atmosphere of 5% CO, in air. The medium was changed every three
days.

Reverse transcription-polymerase chain reaction (RT-PCR)

MMSC3 and MC3T3-El cells were seeded in 100 mm dishes, and
after reaching confluence total RNA was extracted using TRIzol®
reagent (Invitrogen). cDNA was synthesized from 1 pg total RNA
using the Superscript IIT First-Strand Synthesis System (Invitrogen)
after DNase I treatment. PCR was carried out in a 50 pL reaction
mixture using Thermo ReddyMix PCR Master Mix (Thermo Fisher
Scientific).

The GAPDH gene was used as an internal control for the quantity
and quality of cDNA. PCR products were analyzed by ethidium
bromide staining after separation by electrophoresis through a 2%
agarose gel. All primer sequences were determined using established
GenBank sequences, and were listed in Table 1.

Table 1: Oligonucleotide primers used in real-time RT-RCR and RT-
PCR (F: forward, R: reverse).

Alkaline phosphatase (ALPase) staining

Bone marrow was obtained from the dissected tibiae at 3 and 4
weeks after OVX or sham operation. The epiphyses were removed,
and bone marrow was flushed from the shafts using 3 mL of a-MEM
expelled from a syringe through a 26-gauge needle. A single cell
suspension was obtained by gently aspirating the bone marrow tissue
several times through 23-gauge needles, and finally filtering through a
cell strainer (100 pm sieve size, Becton Dickinson Labware, Franklin
Lakes, NJ) to remove tissue debris. All the cells from each tibia were
washed with a-MEM and seeded into a 100 mm dish, then cultured in
a-MEM containing 10% FBS, 50 pug/mL L-ascorbic acid, 1x Glutamax®
(Invitrogen), 100 units/mL penicillin (Invitrogen) and 100 pg/mL
streptomycin (Invitrogen). The cultures were maintained for 5 days
without changing the medium, and thereafter the medium was
changed every 2 days. To determine CFU-F, cells were fixed with 4%
paraformaldehyde after 10 days of culture, and then stained using an
ALPase Staining Kit (Primary Cell Co., Ltd. Hokkaido. Japan).
Colonies containing a minimum of 20 cells were designated as CFU-F
[8] and counted under a phase-contrast microscope (CK40, Olympus
Corp., Tokyo, Japan).

Enzyme-linked immunosorbent assay (ELISA) for leptin

Femora were removed from OVX and sham-operated mice. After
the soft tissue was completely removed from the surface of femora,
they were immediately frozen in liquid nitrogen and ground using a
vibratory mill (Retch Mixer Mill, Type MM400; Retch, Haan,
Germany) with 5 mm diameter stainless steel balls at a frequency of
30/sec for 1 minute. Protein solubilization was performed with RIPA
Lysis buffer containing protease inhibitor cocktail (Santa Cruz
Biotechnology, Santa Cruz, CA). Femoral leptin levels were measured
using a Quantikine® ELISA Mouse/Rat Leptin Immunoassay kit (R&D
Systems, Minneapolis, MN).
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Western blot analysis for the leptin receptor Ob-R

MMSC3 and MC3T3-El cells were cultured in growth medium
until they reached confluence. The cells were lysed in RIPA buffer (10
mM Tris-HCI, 1% NP-40, 0.1% SDS, 150 mM NaCl and 1 mM EDTA)
containing protease inhibitor cocktail (Thermo Scientific, Rockford,
IL). The samples were separated by the NuPAGE System (Novex; San
Diego, CA) using a 4-12% Bis-Tris Gel, and electrically blotted onto a
nitrocellulose membrane (Bio-Rad, Laboratories, Hercules, CA). After
blocking with 5% skimmed milk at 4°C overnight, the membranes
were incubated with goat anti-Ob-R antibody diluted 1:1000 at 4°C for
3 hours. Membranes were then washed several times and incubated
with horseradish peroxidase-conjugated anti-goat IgG antibody (Dako
Denmark; Glostrup, Denmark) diluted 1:500 in the same buffer for 1 h
at RT. After several washes, Ob-R was visualized using ECL Western
Lighting Plus-ECL (Perkin Elmer, Inc., Waltham, MA) and an ECL
mini-camera (Amersham Pharmacia Biotech, Little Chalfont, UK).

Cell proliferation assay

The effect of leptin on the proliferation of MMSC3 cells was
analyzed using the crystal violet staining method as described
previously [29]. In brief, cells were seeded into 24-well culture plates at
a cell density of 3 x 10° cells/well and cultured in a-MEM containing
1% FBS and various concentrations (0, 1, 5, 10 and 100 ng/mL) of
leptin. At 0, 3, 5, 7, 10 and 14 days of culture, cells were fixed with 1%
glutaraldehyde in PBS and stained with 0.02% crystal violet in
deionized water. After several rinses, crystal violet bound to cells was
extracted by incubation with 200 uL/well of 70% ethanol at 4°C
overnight. Absorbance was measured at 570 nm using a microplate
reader (BIO-RAD Laboratories).

Real-time reverse transcription-polymerase chain reaction

The expression of mRNA encoding type I collagen (Col I), bone
sialoprotein (BSP) and osteocalcin (OC) in MMSC3 cells was
examined by real-time reverse transcription-polymerase chain
reaction (real-time RT-PCR). At confluence, the cells were exposed to
various concentrations (0, 1, 5, 10 and 100 ng/mL) of leptin. At 7 and
14 days of culture, total RNA was extracted using TRIzol® reagent
(Invitrogen). PCR was performed with SYBR® Premix ExTaqIl TM
(Takara Bio Inc., Shiga, Japan) using an Applied Biosystems
StepOneTM Real-Time PCR System (Applied Biosystems Inc.,
Carlsbad, CA). The GAPDH gene was used as an internal control for
the quantity and quality of cDNA. All primer sequences were
determined using established GenBank sequences, and were listed in
Table 1.

Statistics

All values are expressed as mean + SE. For comparisons between
two groups, data were analyzed by the Mann-Whitney U-test, and for
multiple group comparisons, data were analyzed by one-way ANOVA.
The significance of individual differences was evaluated using the
Mann-Whitney U-test with Bonferroni correction. P<0.05 was
considered statistically significant.

Results

Histological changes in tibiae of ovariectomized mice

Although OVX mice showed a slight increase in body weight
compared to sham-operated mice, no statistically significant difference
in body weight gain was detected between the OVX and the sham
group (Figure 1A). The pCT analysis of tibiae at 4 weeks after
ovariectomy revealed that cancellous bone volume in the proximal
region of the tibiae was reduced in the ovariectomy group compared
with the sham group. Histological observation also showed a reduction
in trabecular bone beneath the growth plate in the OVX group.
Moreover, the emergence of a large number of adipocytes was
observed in the bone marrow cavity of OVX mice, leading to reduced
cellularity in the bone marrow cavity (Figure 1B). These radiographic
and histological findings confirmed that ovariectomized mice
unfailingly suffered from high turnover type osteoporosis.
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Figure 1: The influence of ovariectomy on mouse body weight and
bone tissue. A. Mouse body weight was measured every week after
OVX or sham operation. B. puCT and histological examination of
the proximal epiphysis of the tibiae of mice at 4 weeks after OVX or
sham operation. Scale bars = 100 pm.

Expression of leptin in the bone marrow of OVX and sham-
operated mice

Immunohistochemical analysis of leptin expression in tibiae
showed that osteoblasts lining the primary spongiosa and
hypertrophic chondrocytes expressed much more leptin in the OVX
group compared with the sham group. In addition to these osteogenic/
chondrogenic cells, adipocytes were also strongly positive for leptin,
indicating that bone marrow adipocytes induced by estrogen depletion
also strongly expressed leptin. Interestingly, megakaryocytes in the
bone marrow cavity also showed slightly higher expression of leptin in
ovariectomized mice (Figure 2A). The leptin protein concentration in
whole femora at 1 and 3 weeks after ovariectomy was quantified by
ELISA. The amount of leptin in the femora of OVX mice was
approximately two-fold higher than that in the sham group at 3 weeks
after operation, although no significant difference between the two
groups was detected at 1 week after operation (Figure 2B). Semi-
quantitative RT-PCR analysis also revealed higher expression of leptin
mRNA in tibiae of ovariectomized mice at 2 and 4 weeks after
operation compared with the sham group (data not shown).
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Figure 2: Expression of leptin protein in the tibiae of mice after
OVX or sham operation. A. Immunohistochemical localization and
expression of leptin in the tibiae of OVX and sham-operated mice,
counterstained with hematoxylin. DAB and hematoxylin staining.
Scale bars = 50 pm. B. Quantitative analysis of leptin protein in
femora at 1 and 3 weeks after OVX or sham operation. Values are
mean = SE from two independent experiments performed in
quadruplicate. “p<0.05.

Effect of ovariectomy on bone marrow stromal cells

In order to elucidate the effect of estrogen depletion on the bone
marrow stromal cell population, a colony-forming assay and ALPase
staining were performed using ex vivo bone marrow stromal cell
cultures. The ALPase-positive colony forming ability of the bone
marrow stromal cell population obtained from OVX mice showed an
almost two-fold increase at 3 and 4 weeks after operation compared
with that from sham-operated mice (Figure 3). Interestingly, very few
colonies were observed to be completely negative for ALPase activity.
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Figure 3: Colony-forming assay for bone marrow stromal cells.
Whole bone marrow cells from each tibia at 3 and 4 weeks after
OVX or sham operation were seeded into culture dishes and the
colonies formed at 10 days of culture were counted after ALPase
staining. Values are mean + SE from 5 animals per group. *p<0.05.

Expression of leptin and leptin receptor in mouse bone
marrow stromal cells

RT-PCR analysis showed that MMSC3 cells expressed mRNA for
two variant leptin receptors, Ob-Ra and Ob-Rb (Figure 4A). Western
blot analysis also confirmed the expression of Ob-Ra and Ob-Rb in
MMSC3 cells [30] (Figure 4B).
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Figure 4: Effect of leptin on bone marrow stromal cells. A. RT-PCR
analysis for two variant leptin receptors, Ob-Ra and Ob-Rb.
MC3T3-E1 cells were used as the positive control for leptin
receptor expression. B. Western blot analysis for two variant leptin
receptors, Ob-Ra and Ob-Rb. MC3T3-El cells were used as the
positive control for leptin receptor expression. C. Effect of leptin on
proliferation of bone marrow stromal cells. Values are mean + SE
from two independent experiments performed in triplicate. D-F.
Expression of mRNA for osteoblastic differentiation markers, Col I,
BSP and OC. Values are mean + SE from two independent
experiments performed in triplicate. “P<0.01.

Effect of leptin on mouse bone marrow stromal cells

A cell proliferation assay detected no significant effect of leptin on
the proliferation of MMSC3 cells at any concentration examined
between 0 and 100 ng/mL (Figure 4C). In contrast, real-time RT-PCR
analysis for some osteoblast differentiation markers revealed that
exogenous leptin promoted the expression of some of these markers in
bone marrow stromal cells. The expression of mRNA for both of bone
sialoprotein, a midterm osteoblast differentiation marker and
osteocalcin, a terminal osteoblast differentiation marker was enhanced
by exogenous leptin in a dose dependent manner between 0 and 10
ng/mL. Interestingly, 100 ng/mL leptin showed a promoting effect
equal to that of 5 ng/mL leptin (Figure 4E, F). The expression of
mRNA for type I collagen, an early osteoblast differentiation marker,
was not affected by exogenous leptin at any concentrations examined
(Figure 4D).

Discussion

Postmenopausal osteoporosis, a high turnover type of osteoporosis
induced by estrogen depletion in women, is characterized by a
decrease in bone mass and density which can lead to an increased risk
of fracture. In this type of osteoporosis, it is known that osteoclastic
bone resorption and osteoblastic bone formation are both activated
during the early stage of the disease [1,2]. Although the mechanisms
underlying the activation of bone resorption are relatively well
understood [1-7], the mechanisms underlying the increase in
osteoblastic activity remain unclear.

In this study, on the basis of a hypothesis that leptin may be
involved in the elevated osteoblastic activity observed during the early
stage of estrogen depletion-triggered osteoporosis, we examined the
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expression of leptin in the bone marrow cavity of OVX mice and also
investigated the cell biological effects of this molecule on mouse bone
marrow stromal cells. Our results showed that hypertrophic
chondrocytes, osteoblasts on the primary spongiosa and emerging
adipocytes in the bone marrow cavity of OVX mice all expressed leptin
more strongly than those in sham-operated mice. An ELISA also
confirmed that the amount of leptin in the femora of OVX mice was
much higher than that in the sham group. These findings clearly reveal
that ovariectomy, i.e. estrogen depletion, could trigger enhanced
expression of leptin in the bone marrow and also suggest the
possibility that leptin could exert some local influence on the onset
and/or progression of the high turnover type of osteoporosis,
particularly in elevating osteoblastic activity, acting as a paracrine or
autocrine factor.

Based on this outcome, we next performed a colony-forming assay
to examine whether the osteoblastic differentiation of bone marrow
stormal cells could be enhanced by exogenous leptin. We observed a
two-fold increase in the number of ALPase-positive colonies, which
presumably consisted of cells committed to the osteogenic cell lineage,
in the OVX group compared with the sham group. Moreover, cell
proliferation assay and real time RT-PCR for BSP and OC showed that
leptin exerted no significant influence on the proliferation of bone
marrow stromal cells, whereas the osteoblastic differentiation of bone
marrow stromal cells was enhanced by exogenous leptin. These results
are consistent with the results reported by Thomas et al. [20] and
Chang et al. [22] using human bone marrow stromal cells.

Taken together, the results of our investigation strongly suggest that
estrogen depletion by ovariectomy/menopause stimulates the
production of leptin by some types of cells in the bone marrow cavity
such as chondrocytes, osteoblasts and adipocytes, stimulating the
osteoblastic differentiation of bone marrow stromal cells. We therefore
hypothesize that the upregulation of leptin following estrogen
depletion is, at least in part, involved in the elevated osteoblastic
activity observed in the high turnover type of osteoporosis. The
detailed molecular mechanisms connecting estrogen depletion and
leptin upregulation are still unclear, but this issue will be addressed in
a future study.
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