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Human bone marrow adipocytes support dexamethasone-induced osteoclast
differentiation and function through RANKL expression
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ABSTRACT
The TNF-family molecule, Receptor Activator of Nuclear factor κ B Ligand (RANKL) is known
as a key regulator for bone remodeling, and is essential for the development and activation of
osteoclasts. In this study, we examined the regulation of RANKL in primary human bone marrow
adipocytes and the relationship between bone marrow adipocytes and bone metabolism. RANKL
expression and the RANKL/osteoprotegerin (OPG) mRNA ratio in marrow adipocytes increased
following dexamethasone treatment. In co-cultures of human osteoclast precursors and bone marrow adipocytes with dexamethasone, osteoclast precursors differentiated to TRAP-positive multinuclear cells. Moreover, the ability of bone resorption was confirmed in co-culture in flasks coated
with calcium phosphate film. Osteoclast precursor differentiation and bone resorption were
blocked by RANKL antibody pretreatment. TRAP-positive multinuclear cells did not form in coculture without cell-to-cell contact conditions. We conclude that primary human bone marrow adipocytes have the ability to promote osteoclast differentiation and activities, similar to osteoblasts
and other RANKL-expressing cells.

There are various hypotheses about the function of
bone marrow adipocytes, which are present in large
quantities in the choke marrow space. Some hold
that bone marrow adipocytes function as 1) a spacer
between hematopoietic cells and bone tissue, 2) a
fat metabolism organ, 3) an energy storehouse, or 4)
support cells of hematopoiesis and bone metabolism
(14). In contrast, it is clear that subcutaneous and
visceral fats are not only simple spacers, but also energy storehouses. Subcutaneous and visceral fats also
serve as metabolic organs secreting physiologically
active substances named adipokines, which are associated with hypertension and metabolic syndrome
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(23). The adipokines, such as leptin, adiponectin,
and TNF-α, act on osteoclasts and osteoblasts that
are associated with bone metabolism (1, 8, 10, 17,
22). However, their function has not yet been fully
elucidated.
It is known that with aging, the composition of
the bone marrow shifts to favor the presence of adipocytes, and osteoclast activity increases while osteoblast function declines, resulting in osteoporosis
(14). Several reports have described the relationship
between bone marrow adipocytes and bone metabolism. The BMS2 adipocyte cell line from murine
bone marrow stromal cells promotes the differentiation of osteoclast-like cells in the presence of vitamin D (7). C3 protein, which is secreted during the
initial stage of adipogenesis in murine bone marrow
stromal cells, enhances osteoclast differentiation (15).
Receptor Activator of Nuclear factor κ B Ligand
(RANKL) is an essential molecule in osteoclast differentiation, as is the decoy receptor molecule os-
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teoprotegerin (OPG). Marrow stromal cell-derived
osteoblasts can support osteoclast differentiation
through RANKL expression. Bone marrow adipocytes and osteoblasts differentiate from a common
progenitor of marrow mesenchymal stem cells (13).
A recent report showed that 3T3-L1 cells, which are
a mouse embryonic fibroblast/adipose-like cell line,
and rat adipose tissue, express RANKL (2).
Given these findings, we predicted that bone marrow adipocytes stimulate osteoclast differentiation.
In a previous report (5), we found that RANKL expression in primary human bone marrow adipocytes
which was significantly increased by dexamethasone, a critical regulator of osteoclast differentiation,
osteoporosis, and adipocyte function. In the present
study, we examined 1) the expression of osteoclast
differentiation factors, 2) the ability of bone marrow
adipocytes to promote osteoclast differentiation and
activation by co-culture of bone marrow adipocytes
with osteoclast precursors, and 3) the effect of cellto-cell contact on osteoclast differentiation in coculture.
MATERIAL AND METHODS
Subjects and isolation of bone marrow adipocytes.
During prosthetic replacement surgery of the hip
joint, 20 mL of bone marrow fluid was obtained
from 33 patients with femoral neck fractures or osteoarthritis. The subjects consisted of 5 males and
28 females, with a mean age of 68.5 (range 52–81,
SD ± 9.8) years. We excluded patients with diabetes
mellitus, rheumatoid arthritis, or metabolic bone disorders, and those with a history of glucocorticoid
therapy. Before surgery, informed consent was obtained. The study protocol was approved by the Institutional Ethics Review Board.
Bone marrow adipocytes were isolated from bone
marrow fluid (5). Briefly, bone marrow fluid was
mixed with 20 mL of Dulbecco’s modified Eagle
medium (DMEM) (Gibco BRL, Grand Island, NY),
and treated with 0.1% collagenase A (Sigma Chemical Co., St. Louis, MO) for 1 h at 37°C. Digested
cells were then centrifuged at 200 × g for 5 min, and
the adipocyte layer was carefully aspirated from the
upper lipid phase. To purify isolated adipocytes, the
cells were filtered and washed three times with fresh
medium. The adipocytes were counted and 1 × 107
cells were then suspended in 5 mL serum-free DMEM
in 15-mL Falcon tubes, and subjected to suspension
culture.
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RANKL, OPG, and M-CSF m-RNA levels quantified
by real-time RT-PCR. Bone marrow adipocytes were
cultured in serum-free DMEM with dexamethasone
for 12 or 24 h. Isolation of total RNA from bone
marrow adipocytes from floating cultures was performed using an RNeasy kit (Qiagen, Hilden, Germany), as per the manufacturer’s instructions.
RANKL, OPG, macrophage-colony stimulating
factor (M-CSF), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA expressions were
analyzed with 100 ng of total RNA by real-time
RT-PCR using a TaqMan One Step PCR Master
Mix Reagents kit (Applied Biosystems, Foster City,
CA) and an ABI PRISM 7000 Sequence Detector
System (Applied Biosystems). PCR amplification
was performed with 40 cycles at 95°C for 15 s and
60°C for 60 s. The following PCR primers were
used for TaqMan Gene Expression assays at 20
concentration: RANKL: Hs00243519_ml, OPG:
Hs00171068_ml, M-CSF: Hs00174164_ml, and
GAPDH: Hs99999905_ml (Applied Biosystems).
The relative expression between samples was calculated using the comparative cycle threshold (CT)
method (ΔCT). Briefly, the formula XN = 2−ΔCT was
used, where XN is the relative amount of the target
gene in question and ΔCT is the difference between
the CT of the gene in question and the CT for
GAPDH.
Co-culture of bone marrow adipocytes and osteoclast precursors. We examined the effects of bone
marrow adipocytes on osteoclast differentiation in a
co-culture system of bone marrow adipocytes and
human osteoclast precursors. Human osteoclast
precursors (Lonza Walkersville Inc., Walkersville,
MD) were cultured in a 9-cm 2 SlideFlask (A/S
Nunc, Roskilde, Denmark) with osteoclast precursor
growth medium supplemented by 10% FBS, 2 mM
l-glutamine, penicillin/streptomycin, and 33 ng/mL
M-CSF at a density of 3 × 105/cm2 at 37°C in 5%
CO2 for 2 days. After the adhesion of cells to the
flask base was confirmed, the flask was completely
filled with medium. According to Sugihara’s method
(18), bone marrow adipocytes (3 × 105/cm2) were
seeded onto osteoclast precursors by inverting the
flask up-side down for cell-to-cell contact and cocultured at 37°C in 5% CO2 for 7 days (with 10−7 M
dexamethasone or control).
We also performed co-culture under non-contact
conditions. Osteoclast precursors were seeded (3 ×
105/cm2) in Lab-Tek Chamber Slide 16-well Glass
Slides (Thermo Fisher Scientific, Rochester, NY).
After 24 h, bone marrow adipocytes were plated on
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Fig. 1 Effect of dexamethasone on RANKL, OPG, and M-CSF mRNA expression after 12 h of suspension culture of bone
marrow adipocytes. (A–C) Human bone marrow adipocytes were cultured in serum-free DMEM with 10−7 M dexamethasone
for 12 h, and RANKL, OPG, and M-CSF mRNA levels were quantified by real-time RT-PCR. Dexamethasone significantly
induced RANKL mRNA (P < 0.05), but not OPG or M-CSF mRNA. (D–E) Time-course study of RANKL and RANKL/OPG
mRNA expression up to 24 h. RANKL mRNA levels increased significantly in bone marrow adipocytes treated with dexamethasone after 24 h (3.8-fold) (D), and the RANKL/OPG ratio was also elevated in the time-course study with dexamethasone treatment at 24 h (3.5-fold) (E). Data represent the relative expression against control levels and are expressed as the
mean ± SD of measurements. Asterisks indicate a significant increase (P < 0.05) compared to control.

each insert with 0.1-μm pore size membranes (Nunc
Tissue Culture Inserts 8-Well Strip (A/S Nunc))
which were located at a height of 1 mm from the
bottom of the wells. Plates were cultured at 37°C in
5% CO2 for 7 days (with 10−7 M dexamethasone or
control). As a positive control, osteoclast precursor
differentiation was performed with osteoclast differentiation medium with 66 ng/mL soluble RANKL
for 7 days.
TRAP and Von Kossa contrast staining. To examine
osteoclast differentiation in the co-culture, we used
a TRAP staining reagent kit (Takara-Bio, Tokyo, Japan). After having fixed the osteoclast precursors,
we added 1.25 mL of reaction buffer, including a
tartaric acid Na buffer with acid phosphatase, to
each slide flask and incubated them at 37°C for
45 min. After having removed the reaction reagents,
discs were washed with sterile distilled water three
times. The coverslips were examined by light microscopy.
To examine whether the differentiated precursors

had the ability of bone resorption, co-culture was
performed in culture discs coated by calcium phosphate. Osteoclast precursors (3 × 105/cm2) were cultured with osteoclast precursor growth medium in
BD BioCoat Osteologic discs (Becton Dickinson and
Co., Franklin Lakes, NJ). Twenty-four hours later,
bone marrow adipocytes were seeded at a density of
3 × 105/cm2 in the culture discs with 10−7 M dexamethasone. Then the discs were completely filled
with medium and inverted upside down for cell-tocell contact. The discs were cultured at 37°C in 5%
CO2 for 7 days. Similarly, co-culture under non-contact conditions was performed with BD BioCoat Osteologic discs with use of the culture insert.
Co-culture discs were stained at day 7 following
the removal of cells with trypsin-EDTA (Gibco BRL,
Grand Island, NY). Von Kossa contrast staining was
performed to evaluate resorption of calcium phosphate films coated on the culture discs. After staining with 5% silver nitrate for 30 min, discs were
developed with 5% sodium carbonate in 25% formalin. Two minutes after fixing with 5% sodium
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Fig. 2 TRAP staining for osteoclast
precursors (OCs pre) after 7 days of
co-culture with bone marrow adipocytes (Ad) under cell-contact conditions. (A) Negative control: osteoclast
precursors without adipocytes or soluble RANKL. (B) Positive control: osteoclast precursors with soluble RANKL
(66 ng/mL). (C) Osteoclast precursors
co-cultured with adipocytes. In co-culture without dexamethasone, only 4.2%
of TRAP-positive cells were multinuclear. (D) Osteoclast precursors co-cultured with adipocytes in the presence
of 10−7 M dexamethasone (Dex). There
was a significant increase in the number of TRAP-positive cells by treatment
with dexamethasone (3.4-fold), and
9.3% of TRAP-positive cells became
multinuclear (arrows). The multinuclear
cell size in co-culture was significantly
smaller than that of the positive control. (E) Osteoclast precursors co-cultured with adipocytes in the presence
of anti-RANKL antibody (1 μg/mL). (F)
Osteoclast precursors co-cultured with
adipocytes in the presence of antiRANKL antibody (1 μg/mL) and 10−7 M
dexamethasone. In co-cultures with
anti-RANKL antibody treatment, almost
no cells differentiated into TRAP-positive cells.

thiosulphate, discs were examined by light microscopy.
Anti-RANKL antibody treatment. To examine the
effect of RANKL on osteoclast differentiation, we
performed co-culture with anti-RANKL antibody
treatment. One μg/mL of monoclonal anti-human
RANKL antibody (R&D Systems, Inc., Minneapolis,
MN) was added in each flask before co-culture. The
culture conditions were identical to the cell-to-cell
contact conditions. TRAP staining and Von Kossa
staining were also performed to evaluate the differentiation of osteoclast precursors.
Statistical analysis. Results are expressed as the
mean value ± SE. Differences between two or more
groups were tested by the Mann-Whitney or Krus-

kal-Wallis test. Relationships with P values less than
0.05 were considered statistically significant.
RESULTS
Primary human marrow adipocytes expressed RANKL,
OPG, and M-CSF genes. To study the effect of
dexamethasone on the expression of RANKL and
OPG in bone marrow adipocytes, cells were treated
with 10−7 M dexamethasone. Dexamethasone significantly induced RANKL mRNA, but not OPG or
M-CSF mRNA (Fig. 1A–C). In a time-course study,
RANKL mRNA levels increased significantly in
bone marrow adipocytes treated with dexamethasone
after 24 h (3.8-fold) (Fig. 1D), and the RANKL/OPG
ratio was also elevated in the time-course study with
dexamethasone treatment at 24 h (3.5-fold) (Fig. 1E).
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Fig. 3 Von Kossa staining of culture
discs coated with calcium phosphate
film. Osteoclast precursors (OCs pre)
were co-cultured on culture disc coated with calcium phosphate film with
bone marrow adipocytes (Ad), using
the ceiling culture method under cellcontact conditions. (A) Negative control: osteoclast precursors without
adipocytes or soluble RANKL. (B) Positive control: osteoclast precursors with
soluble RANKL (66 ng/mL). (C) Osteoclast precursors co-cultured with adipocytes. Resorption cavity formations
were found clearly as compared with
the negative control. (D) Osteoclast
precursors co-cultured with adipocytes
in the presence of 10−7 M dexamethasone. More resorption cavity formations were found compared to the
discs without dexamethasone. However, the resorption cavity formation in
the co-culture group was smaller as
compared with the positive control. (E)
Osteoclast precursors co-cultured with
adipocytes in the presence of antiRANKL antibody (1 μg/mL). (F) Osteoclast precursors co-cultured with
adipocytes in the presence of antiRANKL antibody (1 μg/mL) and 10−7 M
dexamethasone. Anti-RANKL antibody
blocked the cavity formation.

To confirm the differentiation of osteoclast precursors in co-culture with adipocytes, we performed
TRAP staining. There was a significant increase in
the number of TRAP-positive cells by treatment
with dexamethasone (3.4-fold) (Fig. 2D). In co-culture without dexamethasone, only 4.2% of TRAPpositive cells were multinuclear (Fig. 2C). In the
presence of dexamethasone, 9.3% of TRAP-positive
cells became multinuclear (Fig. 2D). The multinuclear cell size in co-culture was significantly smaller
than that of the positive control (Fig. 2B vs. 2D).
In co-cultures with anti-RANKL antibody treatment,
almost no cells differentiated into TRAP-positive
cells (Fig. 2E, F).
Co-cultures of bone marrow adipocytes and osteoclast precursors were performed to evaluate the
resorption of calcium phosphate films coated on the

culture discs. On discs for which co-culture was
performed, resorption cavity formations were found
clearly as compared with those of single cultured
osteoclast precursors (Fig. 3A vs. 3C). Moreover, in
discs with added dexamethasone, more resorption
cavity formations were found compared to the discs
without dexamethasone (Fig. 3C vs. 3D). However,
the resorption cavity formation in the co-culture
group was smaller as compared with the positive
control with added soluble RANKL (Fig. 3B vs. 3C,
D). These findings do not contradict the formation
of osteoclasts which we confirmed with TRAP staining (Fig. 2).
In co-cultures with non-contact conditions (Fig. 4),
no TRAP-positive cells were seen in any group
(Fig. 4B, C). Also, no resorption cavity formation
was seen in any group (Fig. 4E, F).
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Fig. 4 TRAP (A-C) and Von Kossa staining (D–F) for osteoclast precursors (OCs pre) co-cultured with bone marrow adipocytes (Ad) under non-cell-contact conditions. (A, D) Positive control: osteoclast precursors were cultured with soluble
RANKL (66 ng/mL). (B, E) Osteoclast precursors were co-cultured with adipocytes. (C, F) Osteoclast precursors co-cultured
with adipocytes in the presence of 10−7 M dexamethasone. In co-cultures with non-contact conditions, no TRAP-positive
cells were seen in any group. Also, no resorption cavity formation was seen in any group.

DISCUSSION
What is the role of adipocytes in the bone marrow?
Hypotheses have been suggested in past reports,
such as serving as a simple spacer between hematopoietic cells and bone tissue, an endocrine organ
acting on fat metabolism, an energy storehouse, or
supporting cells of hematopoiesis and bone metabolism (3, 14). As for adipose tissue, there have been
many reports that suggest a relationship between the
various cytokines discharged by adipocytes and
bone metabolism. Leptin inhibits bone formation
through a beta 2 adrenergic receptor (22), or inhibits
the formation of osteoclasts and the resorption of
bone through the RANKL/RANK/OPG system (4).
Moreover, one study has shown that adiponectin
increases RANKL and inhibits OPG expression in
human osteoblasts through the mitogen-activated
protein kinase (MAPK) signaling pathway (10). In
overweight postmenopausal women, bone loss is reduced due to estrogen production in adipose tissue
(24). Thus, adipocytes have a relation to bone metabolism through secreting adipokines.

There have also been many studies showing active functioning for bone metabolism in bone marrow adipocytes. Weisberg et al. suggested that bone
marrow adipocytes not only suppress osteoblastogenesis, but might promote bone resorption because
bone marrow adipocytes secrete inflammatory cytokines capable of recruiting osteoclasts (27). BMS2
adipocytes, a marrow stromal cell line, promote the
differentiation of osteoclast-like cells in the presence
of vitamin D (7). Bone marrow stromal cell lines
having a high potential for osteoclast-supporting activity express peroxisome proliferator activated receptor γ 1 (PPARγ1) and show high potential for
differentiation into adipocytes (20). Additionally,
3T3-L1 adipocytes and rat adipose tissue have been
shown to express RANKL, an essential molecule in
osteoclast differentiation, and the decoy receptor
molecule OPG (2). Bone marrow adipocytes are associated with bone resorption by affecting osteoblast/osteoclast differentiation.
RANKL is an essential molecule in osteoclast differentiation, as is decoy receptor molecule OPG.
Marrow stromal cell-derived osteoblasts can support
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osteoclast differentiation through RANKL expression
(13). Osteoblasts and marrow stromal cells stimulate
osteoclast differentiation depending on stimulation
by various inflammatory cytokines, PTH, vitamin D,
or glucocorticoids (9, 28). Also, osteoblasts and
marrow adipocytes have a common progenitor, mesenchymal stem cells (13). Hozumi et al. have reported that primary human mature bone marrow
adipocytes express not only these cytokines but also
key molecules of bone metabolism itself, such as
RANKL and OPG, and that RANKL expression is
stimulated by glucocorticoids (5). The results mentioned above show that bone marrow adipocytes
may be associated with osteoclast differentiation directly, the same as with osteoblasts and marrow
stromal cells.
In this study, osteoclast precursors differentiated
to mature osteoclasts that were TRAP-positive and
had the ability of bone resorption, as shown by coculturing primary human bone marrow adipocytes
and osteoclast precursors in the presence of M-CSF.
We suggest that primary human mature bone marrow adipocytes express RANKL, and that it is possible that bone marrow adipocytes are associated
with osteoclast differentiation directly. Although the
size of osteoclasts in co-culture was smaller than in
the positive control, and the number of multinuclear
cells was small, the cells were TRAP-positive and
had the ability to resorb calcium phosphate films, so
we recognized them as differentiated osteoclasts.
In the first stage of the osteoclast differentiation
process, osteoclast precursors become mononuclear
TRAP-positive cells, and then they become multinuclear giant cells as a result of cell fusion (26). In
the present study, we found that the RANKL mRNA
expression of adipocytes was less intense as compared with a positive control in co-culture, so the
osteoclast precursors remained in a differentiation
stage preceding the multinucleate giant cells.
In contrast, the osteoclast precursors did not differentiate in the co-culture under non-cell contact
conditions using cell culture inserts. These results
show that direct contact with osteoclast precursors
and bone marrow adipocytes is necessary for osteoclast differentiation, as with osteoblasts; cell-to-cell
contact of osteoblasts and osteoclast precursors is
important for the formation of osteoclast-like cells
(21, 25). RANKL expressed on the surface of bone
marrow adipocytes may signal to osteoclast precursors to differentiate into mature osteoclasts. In
co-cultures with anti-RANKL antibody treatment,
osteoclast precursors did not differentiate into TRAPpositive cells and could not resorb bone. These
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results indicate that RANKL expressed by bone
marrow adipocytes promotes osteoclast differentiation in co-culture under cell-to-cell contact conditions.
Additionally, osteoclast differentiation was promoted in co-culture by stimulation with dexamethasone. This is presumably due to enhancement of the
ability of bone resorption by an increase in RANKL
expression in bone marrow adipocytes. It is known
that glucocorticoids cause osteoporosis, and the
mechanism of action is recognized as follows: suppression of Ca2+ absorption in the small intestine,
suppression of Ca2+ resorption in the renal tubule, a
decrease of hormone secretion through the pituitary
adrenal system, suppression of bone formation by
the direct action of osteoblasts, and the promotion
of bone resorption by the direct action of osteoclasts
(16). In addition to these factors, the promotion of
osteoclast differentiation by RANKL expression increases the effect of bone marrow adipocytes, and
may be associated with the onset and exacerbation
of osteoporosis. Bone marrow adipocytes increase in
patients with osteoporosis (3, 11, 12, 19). There is a
viewpoint that this increase is a result of a changed
differentiation ratio of mesenchymal stem cells (3),
but considering the results of this study, it seems
that the effects of glucocorticoids on bone marrow
adipocytes are positively associated with the onset
and exacerbation of osteoporosis as well.
Our study was limited by the fact that the specimens were harvested from patients with osteo
arthritis of the hip or femoral neck fracture during
prosthetic replacement surgery of the hip joint, so
these diseases may have influenced the results.
Moreover, the age and sex of the patients, physique,
and bone density were not constant, and there may
have been individual differences in their response (6,
29). However, these issues do not cause us to doubt
that factors related to bone metabolism are secreted
by bone marrow adipocytes, and that these may
have a significant effect on the body.
In conclusion, we found that the primary human
bone marrow adipocytes express RANKL similar to
osteoblasts, and that they stimulate osteoclast differentiation and activity in a manner directly related to
RANKL expression. These results suggest that bone
marrow adipocytes are important in bone metabolism, and that they are related to bone resorption in
steroid osteoporosis.
REFERENCES
1. Akune T, Ohba S, Kamekura S, Yamaguchi M, Chung UI,
Kubota N, Terauchi Y, Harada Y, Azuma Y, Nakamura K,

H. Goto et al.

44

2.
3.
4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.
15.

Kadowaki T and Kawaguchi H (2004) PPARgamma insufficiency enhances osteogenesis through osteoblast formation
from bone marrow progenitors. J Clin Invest 113, 846–855.
An JJ, Han DH, Kim DM, Kim SH, Rhee Y, Lee EJ and
Lim SK (2007) Expression and regulation of osteoprotegerin
in adipose tissue. Yonsei Med J 48, 765–772.
Gimble JM, Robinson CE, Wu X and Kelly KA (1996) The
function of adipocytes in the bone marrow stroma: an update. Bone 19, 421–428.
Holloway WR, Collier FM, Aitken CJ, Myers DE, Hodge
JM, Malakellis M, Gough TJ, Collier GR and Nicholson GC
(2002) Leptin inhibits osteoclast generation. J Bone Miner
Res 17, 200–209.
Hozumi A, Osaki M, Goto H, Sakamoto K, Inokuchi S and
Shindo H (2009) Bone marrow adipocytes support dexamethasone-induced osteoclast differentiation. Biochem Biophys Res
Commun 382, 780–784.
Jiang Y, Mishima H, Sakai S, Liu YK, Ohyabu Y and Uemura
T (2008) Gene expression analysis of major lineage-defining
factors in human bone marrow cells: effect of aging, gender,
and age-related disorders. J Orthop Res 26, 910–917.
Kelly KA, Tanaka S, Baron R and Gimble JM (1998) Murine bone marrow stromally derived BMS2 adipocytes support differentiation and function of osteoclast-like cells in
vitro. Endocrinology 139, 2092–2101.
Kim N, Kadono Y, Takami M, Lee J, Lee SH, Okada F, Kim
JH, Kobayashi T, Odgren PR, Nakano H, Yeh WC Lee, SK
Lorenzo JA and Choi Y (2005) Osteoclast differentiation independent of the TRANCE-RANK-TRAF6 axis. J Exp Med
202, 589–595.
Lacey DL Timms E, Tan HL, Kelley MJ, Dunstan CR,
Burgess T, Elliott R, Colombero A, Elliott G, Scully S, Hsu
H, Sullivan J, Hawkins N, Davy E, Capparelli C, Eli A, Qian
YX, Kaufman S, Sarosi I, Shalhoub V, Senaldi G, Guo J,
Delaney J and Boyle WJ (1998) Osteoprotegerin ligand is a
cytokine that regulates osteoclast differentiation and activation. Cell 93, 165–176.
Luo XH, Guo LJ, Xie H, Yuan LQ, Wu XP, Zhou HD and
Liao EY (2006) Adiponectin stimulates RANKL and inhibits
OPG expression in human osteoblasts through the MAPK
signaling pathway. J Bone Miner Res 21, 1648–1656.
Meunier P, Aaron J, Edouard C and Vignon G (1971) Osteoporosis and the replacement of cell populations of the marrow by adipose tissue. A quantitative study of 84 iliac bone
biopsies. Clin Orthop Relat Res 80, 147–154.
Minaire P, Neunier P, Edouard C, Bernard J, Courpron P and
Bourret J (1974) Quantitative histological data on disuse osteoporosis: comparison with biological data. Calcif Tissue Res
17, 57–73.
Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R,
Mosca JD, Moorman MA, Simonetti DW, Craig S and Marshak DR (1999) Multilineage potential of adult human mesenchymal stem cells. Science 284, 143–147.
Rosen CJ and Bouxsein ML (2006) Mechanisms of disease:
is osteoporosis the obesity of bone? Nat Clin Pract Rheumatol 2, 35–43.
Sato T, Abe E, Jin CH, Hong MH, Katagiri T, Kinoshita T,
Amizuka N, Ozawa H and Suda T (1993) The biological
roles of the third component of complement in osteoclast for-

mation. Endocrinology 133, 397–404.
16. Schacke H, Docke WD and Asadullah K (2002) Mechanisms
involved in the side effects of glucocorticoids. Pharmacol
Ther 96, 23–43.
17. Shinoda Y, Yamaguchi M, Ogata N, Akune T, Kubota N,
Yamauchi T, Terauchi Y, Kadowaki T, Takeuchi Y, Fukumoto
S, Ikeda T, Hoshi K, Chung UI, Nakamura K and Kawaguchi
H (2006) Regulation of bone formation by adiponectin
through autocrine/paracrine and endocrine pathways. J Cell
Biochem 99, 196–208.
18. Sugihara H, Yonemitsu N, Miyabara S and Toda S (1987)
Proliferation of unilocular fat cells in the primary culture. J
Lipid Res 28, 1038–1045.
19. Suponitzky I and Weinreb M (1998) Differential effects of
systemic prostaglandin E2 on bone mass in rat long bones
and calvariae. J Endocrinol 156, 51–57.
20. Takagi K and Kudo A (2008) Bone marrow stromal cell lines
having high potential for osteoclast-supporting activity express PPARgamma1 and show high potential for differentiation into adipocytes. J Bone Miner Metab 26, 13–23.
21. Takahashi N, Yamana H, Yoshiki S, Roodman GD, Mundy
GR, Jones SJ, Boyde A and Suda T (1988) Osteoclast-like
cell formation and its regulation by osteotropic hormones in
mouse bone marrow cultures. Endocrinology 122, 1373–
1382.
22. Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker
KL, Armstrong D, Ducy P and Karsenty G (2002) Leptin
regulates bone formation via the sympathetic nervous system.
Cell 111, 305–317.
23. Trayhurn P and Wood IS (2004) Adipokines: inflammation
and the pleiotropic role of white adipose tissue. Br J Nutr
92, 347–355.
24. Tremollieres FA, Pouilles JM and Ribot C (1993) Vertebral
postmenopausal bone loss is reduced in overweight women:
a longitudinal study in 155 early postmenopausal women. J
Clin Endocrinol Metab 77, 683–686.
25. Udagawa N, Takahashi N, Akatsu T, Sasaki T, Yamaguchi A,
Kodama H, Martin TJ and Suda T (1989) The bone marrowderived stromal cell lines MC3T3-G2/PA6 and ST2 support
osteoclast-like cell differentiation in cocultures with mouse
spleen cells. Endocrinology 125, 1805–1813.
26. Vignery A (2000) Osteoclasts and giant cells: macrophagemacrophage fusion mechanism. Int J Exp Pathol 81, 291–
304.
27. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel
RL and Ferrante AW, Jr. (2003) Obesity is associated with
macrophage accumulation in adipose tissue. J Clin Invest
112, 1796–1808.
28. Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M,
Mochizuki S, Tomoyasu A, Yano K, Goto M, Murakami A,
Tsuda E, Morinaga T, Higashio K, Udagawa N, Takahashi N
and Suda T (1998) Osteoclast differentiation factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor
and is identical to TRANCE/RANKL. Proc Natl Acad Sci
USA 95, 3597–3602.
29. Zhao LJ, Jiang H, Papasian CJ, Maulik D, Drees B, Hamilton
J and Deng HW (2008) Correlation of obesity and osteoporosis: effect of fat mass on the determination of osteoporosis.
J Bone Miner Res 23, 17–29.

