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ABSTRACT
Bone marrow-derived mesenchymal stem cells (BMSCs) are the indispensable component of the 
bone marrow, being the common precursors for adipocytes and osteoblasts. We show here that ad-
ipogenic differentiation resulted in increase in the production of adipocyte markers, such as adipo-
nectin, fatty-acid binding proteins (FABP4), peroxisome proliferator-activated receptor γ (PPARγ), 
as well as the receptor activator of nuclear-κB ligand (RANKL). Co-culture of osteoclast precur-
sors (OCPs) with BMSCs-derived adipocytes significantly enhanced osteoclast differentiation with 
low-dose RANKL, whose levels alone could not promote osteoclastogenesis. These results demon-
strate for the first time that adipogenic differentiation of BMSCs plays a pivotal role in maintain-
ing bone homeostasis.

Bone homeostasis is maintained by various types of 
cells, such as osteoblasts and osteoclasts, which are 
differentiated from the different stem cells in the 
bone marrow (2, 4, 33, 34). While osteoclasts are de-
rived from hematopoietic stem cells (HSCs), osteo-
blasts are differentiated from bone marrow-derived 
mesenchymal stem cells (BMSCs). Therefore, har-
monized coordination of the activities of these two 
stem cell compartments in the bone marrow is indis-
pensable for bone homeostasis. In contrast, bone re-
modeling is regulated by the balance between 
osteogenesis and osteoclastogenesis (12, 14, 30, 32, 
36). Osteoclasts are the central player in osteoclas-
togenesis, which are derived from monocytes in 
contact with osteoblasts through the interaction of 
receptor activator of nuclear-κB on osteoclast pre-
cursors and the receptor activator of nuclear-κB li-

gand (RANKL) expressed on osteoblasts (1, 13, 22, 
26, 35). As a consequence, osteogenic differentiation 
from BMSCs is now recognized as an essential part 
integrated into bone remodelling.
　Accumulating evidences have also suggested that 
adipogenesis could play a significant role in bone 
metabolism (5, 8, 9, 17, 24, 28, 29). For example, 
since adipocytes and osteoblasts have the same an-
cestor, osteoblastogenesis and adipogenesis in the 
bone marrow are regulated in an opposite way, indi-
cating that adipogenic conversion results in a reduc-
tion in osteoblast pool (24). As an endocrine organ, 
adipose tissue secretes adipokines, such as leptin and 
adiponectin, which may suppress the functions of os-
teoblasts (5, 17, 18). More recently, age-related fat 
accumulation and osteoporosis have been extensive-
ly discussed, and it is hypothesized that age-related 
bone marrow adiposity could accelerate osteoclasto-
genesis (3, 17, 27, 31, 38). Thus, it is highly likely 
that adipocytes in the bone marrow may have a pos-
itive interaction in osteoclastogenesis. In fact, our 
recent studies demonstrated that the primary human 
bone marrow adipocytes stimulate TNF-α or dexa-
methasone-induced osteoclast differentiation, which 
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were sealed onto the slide glass. The BODYPI stain-
ing was examined under a fluorescence microscope, 
and digital images were obtained using FW4000 
software (Leica Microsystems, Tokyo).

Differentiation of osteoclast precursors. Human os-
teoclast precursors (OCPs) (Lonza Japan, Co. Ltd.) 
were cultured in an osteoclast precursor growth me-
dium (Lonza Japan, Co. Ltd.). For osteoclast differ-
entiation, OCPs (2 × 103 cells/well) were seeded 
onto the Osteo assay 24-well plates (CORNING 
Inc., Lowell) in an osteoclast defferentiation medi-
um, which is an osteoclast precursor growth medi-
um containing 33 ng/mL M-CSF and 66 ng/mL 
RANKL. The cells were incubated for 7 days in a 
CO2 incubator at 37°C. The formation of multinu-
cleated osteoclasts was checked under the phase-
contrast microscope.

Co-culture of OCPs and adipocytes differentiated 
from BM-MSCs. OCPs (2 × 103 cells/well) seeded 
on the Osteo assay well plates were incubated for 
24 h, and then, they were co-cultured with adipo-
cytes (3 × 105 cells/well) differentiated from BMSCs 
for 14 days. The cells were incubated for further 7 
days in an osteoclast precursor growth medium con-
taining 33 ng/mL M-CSF and RANKL at the con-
centration between 0 and 24.8 ng/mL.

von Kossa staining. Cells in 24-well plates were 
fixed with 10% formalin for 10 min and they were 
placed in 3% silver nitrate solution containing 5% 
NaHCO3. After exposing well plates to ultraviolet 
lights (UVC) for 1 h, images of each well were 
obtained by digital camera. Bone resorption was 
quantified by measuring the white areas using im-
age-processing software.

Western blotting analysis. BMSCs were incubated in 
a DM-2 medium for 14 days. Differentiated cells 
were collected and lysed in RIPA buffer (50 mM 
Tris-HCl, pH 7.2, 150 mM NaCl, 1% Nonidet P-40, 
1% sodium deoxycholate and 0.1% sodium dodecyl-
sulfate) containing protease inhibitor cocktail (Roche 
Diagnostics Japan, Co. Ltd., Tokyo). Western blot-
ting was performed as previously described. Briefly, 
the cell lysate was cleared by centrifugation at 
15,000 rpm for 10 min at 4°C. Then, the supernatant 
was collected and used as total cellular protein. To-
tal protein concentration was determined by the 
BCA protein assay (Pierce, Rockford, IL). Proteins 
(8 or 16 μg) were electrophoresed through an SDS-
polyacrylamide gel and were electrophoretically 

is mediated by augmented expression of RANKL in 
adipocytes (10, 11, 15).
　These lines of evidence also suggest that adipo-
genic differentiation of BMSCs in the bone marrow 
might stimulate osteoclastogenesis. In the present 
study, we examined whether adipogenic differentia-
tion of BMSCs physiologically promotes osteoclast 
differentiation. We observed that adipogenic dif
ferentiation from BMSCs triggered production of 
adiponectin, fatty-acid binding proteins (FABP4), 
peroxisome proliferator-activated receptor γ (PPARγ), 
as well as RANKL. This study is the first to show 
that co-culture of osteoclast precursors with BMSCs- 
derived adipocytes significantly enhanced osteclast 
differentiation in a RANKL dose-dependent manner. 
These results ensure that BMSCs play a pivotal role 
in maintaining bone homeostasis by both osteoblas-
togenesis-mediating bone formation and adipogene-
sis-stimulating bone resorption.

MATERIALS AND METHODS

Cultivation of BMSCs. Human bone marrow-derived 
mesenchymal stem cells (BMSCs) were obtained 
from Lonza Japan (Lonza Japan Co. Ltd., Tokyo), 
and cells were cultured in the mixture of the special 
Eagle’s minimum essential medium (MEM) (Nissui 
Pharmaceutical Co. Ltd., Tokyo), optimized for pri-
mary human cell culture, supplemented with 10% 
fetal bovine serum (FBS) (Thermo Scientific, Victo-
ria, Australia) and ES cell medium (ReproCELL 
Inc., Tokyo) (4 : 1). Cells were subcultured every 3 
to 4 days to keep them in an exponentially growing 
state.

Adipogenic differentiation of BMSCs. BMSCs (2 × 
104 /cm2) were maintained in MEM supplemented 
with 10% FBS for five days to obtain confluence. 
Then, culture medium was changed to Adipocyte 
Differentiation Medium (DM-2) (Zen-Bio inc., Dur-
ham), and cells were incubated for 14 days in a 5% 
CO2 incubator at 37°C. DM-2 medium was ex-
changed every three days. The formation of lipid 
droplets was checked under the phase-contrast mi-
croscope.
　To confirm adipogenesis, a part of BMSCs was 
cultured on glass cover slips, and incubated in DM-2 
medium for 14 days. Cells were then fixed in a 4% 
formalin for 20 min at room temperature. Then, 
cells were incubated with 5 μM of BODIPY 493/503 
(Life Technologies Co., Grand Island) for 30 min. 
After washing cells with PBS, cells were stored in 
PBS containing 10% glycerol, and the cover slips 
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ture, and then, they were treated with adipocyte dif-
ferentiation DM-2 medium for 14 days. By phase 
contrast images, BMSCs showed spindle-shaped 
morphology representative of mesenchymal cells 
(Fig. 1A). After 14 days-treatment, a large number 
of lipid droplets (Fig. 1B), which were positive for 
BODIPY493/503 staining, occupied the cytoplasm 
in approximately 70% of the cells (Fig. 1G). Time-
course examination revealed that BODIPY493/503-
positive droplets became detectable by day 3 
(Fig. 1E). While approximately 30% of cells were 
positive (Fig. 1H), only a few droplets per cells 
were induced at this time. At day 7, more than 50% 
of cells were positive (Fig. 1H), and the number of 
droplets per cell increased gradually (Fig. 1F). Sig-
nificant amount of droplets were formed in approxi-
mately 70% of cells by 14 days-treatment (Fig. 1G, 
H), and no significant change was observed for fur-
ther treatment. Therefore, we decided to use 14 
days-treatment with DM-2 medium for adipogenic 
conversion of BMSCs.
　Western blot analysis demonstrated that augment-
ed expression of PPARγ became detectable by day 3, 
which was followed by the expression of FABP4 and 
adiponectin. Since the expressions of PPARγ, FABP4 
and adiponectin were not detectable by day 0, quan-
titative analysis of relative expression could not be 

transferred to a polyvinyl difluoride membrane in a 
transfer buffer (100 mM Tris, 192 mM glycine). Af-
ter overnight incubation with blocking solution (10% 
skim milk), the membrane was incubated with the 
primary antibodies, biotinylated anti-mouse or rabbit 
IgG antibodies, and streptavidin-alkaline phospha-
tase. To visualize the bands, the membrane was in-
cubated in a detection solution containing nitroblue 
tetrazolium/5-bromo-4-chloro-3-indolyl phosphate as 
a substrate. Primary antibodies used in this study 
are anti-human adiponectin (clone 19F1; Abcam Co. 
Ltd., Tokyo), anti-human FABP4 (Abcam Co. Ltd.), 
anti-human PPARγ (clone 81B8; Cell Signaling 
technology Japan), anti-human RANKL (Epitomics 
Inc., Burlingame), anti-human M-CSF (Epitomics 
Inc.), and anti-human OPG (Epitomics Inc.). The 
experiments were repeated at least three times.

Statistical analysis. Data were shown as mean ± SD 
and analyzed for statistical significance using Wil-
coxon rank test. P < 0.05 was considered to be sta-
tistically significant.

RESULTS

Exponentially growing BMSCs were maintained at 
high density for five days to obtain a confluent cul-

Fig. 1　Adipogenic conversion of BMSCs. BMSCs (3 × 105 cells/cm2) were incubated for 5 days to get confluent culture. 
Then, culture medium was replaced with adipogenic differentiation medium (DM-2), and incubated for further 14 days. 
Phase-contrast images of BMSCs (A) and adipocytes at day 14 (B). Cells fixed in 4% formalin were incubated for 20 min in 
PBS containing 5 μg/mL BODIPY493/503 (green), and counterstained with 0.1 mg/mL of DAPI (blue) (C–G). C, Day 0. D, 
Day 1, E, Day 3, F, Day 7, G, Day14. Percentages of cells with BODIPY493/503-positive lipid droplets are determined (H). 
***, P < 0.01 compared with Day 0. White bars indicate 50 μm.
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RANKL dose-dependent increase in bone resorption 
(Fig. 4).

DISCUSSION

BMSCs have been known for many years to have 
the potential to differentiate into multiple cell types, 
including osteoblasts and adipocytes (2, 4, 33, 34). 
While the physiological role of osteoblasts in bone 
metabolism is well described, a role of adipocytes 
in the bone marrow is still uncertain. Recently, sev-
eral reports have suggested a possible connection 
between age-related fat accumulation and osteoporo-
sis, indicating that accelerated adipogenesis might 
exaggerate physiological osteoclastogenesis (3, 17, 
27, 31, 38). Considering that BMSCs are the precur-
sors of osteoblasts, adipogenesis in the bone marrow 
limits the pool of osteoblasts, however, recent stud-
ies have indicated that it also potentiates bone me-
tabolism through secretion of the factors such as 
insulin, insulin-like growth factor, and leptin (5, 17, 
18, 24). In fact, our previous observations demon-
strated that bone marrow-derived adipocytes ex-
pressed the RANKL gene transcripts, whose level 
was up-regulated by TNF-α and dexamethasone (10, 
11, 15). Therefore, in the present study, we aimed to 
examine the role of adipogenic conversion of BMSCs 
in osteoclastogenesis in vitro, focusing on the pro-
duction of RANKL.
　We found that adipogenic differentiation of BMSCs 
significantly stimulates the synthesis of RANKL 
proteins, which is in agreement with recent observa-
tion (16). While BMSCs by themselves showed very 
low levels of RANKL production, noticeable up-reg-
ulation was observed at least three days incubation 

possible. In contrast, enormous levels of PPARγ, 
FABP4 and adiponectin proteins were observed at 
day 14 (Fig. 2A), confirming that adipogenic con-
version of BMSCs was sufficiently induced by 14 
days-incubation in adipogenic differentiation medi-
um. While RANKL expression was marginally de-
tectable in BMSCs, augmented protein levels of 
RANKL became obvious by day 3 (Fig. 2A). We 
failed to detect expressions of M-CSF and OPG (data 
not shown). Quantitative analysis of relative expres-
sion demonstrated that significant up-regulation of 
RANKL expression was confirmed in BMSCs- 
derived adipocytes by day 7 (Fig. 2B). After day 7, 
as BMSC converted adipocytes, RANKL expression 
increased significantly.
　Involvement of adipocyte conversion of BMSCs 
in osteoclastogenesis was examined in osteoclast pre-
cursors (OCPs) co-cultured with adipocytes differen-
tiated from BMSCs. Since osteoclast differentiation 
medium originally contains 66 ng/mL of RANKL, 
we determined the RANKL concentration, by which 
osteoclast differentiation was not taken place. As 
shown in Fig. 3, osteoclast differentiation, which 
was quantified by bone resorption evaluated by von 
Kossa staining, was not observed without RANKL 
(Fig. 3G), whereas 66 ng/mL of RANKL showed 
approximately 30% bone resorption without adipo-
cytes (Figs. 3H and 4). Little or no bone resorption 
was observed with 24.8 ng/mL of RANKL even in 
the presence of BMSCs (Fig. 3A). In contrast, we 
found that OCPs co-cultured with adipocytes effi-
ciently promoted osteoclast differentiation with 
8.3 ng/mL of RANKL (Fig. 3D). Although the pro-
moting effects were not evident with RANKL at 
doses of 4.1 ng/mL or lower, adipocytes supported 

Fig. 2　(A) Western blot analysis of protein expressions. Confluent BMSCs were treated with the DM-2 medium for 14 
days, and the total cell lysates were obtained at days as indicated. Blots were probed with antibodies as indicated. (B) 
Quantitative analysis of relative expression. The band density was quantified using Image J software, and relative expres-
sion to γ-tubulin expression was caluculated. ***, P < 0.01 compared with Day 0.
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of BMSCs in an adipocyte differentiation medium. 
Importantly, as shown in Fig. 1, induction of PPARγ 
and FABP4 was barely detectable by day 3, indicat-
ing that RANKL up-regulation was executed before 
the adipogenic conversion became obvious. Our pre-
vious studies demonstrated that dexamethasone 
could stimulate the RANKL gene expression in 
bone marrow adipocytes, and the adipogenic differ-
entiation medium contains dexamethasone (11, 15). 
However, another study reported that RANKL ex-
pression was not affected by dexamethasone in bone 
marrow stromal cells (20). Thus, the mechanism, by 
which adipogenic conversion of BMSCs stimulates 
RANKL expression, remains to be determined, but 
it can be concluded that the commitment of BMSCs 
to adipocytes is mutually associated with the up-reg-
ulation of RANKL expression.
　Since RANKL is a critical factor for osteoclast 
differentiation (21, 22, 26), it is possible that adipo-
genic conversion of BMSCs promotes the differenti-
ation of OCPs. In fact, we proved for the first time 
that BMSCs-derived adipogenesis efficiently promot-
ed osteoclast differentiation in vitro. It should be not-
ed that the effect was dependent upon the RANKL 

dose in the culture medium. Our results demonstrat-
ed that co-culture of adipocytes with OCPs in a me-
dium without RANKL failed to stimulate osteoclast 
differentiation. Bone resorption was obviously de-

Fig. 3　von Kossa staining of OCPs. OCPs seeded on the Osteo assay well plates were co-cultured in the osteoclast dif-
ferentiation medium for 7 days with BMSCs (A–F, left columns) or with adipocytes differentiated from BMSCs (A–F, right 
columns). The osteoclast differentiation medium contains M-CSF (33 ng/mL) and RANKL at a concentration of 24.8 ng/mL 
(A), 16.5 ng/mL (B), 12.4 ng/mL (C), 8.3 ng/mL (D), 4.1 ng/mL (E), and 0 ng/mL (F). OCPs were cultured in the osteoclast 
differentiation medium for 7 days in the presence of 33 ng/mL of M-CSF and 0 ng/mL (G) or 66 ng/mL (H) of RANKL. The 
wells were fixed with 10% formalin for 10 min, placed in 3% silver nitrate solution containing 5% sodium bicarbonate, and 
exposed to UVC (0.25 J/m2) for 1 h. The bright area in the wells were judged as resorption pits.

Fig. 4　Quantitative evaluation of von Kossa staining. The 
well images were obtained by a digital camera, and the 
percentage of bone resorption was calculated using Image 
J software. White areas were calculated as bone resorption 
pits. The threshold was chosen so that the well with a com-
plete dark area was determined to be 0% resorption.
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tected with the RANKL dose of 8.3 ng/mL or higher 
in the presence of adipocytes. Although we failed to 
detect M-CSF and OPG expressions, a previous 
study reported that adipogenesis of BMSCs did not 
change the level of OPG (16), suggesting that the 
RANKL/OPG ration is also up-regulated.
　Our present study clearly demonstrates that adip-
ogenic conversion of BMSCs is able to accelerate 
osteoclastogenesis, however, previous studies indi-
cated that adipocytes might not be the major source 
of RANKL. It is well established that osteoblasts 
differentiated from BMSCs also express RANKL 
(13, 22, 26). More recently, RANKL provided by 
osteocytes has been shown to play a critical role in 
osteoclastogenesis (19, 25, 37). Thus, under a physi-
ological condition, the effect of adipogenesis of 
BMSCs on osteoclastogenesis may be rather limited. 
However, our results draw more attention in relation 
to age-related marrow adiposity, which is now rec-
ognized as a common features associated with age-
related bone loss (3, 27, 31, 38). Studies have 
shown that bone marrow stromal cells are more 
committed to adipogenesis with age (23). Marrow 
stromal cells obtained from postmenopausal osteo-
porotic patients displayed pronounced tendency to 
adipogenic differentiation (6, 7). These observations 
raise the possibility that unbalanced adipogenesis 
deliver unfavourable levels of RANKL. Because 
predominant adipogenic conversion of BMSCs also 
reduces osteoblast pool in the bone marrow, these 
could be clues to explain mutual relationship be-
tween age-related adiposity and osteoporosis.
　In summary, our results demonstrated that BMSCs 
are indispensable components that regulate bone ho-
meostasis. In addition, bone marrow derived-adipo-
cytes are no more a mere filler for the bone marrow 
space, rather they promote osteoclastogenesis via 
RANKL up-regulation. This indicates that adipogen-
esis in the bone marrow plays a critical role in the 
regulation of bone resorption.

Acknowledgements

This work was supported in part by Global COE 
Program from the Ministry of Education, Culture, 
Sports, Science, and Technology of Japan.

REFERENCES
  1.	 Asagiri M and Takayanagi H (2007) The molecular under-

standing of osteoclast differentiation. Bone 40, 251–264.
  2.	 Baksh D, Song L and Tuan RS (2004) Adult mesenchymal 

stem cells: characterization, differentiation, and application in 
cell and gene therapy. J Cell Mol Med 8, 301–316.

  3.	 Bidwell JP, Alvarez MB, Hood Jr M and Childress P (2013) 
Functional impairment of bone formation in the pathogenesis 
of osteoporosis: The bone marrow regenerative competence. 
Curr Osteoporos Rep 11, 117–125.

  4.	 Caplan AI (1991) Mesenchymal stem cells. J Orthop Res 9, 
641–650.

  5.	 de Paula FJA, Horowitz MC and Rosen CJ (2010) Novel in-
sights into the relationship between diabetes and osteoporo-
sis. Diabetes Metab Res Rev 26, 622–630.

  6.	 Duque G, Li W, Adams M, Xu S and Phipps R (2011) Ef-
fects of risedronate on bone marrow adipocytes in postmeno-
pausal women. Osteoporos Int 22, 1547–1553.

  7.	 Eghbali-Fatourechi G, Khosla S, Sanyal A, Boyle WJ, Lacey 
DL and Riggs BL (2003) Role of RANK ligand in mediating 
increased bone resorption in early postmenopausal women. J 
Clin Invest 111, 1221–1230.

  8.	 Fazeli PK, Horowitz MC, MacDougald OA, Scheller EL, 
Rodeheffer MS, Rosen CJ and Klibanski A (2013) Marrow 
fat and bone—new perspectives. J Clin Endocrinol Metab 
98, 935–945.

  9.	 Gimble JM and Nuttall ME (2012) The relationship between 
adipose tissue and bone metabolism. Clin Biochem 45, 874–
879.

10.	 Goto H, Hozumi A, Osaki M, Fukushima T, Sakamoto K, 
Yonekura A, Tomita M, Furukawa K, Shindo H and Baba H 
(2011) Primary human bone marrow adipocytes support 
TNF-α-induced osteoclast differentiation and function though 
RANKL expression. Cytokine 56, 662–668.

11.	 Goto H, Osaki M, Fukushima T, Sakamoto K, Hozumi A, 
Baba H and Shindo H (2011) Human bone marrow adipo-
cytes support dexamethasone-induced osteoclast differentia-
tion and function through RANKL expression. Biomed Res 
(Tokyo) 32, 37–44.

12.	 Hadjidakis DJ and Androulakis II (2006) Bone remodeling. 
Ann NY Acad Sci 1092, 385–396.

13.	 Henriksen K, Bollerslev J, Everts V and Karsdal MA (2011) 
Osteoclast activity and subtypes as a function of physiology 
and pathology-implications for future treatment of osteoporo-
sis. Endocrine Rev 32, 31–63.

14.	 Hendriksen K, Neutzsky AV, Bonewald LF and Karsdal MA 
(2009) Local communication on and within bone controls 
bone remodeling. Bone 44, 1026–1033.

15.	 Hozumi A, Osaki M, Goto H, Sakamoto K, Inokuchi S and 
Shindo H (2009) Bone marrow adipocytes support dexameth-
asone-induced osteoclast differentiation. Biochem Biophys 
Res Commun 382, 780–784.

16.	 Jin J, Wang L, Wang XK, Lai PL, Huang MJ, Jin DD, Zhong 
ZM, Chen JT and Bai XC (2013) Risedronate inhibits bone 
marrow mesenchymal stem cell adipogenesis and switches 
RANKL/OPG ratio to impair osteoclast differentiation. J 
Surg Res 180, e21-e29.

17.	 Kawai M, de Paula FJA and Rosen CJ (2012) New insights 
into osteoporosis: the bone-fat connection. J Intern Med 272, 
317–329.

18.	 Kawai M, Devlin MJ and Rosen CJ (2009) Fat targets for 
skeletal health. Nat Rev Rheumatol 5, 365–372.

19.	 Komori T (2013) Functions of the osteocyte network in the 
regulation of bone mass. Cell Tissue Res 352, 191–198.

20.	 Kondo T, Kitazawa R, Yamaguchi A and Kitazawa S (2008) 
Dexamethasone promotes osteoclastogenesis by inhibiting os-
teoprotegerin through multiple levels. J Cell Biochem 103, 
335–345.

21.	 Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E, Capparelli 
C, Morony S, Oliveira-dos-Santos AJ, Van G, Itie A, Khoo W, 



Adipogenesis and osteoclastogenesis 159

Wakeham A, Dunstan CR, Lacey DL, Mak TW, Boyle WJ 
and Penninger JM (1999) OPGL is a key regulator of osteo-
blastogenesis, lymphocyte development and lymph-node or-
ganogenesis. Nature 397, 315–323.

22.	 Kuroda Y and Matsuo K (2012) Molecular mechanisms of 
triggering, amplifying and targeting RANK signaling and os-
teoclasts. World J Orthop 3, 167–174.

23.	 Moerman EJ, Teng K, Lipschitz DA and Lecka-Czernik B 
(2004) Aging activates adipogenic and suppresses osteogenic 
programs in mesenchymal marrow stroma/stem cells: the role 
of PPAR-gamma2 transcription factor and TGF-beta/BMP 
signaling pathways. Aging Cell 3, 379–389.

24.	 Muruganandan S, Roman AA and Sinal CJ (2009) Adipocyte 
differentiation of bone marrow-derived mesenchymal stem 
cells: Cross talk with the osteoblastogenic program. Cell Mol 
Life Sci 66, 236–253.

25.	 Nakashima T, Hayashi M, Fukunaga T, Kurata K, Oh-hora M, 
Feng JQ, Bonewald LF, Kodama T, Wutz A, Wagner EF, 
Penninger JM and Takayanagi H (2011) Evidence for osteo-
cyte regulation of bone homeostasis through RANKL expres-
sion. Nat Med 17, 1231–1234.

26.	 Nakashima T, Hayashi M and Takayanagi H (2012) New in-
sights into osteoclastogenic signaling mechanisms. Trends 
Endocrinol Metab 23, 582–590.

27.	 Nielson CM, Srikanth P and Orwoll ES (2012) Obesity and 
fracture in men and women: an epidemiologic perspective. J 
Bone Miner Res 27, 1–10.

28.	 Nuttall ME and Gimble JM (2004) Controlling the balance 
between osteoclastogenesis and adipogenesis and the conse-
quent therapeutic implicatioons. Curr Opin Pharmacol 4, 
290–294.

29.	 Pino AM, Rosen CJ and Rodriguez JP (2012) In osteoporo-

sis, differentiation of mesenchymal stem cells (MSCs) im-
proves bone marrow adipogenesis. Biol Res 45, 279–287.

30.	 Raggatt LJ and Partridge NC (2010) Cellular and molecular 
mechanisms of bone remodeling. J Biol Chem 285, 25103–
25108.

31.	 Rosen CJ and Bouxsein ML (2006) Mechanisms of disease: 
is osteoporosis the obesity of bone? Nat Clin Pract Rheuma-
tol 2, 35–43.

32.	 Seeman E and Delmas PD (2006) Bone quality—the material 
and structural basis of bone strength and fragility. N Engl J 
Med 354, 2250–2261.

33.	 Sivasubramaniyan K, Lehnen D, Ghazanfari R, Sobiesiak M, 
Harichandan A, Mortha E, Petkova N, Grimm S, Cerabona F, 
de Zwart P, Abele H, Aicher WK, Faul C, Kanz L and 
Bühring HJ (2012) Phenotypic and functional heterogeneity 
of human bone marrow- and amnion-derived MSC subsets. 
Ann NY Acad Sci 1266, 94–106.

34.	 Shi C (2012) Recent progress toward understanding the 
physiological function of bone marrow mesenchymal stem 
cells. Immunology 136, 133–138.

35.	 Teitelbaum SL (2000) Bone resorption by osteoclasts. Sci-
ence 289, 1504–1508.

36.	 Wada T, Nakashima T, Hiroshi N and Penninger JM (2006) 
RANKL-RANK signaling in osteoclastogenesis and bone dis-
ease. Trends Mol Med 12, 17–25.

37.	 Xiong J and O’Brien CA (2012) Osteocyte RANKL: New 
insights into the control of bone remodeling. J Bone Miner 
Res 27, 499–505.

38.	 Zhao LJ, Jiang H, Papasian CJ, Maulik D, Drees B, Hamilton 
J and Deng HW (2008) Correlation of obesity and osteopo-
rosis: effect of fat mass on the determination of osteoporosis. 
J Bone Miner Res 23, 17–29.


