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The bone marrow stroma contains osteoblasts and adipocytes that have a common precursor: the plurip-
otent mesenchymal stem cell found in bone marrow stromal cells (BMSCs). Local bone marrow Ca?* lev-
els can reach high concentrations due to bone resorption, which is one of the notable features of the bone
marrow stroma. Here, we describe the effects of high [Ca?*], on the accumulation of adipocytes in the

1@32’1"’“‘155 bone marrow stroma. Using primary mouse BMSCs, we evaluated the level of adipocyte accumulation
Ca by measuring Oil Red O staining and glycerol-3-phosphate dehydrogenase (GPDH) activity. High
Bone marrow stromal cells + . : . . X :

Adipocytes [Ca%*], enhanced the accumulation of adipocytes following treatment with both insulin and dexameth-

asone together but not in the absence of this treatment. This enhanced accumulation was the result of
both the accelerated proliferation of BMSCs and their differentiation into adipocytes. Using the fura-2
method, we also showed that high [Ca?*], induces an increase in [Ca%*];. An intracellular Ca* chelator
suppressed the enhancement in adipocyte accumulation due to increased [Ca®*], in BMSCs. These data
suggest a new role for extracellular Ca®* in the bone marrow stroma: increased [Ca®'], induces an
increase in [Ca®']; levels, which in turn enhances the accumulation of adipocytes under certain

conditions.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The bone marrow stroma contains both osteoblasts and adipo-
cytes that have a common precursor: the pluripotent mesenchy-
mal stem cell found in bone marrow stromal cells (BMSCs) [1-3].
It is well known that adipocyte accumulation is abnormally en-
hanced in the bone marrow stroma in the elderly or under osteo-
porotic conditions and also following chronic treatments of the
peroxisome proliferator-activated receptor y (PPARy) agonist
against diabetes. High levels of marrow adipocytes are a risk factor
for anemia and fracture. Local bone marrow Ca?* levels can reach
high concentrations due to bone resorption [4], which is one of
the notable features of the bone marrow stroma. High [Ca%*], en-
hances the chemotaxis [5,6], proliferation [5,7], and differentiation
[8,9] of osteoblasts for the purposes of regenerating lost bone.
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However, the effects of high [Ca®*], on the accumulation of adipo-
cytes in the bone marrow stroma are poorly understood.

Using primary mouse BMSCs, we investigated the effects of high
[Ca?*], on adipocyte accumulation under conditions that result in
infrequent or predominant adipocyte differentiation. We also
investigated the role of high [Ca®'], -induced calcium signaling in
the accumulation of adipocytes. Under the condition producing
infrequent adipocyte differentiation, high [Ca®'], enhanced the
accumulation of osteoblasts but not of adipocytes. Under the con-
dition producing predominant adipocyte differentiation, high
[Ca?*], enhanced the accumulation of adipocytes but not of osteo-
blasts. These results suggest that increased extracellular concen-
trations of Ca®>* may accelerate a switch in cell fate: increased
[Ca®*], enhances osteoblastic bone formation in normal bone
where adipocyte differentiation is infrequent, while increased
[Ca?*], may enhance the accumulation of adipocytes in pathologi-
cal bone conditions such as osteoporosis or in the elderly in which
adipocyte differentiation becomes dominant. We also propose that
the prevention of calcium signaling could be a new therapeutic
strategy to suppress bone marrow accumulation of adipocytes
and reduce disease- and age-related anemia and fracture.
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2. Materials and methods
2.1. Cell culture

The methods used for cell culture have been described previ-
ously [10,11]. Briefly, male C57Bl/6 mice (Charles River Japan,
Kanagawa, Japan) were euthanized by cervical dislocation, and
bone marrow cells were collected from the tibia and femur and
were cultured at 37 °Cin 5% C0O,/95% air. We selectively maintained
adherent cells (BMSCs) by removing the floating cells during a
change in medium. The 3T3-L1 pre-adipocyte cell line (3T3-L1 cells)
was cultured in Dulbecco’s modified Eagle’s Medium (DMEM, Invit-
rogen, NY, USA) containing 10% fetal bovine serum (FBS, Equitech-
Bio, TX, USA) at 37 °Cin 5% C0O,/95% air. The study conformed to the
Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health. The experimental protocol was ap-
proved by the Animal Care and Use Committee of Juntendo Univer-
sity. We used 10 pg/ml insulin (Sigma-Aldrich, MO, USA), 0.25 uM
dexamethasone (Sigma-Aldrich), and 50 pM 3-isobutyl-1-methyl-
xanthine (IBMX, Sigma-Aldrich) as inducers of adipocyte
differentiation and 0,0’-Bis(2-aminophenyl)ethyleneglycol-N,N,
N’,N’-tetraacetic acid, tetraacetoxymethyl ester (BAPTA-AM, Dojin-
do, Kumamoto, Japan) as an intracellular Ca%* chelator.

2.2. Measurements of adipocyte and osteoblast accumulation

For Oil Red O staining and extraction, cells were rinsed twice
with PBS and fixed with 4% paraformaldehyde for 15 min, which
was followed by two rinses with PBS. The cells were first treated
with 60% isopropanol for 1 min and subsequently with Oil Red O
(Sigma-Aldrich) dissolved in 60% isopropanol for 20 min followed
by three rinses with PBS. Pictures of the cells were taken, and Oil
Red O dye in lipid droplets was eluted into isopropanol. Finally,
the absorbance at 520 nm was measured with a microtiter plate
reader. To measure glycerol-3-phosphate dehydrogenase (GPDH)
activity, we used a GPDH activity assay kit (Takara Bio, Shiga, Ja-
pan). To measure alkaline phosphatase (ALP) activity, we used an
ALP activity assay kit (Takara Bio).

2.3. Measurement of intracellular free calcium concentrations

Cells were plated onto glass-bottom dishes and loaded with
5 uM fura-2 acetoxymethylester (AM) (Dojindo) suspended in bal-
anced salt solution (BSS) containing 115 mM NacCl, 5.4 mM KCl,
2mM CaCl,, 1T mM MgCl,, 20 mM HEPES, and 10 mM glucose
(the pH was adjusted to 7.4 with NaOH) in the dark for 30 min.
The loaded cells were rinsed three times in BSS, and data acquisi-
tion and analysis was carried out using AQUACOSMOS 2.0 (Ham-
amatsu Photonics, Hamamatsu, Japan). Solutions were superfused
at a rate of 2 ml/min.

2.4. Measurement of cell numbers

Cells were seeded onto 96-well plates at 5 x 10° cells/well.
After 14 days, the cell count was estimated using a WST-8 (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5- (2,4-disulfophe-
nyl)-2H-tetrazolium, monosodium salt) assay [12], which is a mod-
ification of the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H
tetrazolium bromide) assay. In brief, 100 pL of medium and 10 pL
of WST-8 reagent (Dojindo) were added to the wells. After a 4 h
incubation at 37 °C, the absorbance at 450 nm was recorded with
a microtiter plate reader.

2.5. Quantitative real-time RT-PCR analysis

Total RNA was extracted from the cells using an RNeasy mini kit
(Qiagen, Hilden, Germany). RNA was reverse transcribed using a
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
CA, USA). The cDNA was then amplified using TagMan Universal
PCR Master Mix and TagMan Gene Expression Assays (both from
Applied Biosystems). The TagMan probes and primers (all from Ap-
plied Biosystems) for pre-adipocyte factor-1 (Pref-1, assay identifi-
cation number MmO00494477_m1), CCAAT-enhancer binding
protein o (C/EBPa, assay identification number Mm00514283_s1),
PPARY (assay identification number MmO01184322_m1), GPDH
(assay identification number MmO00439082_m1), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH, assay identification
number Mm99999915_g1) were used. The PCR mixtures were
pre-incubated at 50 °C for 2 min followed by at 95 °C for 20 s and
40 cycles of 95 °C for 3 s and 60 °C for 30 s using the Applied Biosys-
tems 7500 Fast real-time PCR system. The real-time data were ana-
lyzed using the 7500 software (Applied Biosystems).

2.6. Statistical analysis

Data are expressed as the mean + standard error of mean (SEM).
Homogeneity of variances and mean values were confirmed by a
Bartlett test and one-way ANOVA, respectively. Significance was
evaluated by Tukey’s post hoc test, with differences considered sig-
nificant at P < 0.05.

3. Results

3.1. Bone marrow stromal cells require insulin and dexamethasone to
differentiate into adipocytes

First, we determined the conditions under which BMSCs differ-
entiate into adipocytes. BMSCs were cultured in standard medium
with combinations of insulin, dexamethasone, and IBMX used to
induce adipocyte differentiation from the 3T3-L1 pre-adipocyte
cell line (3T3-L1 cells), which is widely used as an adipocyte dif-
ferentiation model. After 14 days, the value of adipocyte differen-
tiation was assessed by staining for lipid accumulation and
extraction with Oil Red O (Fig. 1A). Neither insulin, dexametha-
sone, nor IBMX alone induced adipocyte differentiation; in con-
trast, the combination of insulin and dexamethasone was
capable of inducing adipocyte differentiation. We did not observe
additional adipocyte differentiation in cultures containing insulin,
dexamethasone, and IBMX together. Therefore, treatment with
insulin and dexamethasone (differentiation medium) was used
to induce adipocyte differentiation in the subsequent experi-
ments. In contrast with BMSCs, 3T3-L1 cells required insulin,
dexamethasone, and IBMX to differentiate into adipocytes (data
not shown).

3.2. High [Ca®*], enhances the accumulation of adipocytes from bone
marrow stromal cells

We cultured BMSCs in differentiation medium containing dif-
ferent [Ca®], (1.8 mM; basal, 5.4 and 10.8 mM; high concentra-
tion), and the value of adipocyte accumulation was assessed after
14 days. Lipid accumulation was measured by Oil Red O staining
and extraction, and the activity of GPDH, which is the activity of
a key enzyme for lipid synthesis, was evaluated.

The high [Ca?*], group of BMSCs showed significant increases in
both lipid accumulation (Fig. 1B-top, C-left) and GPDH activity
(Fig. 1D-left). Furthermore, both the percentage of lipid accumula-
tion and GPDH activity in the cells was increased in the high [Ca®*],
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Fig. 1. High [Ca®'], enhances the accumulation of adipocytes from bone marrow stromal cells. (A) Bone marrow stromal cells (BMSCs) were cultured in standard medium
with the indicated combinations of insulin (Ins), dexamethasone (Dex), and 3-isobutyl-1-methylxanthine (IBMX). After 14 days, the level of adipocyte accumulation was
measured by Oil Red O staining and extraction. n =3 (s P <0.01 vs. control). (B-D) BMSCs were cultured in differentiation medium (insulin + dexamethasone) for 14 days
treated with the indicated [Ca?*],. (B) Typical photomicrographs of Oil Red O staining of cells are shown. The level of adipocyte accumulation was measured by Oil Red O
extraction (C) and glycerol-3-phosphate dehydrogenase (GPDH) activity (D). n=6-10 (x P < 0.05, s P <0.01 vs. 1.8 mM of [Ca®*], group).

group (data not shown). In contrast, the high [Ca**], group of 3T3-
L1 cells showed a significant decrease in both lipid accumulation
(Fig. 1B-bottom, C-right) and GPDH activity (Fig. 1D-right). These
results suggest that high [Ca®*], in BMSCs enhances adipocyte
accumulation.

3.3. High [Ca®'], enhances both proliferation and adipocyte
differentiation in bone marrow stromal cells

In the accumulation of bone marrow adipocytes, two important
keys are adipocyte differentiation and the proliferation of BMSCs,
which have the potential to differentiate into adipocytes. Next,
we assessed the effects of high [Ca®'], on the proliferation of
BMSCs. A total of 5 x 10° cells were seeded, and after 14 days of
culture in differentiation medium, the cell counts were evaluated
using a modification of the MTT assay; significant increases in
the cell counts were observed for the high [Ca?*], group (Fig. 2A).

Adipocyte differentiation occurs in stages during which stage-
specific adipocyte markers appear. We used real-time quantitative
RT-PCR to determine whether high [Ca?'], alters the expression
levels of Pref-1 (also known as delta-like homolog 1 (DLK-1), a
marker of pre-adipocytes), C/EBPo and PPARY (two important adi-
pogenic transcription factors), and GPDH (a later marker of adipo-
cyte differentiation) in BMSCs. One day following treatment with
differentiation medium, a significant increase in the mRNA levels
of Pref-1 (Fig. 2Ba), C/EBPa (Fig. 2Bb), PPARY (Fig. 2Bc), and GPDH
(Fig. 2Bd) was observed (compared to treatment with standard
medium, P < 0.01). Differences in [Ca®*], did not affect the mRNA
levels of Pref-1 (Fig. 2Ba). In contrast, the high [Ca®'], group
showed a significant increase in the mRNA levels of C/EBPa
(Fig. 2Bb), PPARY (Fig. 2Bc), and GPDH (Fig. 2Bd). These results sug-

gest that high [Ca%'], enhances both the proliferation and adipo-
cyte differentiation of BMSCs.

3.4. An intracellular Ca®* chelator suppresses the enhancement in
adipocyte accumulation from bone marrow stromal cells resulting
from increased [Ca®*],

We used the fura-2 method to examine whether a change in
[Ca®*], alters [Ca®']; levels in cells. Most of the BMSCs showed an
increase in [Ca%*]; in response to increased [Ca®*], (Fig. 3A, C, E).
This increase in [Ca®']; was sustained during the period of in-
creased [Ca®*], (over 30 min, Fig. 3A). In contrast, a change in
[Ca?*]; was not observed in 3T3-L1 cells (Fig. 3B, D).

We next examined whether intracellular Ca?* affects adipocyte
accumulation. We cultured BMSCs in differentiation medium for
14 days along with treatment with an intracellular Ca®* chelator,
BAPTA-AM, and evaluated the resulting lipid accumulation. BAP-
TA-AM did not affect adipocyte accumulation in BMSCs cultured
at basal [Ca®'], (Fig. 3F-left, G-left). In contrast, BAPTA-AM sup-
pressed adipocyte accumulation in BMSCs cultured with high
[Ca®*], (Fig. 3F-right, G-right). These results suggest that high
[Ca%*], enhances adipocyte accumulation in BMSCs through in-
creases in [Ca®"];.

3.5. The effects of high [Ca®*], in bone marrow stromal cells differ
under different culture conditions

Many researchers have reported that increased bone marrow
Ca®" enhances the differentiation of osteoblasts. Therefore, we as-
sessed whether our results are in agreement with previous reports.
We cultured BMSCs in standard and differentiation media treated
with different levels of [Ca®*],. After 14 days, we assessed the
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Fig. 2. High [Ca?*], enhances both the proliferation and adipocyte differentiation of bone marrow stromal cells. (A) 5 x 10*> BMSCs were cultured in differentiation medium
with the indicated [Ca?*],. After 14 days, the cell counts were evaluated using a modification of the MTT assay. n = 9 (xx P < 0.01 vs. 1.8 mM of [Ca®*], group). (B) BMSCs were
cultured in standard medium. After 7 days, the cells were cultured for 1 more day in standard medium or differentiation medium treated with the indicated [Ca?*],. Total RNA
was isolated, and the quantitative mRNA levels of pre-adipocyte factor-1 (Pref-1, a), CCAAT-enhancer binding protein o (C/EBPa, b), peroxisome proliferator-activated
receptor y (PPARY, c), and GPDH (d) relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were determined using real-time quantitative RT-PCR. n = 8 (x P < 0.05,

sx P<0.01 vs. 1.8 mM of [Ca®*], group cultured in differentiation medium).

levels of adipocyte and osteoblast accumulation using Oil Red O
staining and an ALP activity assay, respectively.

The high [Ca%'], group cultured in differentiation medium
(Fig. 4A-right) showed a significant increase in the number of Oil
Red O-stained cells, but this increase was not observed in standard
medium (Fig. 4A-left). In contrast, the high [Ca®*], group under
standard medium (Fig. 4B-left) showed a significant increase in
ALP activity, which was not observed in cultures grown in differen-
tiation medium (Fig. 4B-right).

These results suggest that under certain conditions such as
treatment with both insulin and dexamethasone (i.e., a condition
of predominant adipocyte differentiation), high [Ca®*], in BMSCs
enhances the accumulation of adipocytes, while without treatment
with insulin and dexamethasone (i.e., a condition of infrequent adi-
pocyte differentiation), high [Ca?'], alone does not induce adipo-
cyte accumulation, but rather, enhances osteoblast accumulation.

4. Discussion

In this study, we used primary mouse BMSCs to investigate the
effects of high [Ca®'], on adipocyte accumulation. High [Ca®*], en-
hanced the accumulation of adipocytes in the presence of treat-
ment with both insulin and dexamethasone, whereas high [Ca®*],
alone did not induce adipocyte accumulation. This enhanced accu-
mulation was the result of both enhanced proliferation of BMSCs
and their differentiation into adipocytes. In addition, high [Ca®*],
induced an increase in [Ca%']; in BMSCs, and an intracellular Ca®*
chelator suppressed the enhancement in adipocyte accumulation

resulting from high [Ca®*],. These data indicate a new role for
extracellular Ca®*: increased [Ca?'], and [Ca®*]; enhance the accu-
mulation of adipocytes in the bone marrow stroma.

It has been reported that increased [Ca?*]; inhibits adipocyte dif-
ferentiation from the 3T3-L1 cells derived from mouse embryo
fibroblasts [13-15]. B. Jensen et al. have reported that high [Ca®*],
inhibits the differentiation of adipocytes from 3T3-L1 cells without
affecting [Ca®*]; [16]. However, in this study, we show that high
[Ca®*], induces an increase in [Ca?*];, which enhances the differen-
tiation of adipocytes from BMSCs (Fig. 3). Although the reason for
this discrepancy is not clear, a possible explanation is the difference
in cell models. Hang Shi et al. [17] have reported that increased
[Ca?*]; shows a stimulatory effect in the late differentiation stages
of pre-adipocytes derived from human stromal-vascular cells in
subcutaneous fat deposits, which differs from the report that in-
creased [Ca®*]; does not show effects during the late stages of 3T3-
L1 cell differentiation [13]. Furthermore, we show that IBMX, the
important inducer of adipocyte differentiation from 3T3-L1 cells,
did not affect adipocyte differentiation from BMSCs (Fig. 1A). There-
fore, cell models derived from different tissues and developmental
stages may exhibit distinct differentiation properties.

The bone marrow stroma contains both osteoblasts and adipo-
cytes that have a common precursor, the pluripotent mesenchymal
stem cell found in BMSCs [1-3]. While in young and normal phys-
iological states, osteoblasts predominate, adipocytes gradually in-
crease with aging and diseases that include osteoporosis and
diabetes [18-21]. Recent studies have shown that adipocytes in
the bone marrow suppress lymphohematopoesis [22,23]. Thus,
antagonizing marrow adipocyte development may be a novel
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approach for treating diseases caused by decreased lymphohemat-
opoiesis such as age-related anemia. Additionally, because high
levels of marrow adipocytes are a risk factor for fractures [24-
27], the suppression of marrow adipocyte accumulation may pro-
vide a new preventive approach for fractures caused by aging
and diseases. We show that an intracellular Ca?* chelator sup-
pressed the enhancement in adipocyte accumulation caused by
high [Ca®*], (Fig. 3F, G). Thus, intracellular Ca?* signaling may be
a new target for therapy for anemia and fractures caused by accel-
erated marrow adipocyte accumulation.

Local bone marrow Ca?* levels can reach high concentrations due
to bone resorption [4], which is one of the notable features of the
bone marrow stroma. Both extracellular and intracellular Ca®* are
versatile signaling molecules that are involved in the regulation of
cell functions including proliferation, differentiation, and cell death.
Bone homeostasis is maintained by both the balance between osteo-
blastic bone formation and osteoclastic bone resorption [28] and the
balance of mesenchymal stem cell differentiation into osteoblasts
and adipocytes. Bone resorption by osteoclasts, which are derived
from hematopoietic stem cells, gives rise to a release of Ca®*. In-
creased bone marrow Ca2* enhances the chemotaxis [5,6], prolifera-
tion [5,7], and differentiaztion [8,9] of osteoblasts to reform missing
bone during normal physiological conditions. However, despite the
increased extracellular Ca?* resulting from bone resorption, bone
mass declines and adipocyte levels in the marrow increase as a result
of aging and some diseases such as diabetes and osteoporosis. This
has been explained by imbalances in which osteoclastic bone resorp-
tion predominates over osteoblastic bone formation and adipocyte
differentiation predominates over osteoblast differentiation. Under
conditions in which adipocyte differentiation predominates, how-
ever, the effects of increased extracellular Ca?* on the bone marrow,
including whether high Ca?* helps to reform bone or affects adipo-
cyte accumulation, remain largely unknown.

We observed that without insulin and dexamethasone treatment
(i.e., a condition of infrequent adipocyte differentiation), high
[Ca%*], enhanced osteoblast but not adipocyte accumulation in
BMSCs (Fig. 4A, B). However, it is important to note that treatment
with insulin and dexamethasone (i.e., a condition of predominant
adipocyte differentiation), high [Ca?'], enhanced adipocyte but
not osteoblast accumulation in BMSCs (Fig. 4A, B). We propose that
increased bone marrow [Ca%*], enhances osteoblast development to
form bone under conditions of infrequent adipocyte differentiation
such as the normal physiological state, and enhances adipocyte
accumulation under conditions of predominant adipocyte differen-
tiation such as aging and stress (Fig. 4C). Our hypothesis might ex-
plain a part of the reason why bone mass declines and adipocyte
levels in the marrow increase in people during aging and some dis-
eases such as diabetes and osteoporosis despite increased extracel-
lular Ca?* caused by bone resorption; it is known that adipocyte
differentiation predominates over osteoblast differentiation in
these conditions. Therefore, the increased [Ca®*], caused by bone
resorption might accelerate adipocyte accumulation instead of
osteoblastic bone formation in aging, diabetic and osteoporotic
patients.

In summary, we show that high [Ca?'], enhances osteoblast
accumulation in BMSCs under conditions of infrequent adipocyte
differentiation, while under conditions of predominant adipocyte
differentiation, high [Ca®'], enhances adipocyte accumulation
through an increase in [Ca®']; levels. Thus, increases in [Ca®'],
caused by bone resorption might accelerate adipocyte accumula-
tion instead of osteoblastic bone formation in aging, diabetic and
osteoporotic patients, in which adipocyte differentiation has be-
come dominant. In addition, controlling extracellular and intracel-
lular Ca* concentrations may provide a new therapeutic approach
that can govern the balance of adipocyte and osteoblast
development.

Acknowledgements

We thank Atsushi Furuhata and Takako Ikegami (Juntendo Uni-
versity) for helpful advice with the experimental procedures. This
work was supported partly by a Japan Heart Foundation Young
Investigator’s Research Grant (to R. H.).

References

[1] J.N. Beresford, J.H. Bennett, C. Devlin, P.S. Leboy, M.E. Owen, Evidence for an
inverse relationship between the differentiation of adipocytic and osteogenic
cells in rat marrow stromal cell cultures, J. Cell Sci. 102 (Pt 2) (1992) 341-351.

[2] L. Pei, P. Tontonoz, Fat’s loss is bone’s gain, J. Clin. Invest. 113 (2004) 805-806.

[3] T. Akune, S. Ohba, S. Kamekura, M. Yamaguchi, U.I. Chung, N. Kubota, Y.
Terauchi, Y. Harada, Y. Azuma, K. Nakamura, T. Kadowaki, H. Kawaguchi, PPAR
gamma insufficiency enhances osteogenesis through osteoblast formation
from bone marrow progenitors, J. Clin. Invest. 113 (2004) 846-855.

[4] LA. Silver, RJ. Murrills, D.J. Etherington, Microelectrode studies on the acid
microenvironment beneath adherent macrophages and osteoclasts, Exp. Cell
Res. 175 (1988) 266-276.

[5] T. Yamaguchi, N. Chattopadhyay, O. Kifor, R.R. Butters Jr, T. Sugimoto, E.M.
Brown, Mouse osteoblastic cell line (MC3T3-E1) expresses extracellular
calcium (Caﬁ*)—sensing receptor and its agonists stimulate chemotaxis and
proliferation of MC3T3-E1 cells, ]. Bone Miner. Res. 13 (1998) 1530-1538.

[6] S.L. Godwin, S.P. Soltoff, Extracellular calcium and platelet-derived growth
factor promote receptor-mediated chemotaxis in osteoblasts through different
signaling pathways, J. Biol. Chem. 272 (1997) 11307-11312.

[7] L.D. Quarles, J.E. Hartle 2nd, S.R. Siddhanti, R. Guo, T.K. Hinson, A distinct
cation-sensing mechanism in MC3T3-E1 osteoblasts functionally related to the
calcium receptor, J. Bone Miner. Res. 12 (1997) 393-402.

[8] M.M. Dvorak, A. Siddiqua, D.T. Ward, D.H. Carter, S.L. Dallas, E.F. Nemeth, D.
Riccardi, Physiological changes in extracellular calcium concentration directly
control osteoblast function in the absence of calciotropic hormones, Proc. Natl.
Acad. Sci. U. S. A. 101 (2004) 5140-5145.

[9] M. Yamauchi, T. Yamaguchi, H. Kaji, T. Sugimoto, K. Chihara, Involvement of
calcium-sensing receptor in osteoblastic differentiation of mouse MC3T3-E1
cells, Am. J. Physiol. Endocrinol. Metab. 288 (2005) E608-16.

[10] Y. Kashiwakura, Y. Katoh, K. Tamayose, H. Konishi, N. Takaya, S. Yuhara, M.
Yamada, K. Sugimoto, H. Daida, Isolation of bone marrow stromal cell-derived
smooth muscle cells by a human SM22alpha promoter: In vitro differentiation
of putative smooth muscle progenitor cells of bone marrow, Circulation 107
(2003) 2078-2081.

[11] R. Hashimoto, Y. Katoh, S. Itoh, T. Iesaki, H. Daida, Y. Nakazato, T. Okada, T-type
Ca?* channel blockers increase smooth muscle progenitor cells and endothelial
progenitor cells in bone marrow stromal cells in culture by suppression of cell
death, Ann. Vascular Diseases 3 (2010) 117-126.

[12] M. Ishiyama, Y. Miyazono, K. Sasamoto, Y. Ohkura, K. Ueno, A highly water-
soluble disulfonated tetrazolium salt as a chromogenic indicator for NADH as
well as cell viability, Talanta 44 (1997) 1299-1305.

[13] J.M. Ntambi, T. Takova, Role of Ca®* in the early stages of murine adipocyte
differentiation as evidenced by calcium mobilizing agents, Differentiation 60
(1996) 151-158.

[14] C.W. Miller, D.A. Casimir, .M. Ntambi, The mechanism of inhibition of 3T3-L1
preadipocyte differentiation by prostaglandin F2alpha, Endocrinology 137
(1996) 5641-5650.

[15] S.J. Graham, M.]. Black, . Soboloff, D.L. Gill, M.A. Dziadek, L.S. Johnstone, Stim1,
an endoplasmic reticulum Ca?* sensor, negatively regulates 3T3-L1 pre-
adipocyte differentiation, Differentiation 77 (2009) 239-247.

[16] B. Jensen, M.C. Farach-Carson, E. Kenaley, K.A. Akanbi, High extracellular
calcium attenuates adipogenesis in 3T3-L1 preadipocytes, Exp. Cell Res. 301
(2004) 280-292.

[17] H. Shi, Y.D. Halvorsen, P.N. Ellis, W.0. Wilkison, M.B. Zemel, Role of
intracellular calcium in human adipocyte differentiation, Physiol. Genomics
3 (2000) 75-82.

[18] J. Justesen, K. Stenderup, E.N. Ebbesen, L. Mosekilde, T. Steiniche, M. Kassem,
Adipocyte tissue volume in bone marrow is increased with aging and in
patients with osteoporosis, Biogerontology 2 (2001) 165-171.

[19] P. Meunier, J. Aaron, C. Edouard, G. Vignon, 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 (1971) 147-154.

[20] R. Burkhardt, G. Kettner, W. Bohm, M. Schmidmeier, R. Schlag, B. Frisch, B.
Mallmann, W. Eisenmenger, T. Gilg, Changes in trabecular bone,
hematopoiesis and bone marrow vessels in aplastic anemia, primary
osteoporosis, and old age: A comparative histomorphometric study, Bone 8
(1987) 157-164.

[21] S. Botolin, L.R. McCabe, Bone loss and increased bone adiposity in spontaneous
and pharmacologically induced diabetic mice, Endocrinology 148 (2007) 198-
205.

[22] O. Naveiras, V. Nardi, P.L. Wenzel, P.V. Hauschka, F. Fahey, G.Q. Daley, Bone-
marrow adipocytes as negative regulators of the haematopoietic
microenvironment, Nature 460 (2009) 259-263.

[23] M.W. Payne, H.K. Uhthoff, G. Trudel, Anemia of immobility: Caused by adipocyte
accumulation in bone marrow, Med. Hypotheses 69 (2007) 778-786.



678 R. Hashimoto et al./Biochemical and Biophysical Research Communications 423 (2012) 672-678

[24] A. Elbaz, X. Wu, D. Rivas, .M. Gimble, G. Duque, Inhibition of fatty acid [27] B. Lecka-Czernik, E.J. Moerman, D.F. Grant, J.M. Lehmann, S.C. Manolagas, R.L.
biosynthesis prevents adipocyte lipotoxicity on human osteoblasts in vitro, J. Jilka, Divergent effects of selective peroxisome proliferator-activated receptor-
Cell. Mol. Med. 14 (2010) 982-991. gamma 2 ligands on adipocyte versus osteoblast differentiation,
[25] A.C. Maurin, P.M. Chavassieux, L. Frappart, P.D. Delmas, C.M. Serre, P.J. Endocrinology 143 (2002) 2376-2384.
Meunier, Influence of mature adipocytes on osteoblast proliferation in human [28] K. Sharan, J.A. Siddiqui, G. Swarnkar, N. Chattopadhyay, Role of calcium-
primary cocultures, Bone 26 (2000) 485-489. sensing receptor in bone biology, Indian J. Med. Res. 127 (2008) 274-286.

[26] A.C. Maurin, P.M. Chavassieux, E. Vericel, P.J. Meunier, Role of polyunsaturated
fatty acids in the inhibitory effect of human adipocytes on osteoblastic
proliferation, Bone 31 (2002) 260-266.



	Enhanced accumulation of adipocytes in bone marrow stromal cells in the presence of increased extracellular and intracellular [Ca2+]
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Measurements of adipocyte and osteoblast accumulation
	2.3 Measurement of intracellular free calcium concentrations
	2.4 Measurement of cell numbers
	2.5 Quantitative real-time RT-PCR analysis
	2.6 Statistical analysis

	3 Results
	3.1 Bone marrow stromal cells require insulin and dexamethasone to differentiate into adipocytes
	3.2 High [Ca2+]o enhances the accumulation of adipocytes from bone marrow stromal cells
	3.3 High [Ca2+]o enhances both proliferation and adipocyte differentiation in bone marrow stromal cells
	3.4 An intracellular Ca2+ chelator suppresses the enhancement in adipocyte accumulation from bone marrow stromal cells resulting from increased [Ca2+]o
	3.5 The effects of high [Ca2+]o in bone marrow stromal cells differ under different culture conditions

	4 Discussion
	Acknowledgements
	References


