MOLECULAR MEDICINE REPORTS 8: 823-828, 2013

Adipocytes regulate the bone marrow microenvironment
in a mouse model of obesity
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Abstract. Obesity is markedly associated with abnormal
bone density indicating the importance of adipocytes in bone
metabolism. However, the specific function of adipocytes
remains unclear, with marked discrepancies in observations
of previous studies. In the present study, the effect of adipo-
cytes on osteoblasts/osteoclasts was analyzed. A mouse model
of obesity was established and an in vitro co-culture system
was utilized containing adipocyte and MC3T3/RAW 264.7
cells in a Transwell plate. Compared with control mice, obese
mice exhibited low body weight and bone mineral density of
the tibia and fat cells were observed to accumulate in bone
marrow. MC3T3/RAW 264.7 cells were co-cultured with
adipocytes and the mRNA and protein expression of alka-
line phosphatase and osteocalcin was found to be decreased
in MC3T3-El cells and mRNA and protein expression of
tartrate-resistant acid phosphatase and cathepsin K was signif-
icantly increased in RAW 264.7 cells. In addition, the effect of
adipocytes on the osteoprotegerin (OPG)/receptor activator of
nuclear factor kB ligand (RANKL)/RANK system indicated
that the RANKL/OPG ratio secreted by osteoblasts increased
and RANK expression by osteoclasts increased, leading to
increased osteoclastogenesis. These results indicate that bone
metabolism is impaired in obese mice leading to decreased
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osteoblastogenesis and marked increases in osteoclastogenesis
and low bone mass.

Introduction

Obesity is becoming increasingly prevalent, leading to reduced
life expectancy and increased health problems (1). High
body mass index (BMI) is associated with various diseases,
including cardiovascular, obstructive sleep apnea, diabetes
mellitus type 2, specific types of cancer and osteoarthritis (2).
Bone metabolism is also abnormal in obesity (3) and positive
and negative factors have been identified to be associated with
bone health status (4-6). A number of previous studies have
revealed that obesity stimulates bone formation by inhibiting
apoptosis. A recent study demonstrated that high BMI prevents
normal bone fracture and osteoporotic fracture in various age
groups and genders (7). By contrast, it has also been reported
that osteoporosis occurs in obese individuals (8). These incon-
sistencies may be due to the use of different animal models in
each study.

Adipose tissue, a large endocrine organ, secretes a number
of hormones that affect bone metabolism. Adipocytes in the
bone marrow microenvironment differentiate from bone
marrow mesenchymal cells and secrete cytokines which affect
osteoblast and osteoclast levels in bone marrow. The effect of
adipocytes on osteoblasts/osteoclasts remains controversial.

The aim of the present study was to identify the func-
tion of adipocytes in the bone marrow microenvironment.
To analyze the biological foundations of bone metastasis in
obesity, a high-fat diet was selected to establish a mouse model
of obesity (9). The results indicate that adipocytes accumulate
in the bone marrow environment and affect bone turnover and
osteoblast/osteoclast differentiation.

Materials and methods

Chemicals and proteins. Recombinant murine receptor acti-
vator of nuclear factor kB ligand (RANKL) was purchased
from R&D Systems (Minneapolis, MN, USA). Antibodies
were purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA) and Abcam (Cambridge, UK). All other
chemicals were from Sigma-Aldrich (St. Louis, MO, USA).
Osteoprotegerin (OPG), RANKL and RANK ELISA kits were
obtained from R&D Systems. Alkaline phosphatase (ALP)
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and tartrate-resistant acid phosphatase (TRAP) staining kits
were purchased from Sigma-Aldrich.

Animals. Male C57BL/6 mice were purchased from Beijing
HFK Bio-technology Co., Ltd. (Beijing, China) at 7-8 weeks
old. Animals were randomly divided into 2 groups. One group
was housed in a 12-h dark/light cycle and fed high-fat food
and water ad libitum, the other group was fed normal food
(control). All procedures were approved by the Animal Care
and Use Committee, Tongji Medical College (Wuhan, China)

Animals were sacrificed by CO, inhalation and cervical
dislocation 12 weeks later. Weights of bilateral inguinal
fat and the right tibiae were recorded. The right tibiae were
analyzed using micro-computed tomography (mCT). The left
tibiae were embedded undecalcified in methylmethacrylate
and analyzed by histomorphometry.

mCT analysis. mCT analysis was performed using a Scanco
uCT50 (Scanco Medical AG, Bassersdorf, Switzerland). Scans
were performed using the following instrument settings: E,
70 KVp; I, 110 uA, increment, 10 ym; threshold value, 289.
Parameters of the tibia were computed by the software in
uCT50.

Cell culture. The murine preosteoblastic cell line, MC3T3-El,
was purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA). Murine bone marrow stromal
cells (BMSCs) were purchased from Cyagen (Guangzhou,
China). RAW 264.7 murine pre-osteoclastic cells were
purchased from ATCC. The cells were cultured in a-MEM
(Hyclone Laboratories, Inc., Logan, UT, USA) supplemented
with 100 U/ml penicillin, 100 #g/ml streptomycin and 10% FCS
(Gibco-BRL, Carlsbad, CA, USA) at 37°C in a humidified
atmosphere of 5% CO,. The medium was changed every 3 days.

For adipocyte differentiation, BMSCs were cultured
in a-MEM supplemented with 10% FCS, 100 U/ml peni-
cillin and 100 mg/ml streptomycin in a 5% CO, humidified
atmosphere and allowed to reach confluence. After 2 days
of confluence, BMSCs were induced by exposure to a
differentiation medium containing 10.0 yg/ml insulin, 1 M
dexamethasone and 0.5 mM 3-iso-butyl-1-methylxanthine
in 10% FBS-supplemented a-MEM for 48 h. Following
incubation, the culture medium was changed to a-MEM
supplemented with 10% FCS, 10.0 pxg/ml insulin for an addi-
tional 48 h. Cells were cultured in a-MEM supplemented with
10% FCS, 100 U/ml penicillin and 100 mg/ml streptomycin for
4 days. The cells were then harvested and used for co-culture
and detected by Oil Red staining (Fig. 2A).

Osteoblast differentiation. A Transwell co-culture system
was used to analyze osteoblast differentiation. MC3T3-E1
cells (5x10° cells/well) were cultured in 6-well plates
(Corning, Tewksbury, MA, USA) until 80% confluence
was reached after 2 days. MC3T3-E1 cells were single- and
co-cultured. For co-culture, following successful induc-
tion of adipocytes in the upper chambers of the transwell
plate, the upper chamber was inserted into the 6-well plate
with MC3T3-El cells. Following 24 h, the culture medium
was replaced with condition medium (a-MEM containing
10% FCS, 10 mM B-glycerophosphate, 50 ug/ml L-ascorbic
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acid and 100 nM dexamethasone) for 7 days. The medium was
changed every 2 days. For the last 24 h prior to harvesting,
cells were grown in 2 ml condition medium without FCS
and the medium was collected for ELISA analysis. Cells in
the lower chambers were detected using ALP staining and
activities.

Osteoclast differentiation. For osteoclast differen-
tiation studies, pre-osteoclast RAW 264.7 cells were used.
Pre-osteoclast differentiation was performed as described for
preosteoblast differentiation, however, the condition medium
contained 10% FCS and 10 ng/ml RANKL supplemented
a-MEM. Harvested cells were analyzed by TRAP staining
and activities.

OPG and RANKL ELISA. OPG and RANKL levels were
analyzed in the osteoblast differentiation medium using a
commercially available ELISA kit according to the manufac-
turer's instructions. Each sample was analyzed three times.

RNA isolation and real-time PCR analysis. Total RNA was
isolated from harvested cells using TRIzol reagent (Invitrogen
Life Technologies, Carlsbad, CA, USA). Extracted RNA was
transcribed into cDNA using a cDNA RT kit (Invitrogen Life
Technologies) according to the manufacturer's instructions.
Gene expression analysis was performed using real-time PCR
(iQ5; Bio-Rad, Hercules, CA, USA) and normalized against
B-actin. In the present study, runt-related transcription factor
2 (RUNX?2), ALP, osteocalcin, OPG and RANKL expression
in osteoblasts and RANK, cathepsin K (CTSK) and TRAP
expression in osteoclasts was detected.

Western blot analysis. Total cell lysates were obtained by
lysing cells in RIPA buffer containing 50 mM Tris-HCI,
150 mM NaCl, 1% NP-40, 0,1% SDS, 0,5% sodium deoxy-
cholate, 2 mM sodium fluoride, 1 mM EDTA, 1 mM EGTA
and protease inhibitor cocktail. Protein concentration was
determined using the bicinchoninic acid protein assay (Pierce
Biotechnology, Inc., Rockford, IL, USA). Proteins were sepa-
rated by SDS-PAGE, transferred to nitrocellulose, blocked and
incubated with primary antibodies. The membrane was washed
and incubated with the respective secondary antibodies conju-
gated with peroxidase. Protein detection was performed using
a chemiluminescence detection system (Pierce Biotechnology,
Inc.). RUNX2, bone alkaline phosphatase, osteocalcin, OPG
and RANKL in osteoblasts and RANK and CTSK protein
expression in osteoclasts was detected.

Statistical analysis. Data were presented as the mean + SEM.
Statistical analysis was performed using the Student's t-test.
Experiments were repeated three times. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Obese mice have lower tibial bone mineral density.
Tibial weight in obese mice was lower than that of the
control (Fig. 1A). Micro-CT revealed that bone mineralization
density of tibiae in obese mice was lower compared with the
control (Fig. 1B and Table I).
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Figure 1. High-fat diet mice exhibited increased tibia weight and bone mineral density, compared with normal diet mice. (A) Tibia weight (g), (B) mCT of the
tibia, representative three-dimensiomal images of proximal and middle tibia, (C) HE staining of tibiae revealed accumulated adipocytes in the tibia of obese
mice compared with the control (magnification: upper images, x4; lower images, x10). mCT, micro-computed tomography.
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Figure 2. Osteoblast differentiation affected by adipocytes. (A) Oil red staining of adipocytes derived from BMSCs. (B and C) ALP staining and activity
of osteoblasts in single- and co-culture with adipocytes. (D) Real-time PCR analysis of gene expression in osteoblasts. (E) Western blot analysis of OCN,
BALF, RUNX2 protein expression in osteoblasts. "P<0.05. BMSCs, bone marrow stromal cells. OCN; osteocalcin; BALP, bone alkaline phosphatase; RUNX2,

runt-related transcription factor 2.

Histomorphometric analysis indicated an increased
number of adipocytes in the bone marrow of obese mice
compared with the control (Fig. 1C).

Differentiation of preosteoblasts is decreased by co-culture
with adipocytes. In the co-culture system, adipocytes from
fully differentiated BMSCs were observed to decrease mRNA
and protein expression of ALP (30%) and osteocalcin (OCN;
10%) in osteoblasts at day 5 of differentiation (Fig. 2D).

BMSCs decreased mRNA levels of ALP and OCN in
osteoblasts at day 5 of differentiation. These results are consis-
tent with protein levels of these genes (Fig. 2E).

To determine whether adipocytes had any effect on
preosteoblast differentiation, ALP staining (Fig. 2B) and
analysis of activity were conducted. Co-culture for 7 days was
found to significantly reduce ALP activity by 34% compared
with the single-culture group (Fig. 2C).

Differentiation of pre-osteoclasts is increased by co-culture
with adipocytes. Since obese mice exhibit accumulation of
adipocytes in the bone marrow microenvironment, the effect
of adipocytes on osteoclastogenesis and osteoclast-specific
gene expression by RANKL-induced osteoclast differen-
tiation was analyzed. Following co-culture with adipocytes,
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Figure 3. Osteoclast differentiation of RAW 264.7 cells in the presence of RANKL (10 ng/ml) affected by adipocytes. (A) Appearance of multinucleated
TRAP-positive osteoclastic cells developed in single-culture and co-culture with adipocyte. (B and C) The number of multinucleated TR AP-positive cells and
TRAP activity detected in the two groups. (D) Real-time PCR analysis of gene expression in osteoclasts. (E) Western blot analysis of CTSK protein expression
in osteoclasts. “P<0.05, vs. single-culture. TR AP, tartrate-resistant acid phosphatase; CTSK, cathepsin K; RANKL, receptor activator of nuclear factor kB ligand.
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Figure 4. OPG, RANKL and RANK expression in osteoblasts and osteoclasts was altered by adipocytes. (A) Gene expression detected by real-time PCR.
(B) Protein expression detected by western blot analysis. The RANKL/OPG ratio in osteoblasts was significantly increased (~8-fold) in the CC group compared
with SC, and RANK expression in osteoclasts was increased in the CC group. The experiment was repeated three times. Vertical bars represent SD. "P<0.05, vs.
single-culture. OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor kB ligand; CC, co-culture; SC, single-culture.

osteoclastogenesis was increased compared with that of
single-cultured samples (Fig. 3A). The number of multinucle-
ated TRAP-positive cells was increased by 35% (Fig. 3b) and
the TRAP activity was 40% higher in the co-culture compared
with single-culture (Fig. 3C).

Gene expression analysis revealed that adipocytes affect
CTSK expression (Fig. 3D). CTSK protein expression in osteo-

clasts was increased by co-culture with adipocytes (Fig. 3E).
The results indicate that adipocytes may increase osteoclasto-
genesis in vitro.

OPG/RANKL/RANK trail levels in osteoblasts and osteo-
clasts are altered by co-culture with adipocytes. OPG/
RANKL/RANK is an essential mechanism for regulation
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Table I. BMD of cortical bone mass in control and obese mice.

C57BL/6 Obese mice
(n=4) (n=4) P-value
BMD (mg HA/cem) 1342.7+108.2  706.3+94.1*  0.006

*P<0.01, vs. control. BMD, bone mineral density.

Table II. OPG and RANKL levels in the culture medium of the
osteoblastogenesis assay, detected by ELISA.

Single-culture Co-culture
(pg/ml, n=6) (pg/ml, n=6) P-value
OPG 1342.7+208.2 706.3+94.1* 0.004
RANKL 1439.7+£143.5 5471.2+432.5° 0.009

*P<0.01, vs. single-culture. OPG, osteoprotegerin; RANKL, receptor
activator of nuclear factor kB ligand.

of bone metabolism, and was affected by adipocytes in the
bone marrow microenvironment. An increased RANKL/OPG
ratio secreted by co-cultured osteoblasts compared with
single-cultured was identified by ELISA analysis of cell
culture medium (Table II). In addition, RANKL/OPG protein
expression in osteoblasts was decreased in the co-culture
group (Fig. 4A and B). RANK gene and protein expression
in osteoclasts was increased by co-culture with adipocytes
(Fig. 4A and B).

Discussion

The present study investigated the effect of adipocytes
on preosteoblasts and preosteoclasts in the bone marrow
microenvironment. Results demonstrate that i) bone mineral
density (BMD) was significantly reduced in high-fat diet mice,
ii) pre-osteoblast function was suppressed, iii) differentiation
of pre-osteoclast was enhanced and iv) the RANKL/OPG
ratio secreted by pre-osteoblasts was increased and RANK
expression in pre-osteoclasts was increased by co-culture with
adipocytes.

Adults with a high BMI have been previously reported to
be associated with low BMD (10). Obesity is being increas-
ingly recognized as a negative factor of bone metastasis in
humans (11). In this study, high-fat diet mice exhibited high
body weights. However, trabecular and cortical bone densities
in the tibia were low. In addition, the number of adipocytes
in bone marrow of high-fat diet mice was found to be signifi-
cantly higher than that of the control. By contrast, a number of
previous studies have observed that increased BMI is a positive
factor on femur cortical bone mass due to its effect on leptin
signaling (12). However, an increasing number of studies have
indicated that obesity in female mice is accompanied by bone
loss (8,13-15). This may be due to the role of adipose tissue
as an endocrine organ, secreting pro-inflammatory cytokines,
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whose effects damage the trabecular bone (16). Therefore, the
use of different mouse models in prevous studies may explain
these inconsistencies.

Adipocytes derived from BMSCs undergo crosstalk
with osteoblasts. In the present study, osteoblast expression
of RUNX2, osteocalcin and ALP mRNA and protein was
decreased in the late stages of differentiation following
co-culture with adipocytes. It has previously been reported
that the adipocyte-secreted hormone, adiponectin, may
negatively modulate osteoblast function through adiponectin-
receptor I-mediated changes in PPAR-y expression (17). The
osteogenic function of osteoblasts was attenuated by adipocytes.

In this study, an osteoclastogenesis system was used to
analyze RANKL-induced RAW 264.7 cells differentiated
to osteoclastic cells exhibiting TR AP-positive staining (18).
Osteoclastogenesis was found to be significantly increased
by co-culture with adipocytes. However, the mechanism
remains elusive. Oshima et al (19) demonstrated that adipo-
nectin induced by cytokines secreted by adipocytes directly
suppresses bone-resorption activity by inhibiting osteo-
clastogenesis. However, observations of Goto et al (20)
demonstrate that primary human bone marrow adipocytes
promote osteoclast differentiation and activities. Leptin, an
adipocyte-derived cytokine, has been found to function as
a negative regulator of bone mass in a mouse model (21).

The OPG/RANKL/RANK system in the bone microen-
vironment is an essential mechanism for regulation of bone
metabolism. RANKL combined with RANK is associated
with osteoclastogenesis through the c-Jun N-terminal kinase,
nuclear factor kB and protein kinase B-mediated signaling path-
ways, which promote bone resorption. By contrast, RANKL
combined with OPG inhibits osteoclast differentiation, which
impairs bone resorption. The ratio of RANKL/RANK and
RANKL/OPG regulates the bone microenvironment. If the
balance between these ratios is disturbed, bone metabolism
derangement is likely to occur (22).

The results of this study indicate that the OPG/RANKL
ratio secreted by osteoblasts was decreased by adipocyte
stimulation. As a result of reduced OPG/RANKL ratio, osteo-
clastogenesis was increased and was shown to be consistent
with CTSK staining of bone sections from our animal model.
In addition, osteoclast RANK expression was upregulated.
Following this, adipocyte-secreted cytokines affected the
OPG/RANKL/RANK trail system, resulting in a marked
increase in osteoclast differentiation. Halade er al (16) reported
that OPG secretion decreased and RANKL expression
increased in osteoblasts stimulated with adipocyte-secreted
factors. By contrast, Goto er al (20) demonstrated that
adipocyte-secreted cytokines upregulated RANKL mRNA
expression in osteoblasts, consistent with osteoclast differ-
entiation in vitro. These observations are in agreement with
those of this study and demonstrate that adipocytes increase
osteoclastogenesis via the OPG/RANKL/RANK system in
the bone microenvironment.

In conclusion, the present in vivo study has demonstrated
that obesity caused by a high-fat diet results in significant
bone resorption by increasing osteoclast and decreasing
osteoblast functions. In addition, adipocyte-secreted cyto-
kines were observed to attenuate osteoblast function and
significantly increase osteoclastogenesis. The balance
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of the OPG/RANKL/RANK system was disrupted by
adipocyte-derived cytokines. The results indicate that obesity
is associated with decreases in bone density partly due to
increased osteoclastogenesis.
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