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a b s t r a c t

Several studies have reported a positive relationship of the body fat mass and bone density. However, it is

not clear whether adipocyte-derived signaling molecules directly act on osteoblasts or osteoclasts. There-

fore, we investigated the effect of fat cell-secreted factors on the proliferation and differentiation of pre-

osteoblasts and the molecular mechanisms involved.

This stimulation led to an increased proliferation of MC3T3-E1 and primary preosteoblastic cells

(2.8-fold and 1.5-fold, respectively; p < 0.0001), which could be reduced with inhibitors of protein tyro-

sine kinases, FGFR1 and PI3K. Concordantly, we found human adipocytes to secrete bFGF and bFGF to

mimic the effect of adipocyte-secreted factors. The ratio of OPG/RANKL secretion in primary human

preosteoblasts increased 9-fold (mRNA and protein) when stimulated with adipocyte-secreted factors.

Moreover, osteoblasts which were prestimulated with adipocyte-secreted factors inhibited the formation

of osteoclasts.

In conclusion, human adipocytes secrete factors that directly act on preosteoblasts and alter their

crosstalk with osteoclasts. These in vitro findings reflect the higher bone mass in obese people and attri-

bute it to effects of adipocyte-secreted factors on bone formation.

! 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Osteoporosis is a generalized skeletal disorder characterized by

reduced bone mass and compromised bone quality, thus, eventu-

ally leading to an increased fracture risk (NIH Consensus, 2001).

At the age of 50, the lifetime risk for an osteoporotic fracture is

39.7–53.2% for women and 13.1–22.4% for men, respectively

(Johnell and Kanis, 2005). In addition, osteoporotic fractures not

only cause high costs for health care systems worldwide but also

lead to a significant increase in mortality (Borgstrom et al., 2006,

2007; Burge et al., 2007; Clark et al., 2008; Haussler et al., 2007;

Johnell and Kanis, 2006; Konnopka et al., 2009). The WHO antici-

pates a worldwide increase in osteoporotic hip fractures from 1.7

million in 1990 to 6.3. million by 2050 (WHO, Press Release

1999). Therefore, it is of great clinical and socio-economic interest

to understand risk-conferring and preventing mechanisms for

osteoporosis.

After a proliferation step preosteoblasts start to differentiate

into mature osteoblasts (Colnot, 2005). An early differentiation

marker is the alkaline phosphatase (ALP) whereas matrix mineral-

ization with calcium deposits occurs at a later step (Hoemann

et al., 2009). Mature osteoblasts also produce osteoprotegerin

(OPG) and receptor activator of nuclear factor kappa B ligand

(RANKL), which have opposing effects on osteoclasts.

The association of adipose tissue mass and bone mass in hu-

mans has been investigated by several groups. The results are,

however, controversial. While a few studies reported a negative

association of the body mass index (BMI) with bone mineral den-

sity (BMD) (Beck et al., 2009; Travison et al., 2008; Zhao et al.,

2007), the majority indicated a positive correlation between the

BMI (Gnudi et al., 2009; Kinjo et al., 2007; Nguyen et al., 2005;

0303-7207/$ - see front matter ! 2011 Elsevier Ireland Ltd. All rights reserved.
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von et al., 2007) or the body fat mass (Gnudi et al., 2007; Nguyen

et al., 2005) and BMD, but the underlying mechanisms are not

understood.

Adipose tissue is considered as an endocrine organ known to se-

crete various adipokines including leptin, adiponectin and Wnt

molecules (Fischer-Posovszky et al., 2007; Rasouli and Kern,

2008; Schinner et al., 2005, 2008). The effects of individual adipo-

kines on bone are summarized elsewhere (Gomez-Ambrosi et al.,

2008; Reid, 2008). In the current study we therefore investigated

the direct effects of human adipocytes through secreted factors

on preosteoblast proliferation as well as differentiation and OPG/

RANKL expression.

2. Material and methods

2.1. Chemicals and proteins

Recombinant murine Sfrp1, Dkk1, RANKL and M-CSF and

recombinant human bFGF were purchased from R&D Systems.

I-OMe-AG 538, HNMPA-(AM)3, JAK-Inhibitor I, PD173074 and

Src-Inhibitor I were purchased from Calbiochem. All other inhibi-

tors and chemicals were from Sigma–Aldrich.

2.2. Cell culture

The murine preosteoblastic cell line MC3T3-E1 and the murine

osteoclast precursor cell line RAW264.7 were purchased from

ATCC, USA. All cells were cultured in a-MEM (Invitrogen) supple-

mented with 100 U/ml penicillin, 100 lg/ml streptomycin and

10% FCS (culture medium) at 37 !C in a humidified atmosphere

of 5% CO2/95% air. Medium was changed every 3–4 days.

2.3. Isolation of primary human preosteoblasts

Tissue samples of human bone were obtained from the femoral

heads of patients undergoing elective surgery for partial hip

replacement after femoral neck fracture (n = 6). Consent was ob-

tained from the patients after the nature of the procedure had been

explained. This study was approved by the ethics committee of the

Heinrich-Heine-University Düsseldorf, Germany (study number

3189). After surgery, tissue samples were immediately transferred

to the laboratory. The isolation of primary human preosteoblasts

has been described previously (Kuznetsov and Gehron, 1996). In

brief, bone marrow was scraped into culture medium, filtered

through 100 and 70 lm cell strainer (BD Bioscience) and cultured

for 24 h. Cells were washed with PBS (Invitrogen) to remove

non-adherent cells and cultured until grown to 70% confluence.

Culture medium was changed every 3–4 days. Thereafter, cells

were trypsinized and kept frozen in nitrogen.

2.4. FCCM (fat-cell conditioned-medium)

The isolation of adipocytes and preparation of FCCM is well

established and has been described previously (Ehrhart-Bornstein

et al., 2003; Schinner et al., 2007, 2008). Tissue samples of human

visceral adipose tissue were obtained from patients undergoing

abdominal surgery (n = 5). The mean BMI was 33.4 (SD ± 7.4) kg/

m2. Consent was obtained from the patients after the nature of

the procedure had been explained. This study was approved by

the ethics committee of the Heinrich-Heine-University Düsseldorf,

Germany (study number 2292).

In brief, adipose tissue samples were separated from fibrous

material and blood vessels, minced and digested in Krebs Ringer

bicarbonate buffer (KRB) containing BSA and collagenase type I.

The digested tissue was filtered (250 lm mesh) and washed with

KRB containing 0.1% BSA. For culture, 8 ml of isolated floating adi-

pocytes were incubated in 20 ml serum-free a-MEM for 24 h. The

conditioned medium was thereafter filtered. As control medium

serum-free a-MEM (Invitrogen) was incubated at 37 !C without

adipocytes for 24 h.

2.5. Osteoblast differentiation

For differentiation studies, cells were cultured in 6-well plates

(Greiner Bio One) at a density of 200,000 cells/well. After 24 h, cul-

ture medium was replaced by serum-free a-MEM and control

medium, FCCM, or serum-free a-MEM containing 10 mM b-glycer-

ophosphate, 50 lg/ml L-ascorbic acid and 100 nM dexamethasone

as a positive control (Sakaguchi et al., 2004) in a ratio of 1:1 for

14 days. The medium was changed every 3–4 days. For the last

24 h before harvesting cells were grown in 2 ml a-MEM supple-

mented with 100 U/ml penicillin, 100 lg/ml streptomycin and

10% FCS.

2.6. Osteoclast differentiation

MC3T3-E1 cells were treated with control medium or fat-cell

conditioned-medium in a ratio of 1:1 with a-MEM culture med-

ium. The medium was changed every 3 days. After 14 days of stim-

ulation, cells were cultured in a-MEM culture medium for 1 day.

This osteoblast-conditioned medium was filtered and collected.

RAW264.7 cells were cultured in 48-well plates (Greiner Bio

One) at a densitiy of 7000 cells/well. After 24 h, culture medium

was replaced by fresh a-MEM and osteoblast-conditioned medium

in a ratio of 1:1. The medium was changed every 2 days. After

7 days of stimulation, cells were stained for tartrate-resistant acid

phosphatase using a staining kit (Sigma).

2.7. Human serum samples

Human blood samples were obtained from 39 patients of our

adipositas outpatient department. The study was performed

according to the rules of the Declaration of Helsinki and all study

patients gave informed written consent. The serum was separated

from the cell fraction by centrifugation. Immediately after centrifu-

gation the samples were stored at !20 !C until used. In our

experiments the serum samples were subdivided into three

groups (n = 13 each) ranging from 30 to 34.9, 35 to 39.9 and

>40 kg/m2.

2.8. 3H-Thymidine incorporation assay

For 3H-Thymidine incorporation assays MC3T3-E1 cells were

plated at a density of 4000 and primary human preosteoblasts at

a density of 3000 cells/well in culture medium in 96-well flat bot-

tom cell culture plates. 18 h before harvesting on UniFilter-96 GF/C

microplates (Perkin Elmer) cells were pulsed with 37 kBq 3H-Thy-

midine per well (Hartmann Analytic) After harvesting, thymidine

incorporation was assessed using 25 ll of a b-scintillation cocktail

(Perkin Elmer) with a scintillation counter.

2.9. bFGF ELISA

We analyzed bFGF in FCCM by using a commercially available

ELISA Kit (RayBiotech; #ELH-bFGF-001) according to the manufac-

turer’s instructions. Each sample was assessed in duplicate.

2.10. Real-time reverse transcription PCR (RT-PCR)

Semiquantitative real-time reverse transcription PCR was per-

formed as described previously (Schinner et al., 2008). b-Actin
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was used as internal control. The primers were purchased from

Qiagen. All experiments were carried out in triplicates and average

cycling threshold (CT) units were obtained as the average of the re-

sults. Relative quantification of the gene expression was calculated

from three independent experiments using the comparative DDCT
method and expressed relative to the solvent-treated CM-group as

described previously (Haase et al., 2007).

2.11. Western immunoblots

Cells were lysed and centrifuged and the protein content was

quantified. 7 lg of total protein were used for the SDS–PAGE. Pro-

teins were transferred to nitrocellulose membranes and immuno-

blotted with the appropriate primary antibody overnight. The

primary antibodies used were: rabbit anti-RANKL (Acris Antibod-

ies, #PP1086P1) at 0.15 lg/ml, rabbit anti-OPG (Acris Antibodies,

#AP06631PU-N) at 1:600, mouse anti-b-Actin (Sigma–Aldrich,

#A5441) at 1:7500. Following incubation with HRP-coupled rabbit

anti-mouse IgG (Abcam, #ab6728) at 1:2000 or goat anti-rabbit

IgG (New England Biolabs, #7074) at 1:2000 the proteins were

visualized by chemoluminescence. As a negative control we used

lysis buffer that was subjected to the same procedures as the

samples.

2.12. Determination of ALP activity

Primary human preosteoblasts were lysed, centrifuged and the

protein content was quantified. ALP activity was determined using

the Quantichrom Alkaline Phosphatase Assay Kit (Biotrend)

according to the manufacturer’s instructions and related to the

protein concentration of the samples.

2.13. Alizarin Red S staining

Alizarin Red S staining for determination of matrix mineraliza-

tion has been described previously (Stanford et al., 1995). We

slightly modified this protocol as follows. Primary human preos-

teoblasts were washed and fixed with methanol. After fixation,

cells were rinsed once with aqua dest. and then stained with

40 mM Alizarin Red S followed by additional washing steps. Cells

were rinsed with a series of ethanol solutions. For destaining, cells

were incubated in 10% (w/v) cetylpyridinium–HCl. Alizarin Red S

concentration of dye extracts was determined by absorbance at

562 nm using an Alizarin Red S standard curve in the same

solution.

2.14. Statistical analysis

All data are presented as means ± SEM. Statistical analysis was

performed using Student’s t-test. Significance was assumed at a

p-value of less than 0.05.

3. Results

3.1. Adipocyte-secreted factors induce the proliferation of murine

preosteoblastic cells

We assessed the effect of adipocyte-secreted factors on the pro-

liferation of preosteoblastic cells. We treated murine preosteoblas-

tic MC3T3-E1 cells with fat-cell conditioned-medium (FCCM) for

48 h. As shown in Fig. 1A, treatment of MC3T3-E1 cells with FCCM

resulted in a highly significant 2.8-fold increase in proliferation

(p < 0.0001).

The Wnt-signaling pathway is a known regulator of osteoblast

proliferation (Boland et al., 2004) and we have previously identi-

fied Wnt molecules in FCCM (Schinner et al., 2007). Therefore,

Fig. 1. Wnt antagonists do not significantly decrease FCCM-induced proliferation of MC3T3-E1 cells. MC3T3-E1 cells were treated with control medium (CM) or FCCM for

48 h. When indicated 10 lg/ml Sfrp1 (b) or 2 lg/ml Dkk1 (c) were added. The proliferation was measured by 3H-Thymidine incorporation. Values are means of at least three

experiments each performed in quadruplicate ± SEM. ⁄p vs. CM. § p vs. FCCM.
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we used the Wnt inhibitors Sfrp1 and Dkk1 to test whether the

proliferative effect of FCCM on MC3T3-E1 cells was mediated by

Wnt ligands. However, co-treatment with FCCM and 10 lg/ml

Sfrp1 or 2 lg/ml Dkk1 did not reduce the proliferative effect of

FCCM on MC3T3-E1 cells (Fig. 1B and C).

3.2. Inhibition of FGF receptor type 1 reduces FCCM-induced

proliferation of MC3T3-E1 cells

We tested the effect of the tyrosine-specific protein kinase

inhibitor genistein on FCCM-induced proliferation of MC3T3-E1

cells. Co-treatment of MC3T3 cells with FCCM and 10 lM genistein

significantly inhibited the proliferative action of FCCM (Fig. 2A).

Genistein decreased the FCCM-induced proliferation of MC3T3-E1

cells by 53% (p < 0.0001), while basal proliferation was decreased

only by 8% after genistein treatment (p < 0.01).

Inhibition of the EGF receptor with physiological doses of

AG1478 had no inhibitory effects on the FCCM-induced prolifera-

tion (not shown). We performed dose–response curves for other

receptor tyrosine kinase inhibitors, including I-OMe-AG 538 (IGF-

1 receptor), HNMPA-(AM)3 (insulin receptor), AG1296 (PDGF

receptor) and SB431542 (TGF-b receptor) and found them not to

reduce the FCCM-stimulated proliferation of MC3T3-E1 cells at

‘‘physiological’’ concentrations (not shown). In contrast, adminis-

tration of PD173074 (FGFR1 inhibitor; IC50 = 21.5 nM) decreased

the FCCM-induced proliferation of MC3T3-E1 cells significantly

and dose dependently (Fig. 2B). PD173074 had also an effect on ba-

sal proliferation, though, its effect on FCCM-stimulated prolifera-

tion was much more pronounced. It inhibited the FCCM-induced

proliferation by 25% at 22 nM (p < 0.05) and by 75% at 220 nM

(p < 0.0001). Of note, 220 nM PD173074 almost completely abol-

ished the FCCM-induced proliferation. The used concentrations

were well in the ‘‘physiological’’ range (IC50 = 21.5 nM).

3.3. Human adipocytes secrete basic fibroblast growth factor

In order to find a putative ligand for the FGFR1 and to investi-

gate the role of FGFR1 in FCCM-stimulated preosteoblast prolifera-

tion, we assessed the concentration of bFGF in three different

FCCM samples. The different batches of fat-cell conditioned-med-

ium were obtained by cultivating the same amount of mature pri-

mary human visceral adipocytes from different donors in a-MEM

for 24 h. The mean bFGF concentration in these three samples

was 3188 (±182.6) pg/ml, 3505 (±28.9) pg/ml and 3765 (±355.6)

pg/ml.

To further test the hypothesis that human adipocytes secret

bFGF, we analyzed the bFGF concentration in human serum. As

shown in Fig. 3, the serum bFGF concentration correlated positively

with the BMI. bFGF levels increased with the BMI from 164.2

(±35.4) pg/ml (30–34.9 kg/m2) to 702.1 (±242.5) pg/ml (35–

39.9 kg/m2) and 2245 (±919.2) pg/ml (>40 kg/m2).

3.4. PI3K but not MEK is involved in FCCM-induced proliferation of

preosteoblasts

Common downstream targets of receptor tyrosine kinases are

PI3K and ERK. Treatment of MC3T3-E1 cells with U0126 (an inhib-

itor of MEK; IC50 = 72 nM for MEK1 and 58 nM for MEK2) had a

general effect on proliferation which did not differ between con-

trols and the FCCM-stimulated group (Fig. 4A, i.e. a decrease by

27% and 34%, respectively). In contrast, treatment of MC3T3-E1

cells with 20 lM LY29400 to inhibit the activity of PI3K

(IC50 = 1.4 lM) abolished basal and stimulated proliferation almost

completely. The effect was dose-dependently with a reduction by

23% (p < 0.0001) with 1 lM LY294002 (Fig. 4B). Furthermore, we

found the following intracellular signaling molecules not to be in-

volved in FCCM-induced proliferation of MC3T3-E1 cells: Inhibi-

tion of PKA with H-89 decreased the proliferation only at

‘‘supraphysiological’’ concentrations (not shown). The same was

seen with the Src-Inhibitor I (not shown). The JAK-Inhibitor I

(IC50 = 15 nM for JAK1, 1 nM for JAK2 and 5 nM for JAK3) did not

decrease the proliferation of FCCM-treated MC3T3-E1 cells but in-

stead increased it by 72% (p < 0.05) (Fig. 4C).

3.5. bFGF stimulates the proliferation of MC3T3-E1 cells and is

inhibited by FGFR1 and PI3K inhibitors

We tested the hypothesis that bFGF from the adipocyte-condi-

tioned medium can induce the proliferation of preosteoblasts via

the FGF receptor type 1 and that this involves the action of PI3K.

For this reason MC3T3-E1 cells were stimulated with 2 ng/ml re-

combinant human bFGF alone or preincubated for 30 min. with

the FGFR1 inhibitor PD173074 or the PI3K inhibitor LY294002,

Fig. 2. Inhibition of protein tyrosine kinases and of the FGFR 1 decreases the FCCM-

induced proliferation of MC3T3-E1 cells. MC3T3-E1 cells were treated with control

medium (CM) or FCCM and with the indicated inhibitor for 48 h. (a) Protein tyrosine

kinase inhibition by genistein, (b) inhibition of the FGFR1 by PD173074. The

proliferation was measured by 3H-Thymidine incorporation. Values are means of at

least three experiments each performed in quadruplicate ± SEM. ⁄p vs. CM. § p vs.

FCCM.

Fig. 3. Human serum bFGF increases with BMI Human serum samples were

analyzed for bFGF concentrations. Values are means of 13 samples per group each

measured in dublicate ± SEM. ⁄p < 0.05.
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respectively, and thereafter stimulated with recombinant murine

bFGF. Here, we demonstrate bFGF alone to be sufficient to increase

the proliferation of the preosteoblastic MC3T3-E1 cell line signifi-

cantly to 190% (p < 0.0001) of the control (Fig. 5). Addition of

220 nM PD173074 or 2 lM LY294002 both inhibited the stimula-

tory action of bFGF on proliferation.

3.6. Adipocyte-secreted factors induce the proliferation of primary

human preosteoblasts

To test whether the above mentioned effects were also true in

primary osteoblasts, we treated primary human preosteoblasts

with FCCM. The proliferation of primary human preosteoblasts

was increased to 150% (p < 0.0001) of the control after treatment

with FCCM for 48 h. As shown in Fig. 6A–C, inhibition of protein

tyrosine kinases (by genistein), FGFR1 (by PD173074) and PI3K

(by LY294002) also resulted in a decreased FCCM-induced prolifer-

ation of primary human preosteoblasts. After treatment with

10 lM genistein, the FCCM-induced proliferation was reduced by

79% (p = 0.01). Treatment with 22 nM PD173074 decreased the

FCCM-induced proliferation by 58% (p < 0.01) and with 220 nM

PD173074 to almost the same level as the respective control. Treat-

ment with 10 lM LY294002 decreased it completely.

3.7. Regulation of OPG and RANKL mRNA expression by adipocyte-

secreted factors

We treated primary human preosteoblasts with FCCM for

14 days and analyzed OPG and RANKL gene expression using

real-time reverse transcription PCR. Treatment of primary human

preosteoblasts with FCCM for 14 days resulted in a marked but

not significant increase in OPG mRNA levels to 221% (p = 0.08)

and a significant decrease in RANKL mRNA levels to 24%

(p < 0.01) of the control group. Hence, the OPG/RANKL mRNA ratio

was increased 9.21-fold after treatment with FCCM for 14 days

(Fig. 7A).

This effect in mRNA expression was paralleled on the protein le-

vel: after treatment with FCCM for 14 days OPG protein was highly

upregulated while RANKL protein was downregulated (Fig. 7B).

3.8. Adipocyte-secreted factors inhibit osteoclast formation by

modulating the osteoblasts-osteoclast crosstalk

In a next step we examined whether the increase of the OPG/

RANKL ratio in osteoblasts prompted by adipocyte-secreted factors

is functionally relevant to inhibit the formation of osteoclasts from

precursors. The osteoclast precursor cell line RAW264.7 was trea-

ted with conditioned-medium from osteoblasts which were cul-

tured in control medium (CM-OB) or pretreated with FCCM

(FCCM-OB). In a subset of cells we added 10 ng/ml M-CSF and

50 ng/ml RANKL to the osteoblast-conditioned medium to stimu-

late osteoclast formation. After 7 days, some tartrate-resistant acid

phosphatase (TRAP) positive multinucleated cells were present in

the CM-OB group but absent in the FCCM-OB group (Fig. 8A and

B). Addition of M-CSF and RANKL had the expected effect to stim-

Fig. 4. PI3K is involved in FCCM-induced proliferation of MC3T3-E1 cells. MC3T3-E1 cells were treated with control medium (CM) or FCCM and with the indicated inhibitor

for 48 h. (a) Inhibition of ERK by U0126, (b) inhibition of PI3K by LY294002, (c) inhibition of JAK by JAK-inhibitor I. The proliferation was measured by 3H-Thymidine

incorporation. Values are means of at least three experiments each performed in quadruplicate ± SEM. ⁄p vs. CM. § p vs. FCCM.

Fig. 5. bFGF stimulates MC3T3-E1 proliferation via FGFR1 and PI3K. MC3T3-E1 cells

were cultured for 48 h in the presence of recombinant human bFGF, PD173074 or

LY294002 as indicated. The proliferation was measured by 3H-Thymidine incorpo-

ration. Values are means of three experiments each performed in quadrupli-

cate ± SEM. ⁄⁄⁄p < 0.0001.
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ulate osteoclast formation and therefore increase the number of

TRAP positive multinucleated cells (Fig. 8C). However, the osteo-

clast formation was markedly decreased in the FCCM-OB group

(Fig. 8D).

3.9. Differentiation of primary human preosteoblasts is not influenced

by adipocyte-secreted factors

Analysis of the early osteoblasts differentiation marker ALP

showed no significant difference in mRNA expression between

the control and the FCCM group after treatment with FCCM for

14 days (Fig. 9A). This result was confirmed by a colorimetric assay

which determines the ALP activity via hydrolysis of p-nitrophenyl

phosphate showing no difference between the control and the

FCCM group after 14 days (Fig. 9B). To ensure the osteogenic po-

tential of the isolated primary cells we also treated them with an

osteogenic differentiation medium as a positive control (Sakaguchi

et al., 2004). Indeed, administration of this differentiation medium

clearly increased the ALP activity to 522% (p < 0.05) of the control.

In addition we analyzed the extracellular calcium content using

Alizarin Red S staining. Primary human preosteoblasts were trea-

ted with FCCM or control medium for 14 days and stained with

Alizarin Red S. Administration of osteogenic differentiation med-

ium caused an increase in bound dye to 224% (p < 0.05). However,

treatment with FCCM did not lead to an altered Alizarin Red S

staining indicating no influence on matrix mineralization (Fig. 9C).

4. Discussion

Clinical studies on the association of the BMI with BMD in hu-

mans are inconsistent. However, the majority of studies indicate

a positive correlation (Gnudi et al., 2009; Kinjo et al., 2007; Nguyen

et al., 2005; von et al., 2007). The correlation between BMI and

BMD in the different studies might be confounded by less physical

activity in very obese subjects. Another explanation is varying

nutritional behavior among the participants which can also affect

bone quality and strength.

The adipose tissue is a well established endocrine organ (Mari-

nou et al., 2010) whose secreted factors (adipokines) act on various

organs throughout the body. In previous works, we could demon-

strate effects of adipocyte-secreted factors on adrenocortical cells

Fig. 6. FCCM induces proliferation of primary human preosteoblasts involving FGFR1 and PI3K. Inhibition of (a) protein tyrosine kinase, (b) the FGFR1 and (c) the PI3K

resulted in reduced proliferation of primary human preosteoblasts after treatment with FCCM. Primary human preosteoblasts were treated with control medium (CM) or

FCCM and with the indicated inhibitor for 48 h. The proliferation was measured by 3H-Thymidine incorporation. Values are means of at least three experiments each

performed in quadruplicate ± SEM. ⁄p vs. CM. § p vs. FCCM.

Fig. 7. FCCM increases the OPG/RANKL ratio in primary human osteoblastic cells.

(a) Expression of OPG and RANKL mRNA by primary human preosteoblasts after

treatment with FCCM for 14 days was assessed by real-time reverse transcription

PCR. Values are means of three independent experiments each performed in

triplicate and express the mRNA expression of the FCCM-treated group relative to

the control group (100%). (b) Total protein lysate of primary human preosteoblasts

was analyzed with the indicated antibody after treatment with control medium

(CM) or FCCM for 14 days. Three independent experiments were performed. A

representative result is depicted.
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(Schinner et al., 2007) and on pancreatic b-cells (Schinner et al.,

2008).

With this study, we could demonstrate mature primary human

visceral adipocytes to secrete factors that increase the proliferation

of the murine preosteoblastic cell line MC3T3-E1 and of primary

human preosteoblasts in vitro. This finding is in line with some pre-

vious data (Benayahu et al., 1993) but in seeming contrast with

some other reports (Elbaz et al., 2010; Maurin et al., 2000, 2002).

However, the respective experimental settings vary widely (use

of adipocyte–osteoblast co-culture systems; stimulation with fatty

acids as opposed to adipocyte-conditioned medium; use of condi-

tioned medium from adipocytes and osteoblasts together).

We believe that the experimental approach used in our current

study offers a good model to investigate possible endocrine effects

Fig. 8. FCCM-stimulated osteoblasts inhibit osteoclast formation.Osteoclast precursor RAW264.7 cells were cultured for 7 days in conditioned medium from osteoblasts,

which in turn have been cultured in the presence of CM (a and c) or FCCM (b and d). To stimulate osteoclast formation, 10 ng/ml M-CSF and 50 ng/ml RANKL were added (c

and d). TRAP positive cells are red (photograph with 20!magnification). Experiments were performed with FCCM obtained from three different donors. The depicted results

are representative.

Fig. 9. Osteogenic differentiation of primary human preosteoblasts is not influenced by FCCM. Primary human preosteoblasts of three different donors were treated with

control medium (CM), FCCM or differentiation medium (DIF MED) for 14 days. (a) Analysis of ALP mRNA expression by primary human preosteoblasts assessed by real-time

reverse transcription PCR. (b) ALP activity of the cell lysate was determined colorimetricaly via hydrolysis of p-nitrophenyl phosphate. (c) Primary human preosteoblasts were

stained with Alizarin Red S. Afterwards, the dye was extracted and the concentration determined colorimetricaly. Values are means of three experiments ± SEM. ⁄p < 0.05 vs.

CM.
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of adipocytes on osteoblasts. In line with this, we found the serum
levels of bFGF (see below) – as a candidate molecule to mediate the
effects on bone – to be correlated with the BMI.

Since we found Wnt-signaling molecules to mediate the effects
of FCCM on adrenocortical cells and pancreatic b-cells (Schinner
et al., 2007, 2008) in our previous studies and since the Wnt-
signaling pathway is known to regulate osteoblast proliferation
(Boland et al., 2004), we treated MC3T3-E1 cells with the Wnt-
signaling antagonists Dkk1 and Sfrp1 in addition to FCCM. How-
ever, this did not reduce the FCCM-induced proliferation signifi-
cantly. Instead, co-treatment of MC3T3-E1 cells with FCCM and
10 lg/ml Sfrp1 actually resulted in an increased proliferation
(Fig. 1B). Sfrp1 can stimulate or antagonize the Wnt-signaling
pathway depending on the cellular context (Bovolenta et al.,
2008). However, Üren and colleagues found Sfrp1 concentra-
tions as high as 10 lg/ml to inhibit the Wnt-signaling pathway
in a bioassay (Uren et al., 2000). These data argue against a
role of Wnt-signaling in the proliferative action of FCCM on
preosteoblasts.

Another possible candidate adipokine for the proliferative
action of FCCM on preosteoblasts is leptin for which a direct
promoting effect on osteoblast proliferation has been shown
(Gomez-Ambrosi et al., 2008). Leptin activates an intracellular
signaling cascade involving JAK. In our experiments inhibition of
JAK with the JAK-inhibitor I even increased the FCCM-induced pro-
liferation of MC3T3-E1 cells (Fig. 4C). This might be explained by
inhibited IL-6 signaling. IL-6 is secreted by adipocytes and known
to inhibit the proliferation of osteoblasts (Bellido et al., 1997; Li
et al., 2008) using JAK for intracellular signal transduction (Bellido
et al., 1997; Heinrich et al., 2003). Consequently, blocking this
pathway further increased the proliferation of preosteoblasts
stimulated by other adipocyte-secreted factors.

We tested a number of inhibitors and found the proliferative ef-
fect of adipocyte-secreted factors on murine and human preosteo-
blasts to depend on the FGFR1 and PI3K (see Figs. 2B, 4B and 6B,
6C). Moreover, in line with previous findings showing the expres-
sion and secretion of bFGF (FGF-2) in human subcutaneous adipo-
cytes (Gabrielsson et al., 2002; Patel et al., 2005) we further
demonstrate the secretion of bFGF by mature primary human vis-
ceral adipocytes. bFGF binds to the FGFR1 in MC3T3-E1 cells (Agas
et al., 2008) and was shown to activate PI3K in human osteoblasts
(Debiais et al., 2004). Several groups have shown bFGF to induce
the proliferation of osteoblastic cells in vitro (Dupree et al., 2006;
Moursi et al., 2002; Shimoaka et al., 2002). It is reasonable to as-
sume the involvement of multiple growth factors and signaling
pathways in the FCCM-induced proliferation but we suggest bFGF
as one good candidate to mediate the proliferative effects of adipo-
cytes on preosteoblasts. This is supported by the finding that the
bFGF induced proliferation of MC3T3-E1 cells depends on activa-
tion of the FGFR1 and PI3K (Fig. 5), which mimics the action of
FCCM. Moreover, we found increasing circulating bFGF concentra-
tions with a higher BMI and demonstrated isolated human adipo-
cytes to secrete bFGF in vitro.

It is well in line with the common paradigm of bone develop-
ment that adipocyte-secreted factors promote proliferation but
not differentiation of preosteoblastic cells. A promoting effect on
proliferation of preosteoblasts but a missing or even inhibiting ef-
fect on osteogenic differentiation has been demonstrated for vari-
ous factors (Baksh et al., 2007; Boland et al., 2004). Such opposing
action is reasonable in order to assure a coordinated bone develop-
ment. To maintain a pool of precursor cells it is important that
these cells do not leave the cell cycle in order to differentiate. Later,
during the differentiation process further proliferation would der-
ogate the function and integrity of the formed tissue. Conse-
quently, proliferation and differentiation are regulated by
different factors. Even though the conditioned-medium contains

all factors secreted by adipocytes the promitotic factors outweigh
obviously.

The adult skeleton is subjected to a dynamic remodeling pro-
cess resulting in its complete replacement every decade (Alliston
and Derynck, 2002). Responsible for this process are the extracellu-
lar matrix-producing osteoblasts and the bone-resorbing osteo-
clasts. Osteoblasts produce RANKL and OPG, two molecules with
opposing effects on osteoclasts. RANKL interacts with RANK on
osteoclasts to favor osteoclast differentiation and activation. The
soluble decoy receptor OPG can also bind RANKL but then prevents
RANKL-RANK interaction (Simonet et al., 1997). Thus, the OPG/
RANKL ratio decides on the coupling of bone resorption to bone
formation. We showed for the first time that human adipocytes
regulate the expression of OPG and RANKL in human osteoblastic
cells in vitro (see Fig. 7A and B) with osteoblastic cells not only pro-
ducing less osteoclast-activating RANKL but also more OPG which
blocks the RANKL-RANK interaction on osteoclasts. Concordantly,
the formation of osteoclasts from precursors was markedly inhib-
ited by conditioned medium from osteoblasts which were preincu-
bated with adipocyte-secreted factors (Fig. 8). Therefore we
conclude, that adipocytes not only stimulate the proliferation of
preosteoblasts but also influence the interaction between osteo-
blasts and osteoclasts leading to a reduced number of bone-resorb-
ing osteoclasts.

How can this be brought into a context with the missing effect
of adipocyte-secreted factors on osteoblastic differentiation? Even
though bFGF plays a role in osteoblast differentiation (Nauman
et al., 2003; Park et al., 2007; Teplyuk et al., 2009), we found no ef-
fect of adipocyte-secreted factors – which also contain bFGF – on
osteoblast differentiation. The variety of factors included in the
FCCM might modulate the sole bFGF effects. Here, OPG and RANKL
apparently do not serve as pure differentiation markers for bone
matrix producing osteoblasts, as which they are also used, but
rather as functional markers for the interaction of osteoblasts with
osteoclasts. The importance of this modulation of bone turnover is
highlighted by denosumab – a new agent for osteoporosis treat-
ment – which is an antibody directed against RANKL and thereby
imitating the action of OPG.

In conclusion, we showed that human adipocytes secrete fac-
tors which directly act on preosteoblastic cells. Referring to other
adipocyte-secreted factors such as leptin or adiponectin, which en-
ter the circulation to reach their target tissues, it is tempting to
speculate that the observed effects on preosteoblasts are also med-
iated in an endocrine way. Human adipocyte-secreted factors in-
crease the proliferation of preosteoblastic cells in vitro at least in
part via the FGFR1 and the PI3K and bFGF is a good candidate to
mediate the proliferative effects of adipocytes on preosteoblasts.
Hence, the pool of preosteoblasts increases, then leading to more
cells capable of differentiating into mature osteoblasts through
other stimuli. Furthermore, adipocytes increase the OPG/RANKL ra-
tio in preosteoblasts through their secreted factors in vitro which
might result in a decreased paracrine stimulation of osteoclasts.
These findings could explain the higher bone mass in obese people
and attribute it to a direct endocrine effect of adipocyte-secreted
factors on osteoblasts.
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