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Abstract: This study aimed to investigate the effect of adipocytes on osteoblastic bone formation in vitro. The dif-
ferentiated and undifferentiated 3T3-L1 cells were co-cultured with primary calvarial osteoblasts. At 48 h, prolifer-
ated osteoblasts decreased significantly after co-culture with differentiated preadipocytes as compared to those
co-cultured with undifferentiated preadipocytes; at 7 days, the expressions of bone formation-related genes de-
creased in osteoblasts co-cultured with differentiated preadipocytes; at 14 days, osteoblasts mineralization also
decreased significantly after co-culture with differentiated preadipocytes. To further determine whether the de-
creased proliferation and mineralization were related to the hypoxia signaling pathway, the expressions of hypoxia
related-genes were detected. Results showed the expressions of these genes significantly increased after co-culture
with differentiated preadipocytes. NF-kB and IL-6 expressions were also up-regulated in osteoblasts co-cultured
with differentiated preadipocytes. Osteoblasts from Hif1a”f mice showed increased proliferation and mineralization
after co-culture with adipocytes transfected with adenoviral-cre, accompanied by up-regulated expressions of bone
formation-related genes and down-regulated expressions of NF-kB and IL-6. These results demonstrated that adipo-
cytes exert a negative effect on the proliferation and mineralization of osteoblasts via up-regulating the expressions

of hypoxia-related genes, and NF-kB and IL-6 may impair the osteoblastic bone formation.
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Introduction

With the acceleration of population aging, os-
teoporosis has become one of the most preva-
lent diseases worldwide. Body weight has been
reported to be directly associated with bone
mineral density (BMD). Low body mass index
(BMI) is a risk factor for lower BMD and predicts
a greater bone loss in patients with osteoporo-
sis [1]. The higher BMD in obese patients is
partly due to the mechanical loading. In addi-
tion, obese patients usually have a high level
of adipose-derived aromatase which may in-
crease the serum estrogen in obese postmeno-
pausal women as compared to leaner individu-
als [2]. However, increasing studies revealed
that excess adipocytes in obese individuals
may negatively affect the bone metabolism and
lead to bone fracture [3]. It remains unclear
that how adipocytes directly and/or indirectly
affect the osteoblasts and what the potential
mechanism is. Both adipocytes and osteo-

blasts are derived from the bone marrow stro-
mal cells, adipogenesis in the bone marrow
increases while osteogenesis decreases in os-
teoporotic patients, and thus the imbalance
between adipogenesis and osteogenesis at
least partially contributes to the pathogenesis
of osteoporosis. In vitro studies have shown
that co-culture of adipocytes with osteoblasts
may inhibit the osteoblasts proliferation [4].
Cawthorn et al [5] found that bone marrow adi-
pose tissue was also a major source of circulat-
ing adiponectin by which bone marrow adipose
tissue could act beyond the skeleton to exert
systemic effects. Based on the above findings,
this study was undertaken to investigate the
lipotoxic effect of adipocyte on osteoblasts and
its potential mechanism.

Trayhurn and Wood for the first time found that
the hypoxia of adipose tissues in obese sub-
jects was a key underlying mechanism trigger-
ing tissue dysfunction [6]. The adipose tissues
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of obese subjects become inflammatory and
numerous immune cells including B cells, T
cells, and macrophages have been identified in
the adipose tissues, which have emerged as an
active immunological organ capable of regulat-
ing the systemic metabolism [7]. The major
cause of obesity-related adipose tissue dys-
function is closely related to oxygen deficiency
or “hypoxia”, which pushes the adipose tissues
toward a pro-inflammatory environment [8, 9].
Hypoxia-inducible factor 1a (HIF-1a) is a key
regulator of cellular responses to hypoxia, and
may enhance the endochondral ossification
through activating vascular endothelial growth
factor (VEGF) [10]. However, the up-regulated
HIF-1a expression in osteoblasts may inhibit
the Wnt signaling pathway and decrease the
osteoblastic bone formation [11]. Thus, HIF-1x
plays different roles in the osteoblastic bone
formation and endochondral bone formation.
Furthermore, hypoxia can enhance the apopto-
sis of osteoblasts in glucocorticoid-induced
osteonecrosis leading to increased adipogene-
sis and decreased osteogenesis in the bone
marrow [12]. The adipose tissue volume of the
bone marrow increased over age and in patients
with osteoporosis [13, 14]. It remains unclear
whether accumulated adipocytes can stimulate
HIF-1la expression to inhibit the osteoblastic
bone formation as osteoblasts are able to inter-
act with adipocytes in the bone marrow.

This study was undertaken to investigate the
lipotoxic effect of adipocytes in the bone mar-
row, and the potential mechanism was explored.
Using a co-culture system [15], mouse osteo-
blasts were exposed to either differentiated
or undifferentiated pre-adipocytes. The HIF-1x
expression was measured in the adipocytes
and its influence on the proliferation and differ-
entiation of osteoblasts was investigated. In
this study, results showed adipocytes could
affect the proliferation and differentiation of
osteoblasts through inhibiting the expressi-
ons of osteoblastic bone formation related ge-
nes: collagen | (Collal), osteocalcin (Ocn) and
Runx2/Cbfa-1 (Runx2/Cbfa-1). These inhibi-
tions were alleviated when the HIF-1a expres-
sion was down regulated in osteoblasts. Fin-
dings in this study may provide evidence for the
interaction between fat and bone within the
bone marrow microenvironment and the poten-
tial regulation of hypoxia on bone metabolism.
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Materials and methods
Animals

The Hifla”" transgenic mice provided by the
laboratory of Lianfu Deng (Shanghai Jiaotong
University, Shanghai, China) were used in pres-
ent study [16]. Animals were housed in the
Experimental Animal Center of Shanghai Tongji
Hospital (Shanghai Tongji University, Shanghai,
China). The whole study protocol was approved
by the Ethic Committee of Shanghai Tongji
Hospital and all the procedures were conduct-
ed according to the Guide for the Care and Use
of Laboratory Animals.

3T3-L1 cell culture and induced differentiation

3T3-L1 cells were purchased from the Type
Culture Collection of the Chinese Academy of
Sciences in Shanghai, China. 3T3-L1 cells were
seeded in 6-well plates (Corning 3506) and
grown in preadipocyte growth medium consist-
ing of Dulbecco’s Modified Eagle’s Medium
(DMEM GibcoBRL11965-084) with fetal bovine
serum (FBS; 10% v/v GibcoBRL10437-028),
penicillin (200 U/ml)/streptomycin (200 mg/
ml) (GibcoBRL10378-016). Medium was refre-
shed once every two days. Two days post-con-
fluence, differentiation was induced using a
standard adipogenic cocktail containing 1 mg/
ml insulin (Sigma 1-5500), 0.5 mM isobutyl-
methylxanthine (Sigma 1-7018), and 1 mM de-
xamethasone (Sigma D-4902) in DMEM with
10% FBS and penicillin/streptomycin. After 48
h, the differentiation medium was refreshed
with DMEM containing 1 mg/ml insulin. After
48 h, the insulin medium was replaced with the
adipocyte basal medium which was refreshed
once every two days. Oil red staining was per-
formed according to manufacturer’s instruc-
tions (KeyGEN KGA329). Adipocytes were co-
unted in 10 randomly selected fields.

Primary calvarial osteoblasts culture and alka-
line phosphatase staining

Primary calvarial osteoblasts were prepared
from 1-week-old C57BI/6 mice. First, calvariae
were resected and placed into ice-cold PBS to
remove surrounding tissues. Then, the calvari-
ae was repeatedly digested with collagenase
type Il (Invitrogen 17101-015) in Hank’s for
6x20 min, and the supernatant was collected
since the third digestion, pooled, plated in com-
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Table 1. Primers used for quantitative real-time PCR

the lower chambers. Fresh culture me-

Gene Forward Reverse

dium was added to both upper and

lower chambers and the co-culture was

Col-1 TCTCCACTCTTCTAGTTCCT ~ TTGGGTCATTTCCACATGC

OCN CAAGTCCCACACAGCAGCTT AAAGCCGAGCTGCCAGAGTT
Cbfa-1 CCGCACGACAACCGCACCAT CGCTCCGGCCCACAAATCTC
HIF-1oe TCCATGTGACCATGAGGAAA CTTCCACGTTGCTGACTTGA
HIF-13 TCACGAAGGTCGTTCATCTG GATGTAGCCTGTGCAGTGGA
HIF-2a0  AGTAGCCTCTGTGGCTCCAA TCCAGGGCATGGTAGAACTC
GAPDH GGTCGGTGTGAACGGATTTG  ATGAGCCCTTCCACAATG

maintained for 48 h for the examina-
tion of cell proliferation and 2 weeks for
the examination of mineralization. Cells
were divided into 4 groups as follows:
(1) differentiated 3T3-L1 cells were
plated in the upper chambers with
osteoblasts in the lower chambers, and

plete medium with a-MEM (GibcoBRL 12571-
063) and 10% FBS and incubated at 37°C with
5% CO,. The activity of osteoblasts was evalu-
ated by osteoblast alkaline phosphatase (ALP)
staining. ALP activity was assessed according
to the manufacturer’s instructions (Vector Blue
SK-5300).

In vitro differentiation and adenoviral-cre infec-
tion of osteoblasts

The isolated osteoblasts from Hif1a”f transgen-
ic mice were maintained in the basal compart-
ment of 6-well plates of transwell plates with
ao-MEM medium containing 10% FBS for 48 h,
and then transfected with adenoviral-cre or
adenoviral-enhanced green fluorescent protein
(EGFP) (2x107 plaque-forming units [PFU] ade-
novirus per well) for 48 h, followed by incuba-
tion in osteoblast differentiation medium con-
taining 10 mM/L B-glycerophosphate, 50 mg/L
vitamin C and 0.1 pmol/L dexamethasone, or in
complete medium containing a-MEM and 10%
FBS. The medium was refreshed once every 2
days.

3T3-L1 cells co-culture with primary calvarial
osteoblasts

Differentiated 3T3-L1 cells were cultured in the
upper chambers (pore size: 0.4 ym, area: 4.2
cm?; Corning Incorporated, NY, USA) with pri-
mary calvarial osteoblasts grown in the lower
chambers of 6-well plates (area: 9.6 cm?). There
was a unidirectional medium flow from upper to
lower chambers while direct intercellular con-
tact was avoided. 3T3-L1 cells were grown at
50,000/cm? for 48 h until 100% confluence
was achieved. Differentiation medium was then
replenished until cells were grown in adipocyte
basal medium. Adipocytes in the upper cham-
bers were then co-cultured with monolayer pri-
mary calvarial osteoblasts at 40,000/cm? in
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there was a unidirectional medium flow
from the adipocytes to the osteoblasts;
(2) undifferentiated 3T3-L1 cells were placed in
the upper chambers with osteoblasts in the
lower chambers; (3) differentiated 3T3-L1 cells
were plated in the upper chambers with osteo-
blasts from Hif1a”* transgenic mice in the lower
chambers and infected with adenoviral-EGFP;
(4) differentiated 3T3-L1 cells were plated in
the upper chambers with osteoblasts from
Hif1a”f transgenic mice in the lower chambers
and infected with adenoviral-cre. Contact be-
tween the medium in the bottom and the mem-
brane was carefully avoided during cell culture.
Medium in both upper and lower chambers was
refreshed once every 2 days. The supernatant
was collected and stored at -20°C for further
measurements. After 7 days, cells were col-
lected for mRNA and protein extraction; after
14 days, cells were subjected to alizarin red
staining.

Cell proliferation and mineralization assays

Cell proliferation was assessed by using the
Cell-Light EdU DNA cell proliferation kit (Ribo-
Bio, Guangzhou, China), according to the manu-
facturer’s instructions. For the mineralization
assay, confluent primary calvarial osteoblasts
were grown in osteoblast differentiation medi-
um containing 10 mM/L B-glycerophosphate
(Sigma G-6251), 50 mg/L vitamin C (Sigma
A-7506) and 0.1 pmol/L dexamethasone (Si-
gma D-1756) for 14 d. Alizarin red staining
was employed for the mineralization assay of
osteoblasts according to the manufacturer’s
instructions (GMS80046; Genmed Scientifics
Inc. USA).

Quantitative real-time PCR

RNA was isolated from mouse bone tissues
using Trizol reagent (Invitrogen) according to
the manufacturer’s instructions. Reverse tran-
scription was performed using the PrimeScript™
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Figure 1. Inhibitory effect on the mineralization of osteoblasts co-cultured with adipocytes. A. Oil-Red staining for
differentiated preadipocytes. B. ALP staining for primary calvarial osteoblasts. C. Differentiated osteoblasts were
co-cultured with differentiated or undifferentiated adipocytes. Adipocytes were treated with adipogenic cocktail
or left untreated (controls). Mineralization (alizarin red staining) assay was performed at 14 days after co-culture.
D. Mineralization dramatically decreased in osteoblasts co-cultured with differentiated adipocytes than in control
group. *P<0.05; **P<0.01; ***P<0.001. Data are from 3 independent experiments (3 wells/experiment).

RT reagent Kit (Takara 037A) as previously
described, and cDNA after reverse transcrip-
tion was amplified by real-time PCR [17] using
a Light Cycler system (Roche Molecular Bi-
ochemicals, Indianapolis, IN, USA) with SYBR
Premix Ex Tag™ Kit (Takara RR420A). Samples
were denatured at 95°C for 10 s. Amplificati-
on was carried out as follows: denaturation at
95°C for 1 s, annealing for 5 s and extension at
72°C for 20 s for a total of 40 cycles. Then, the
SYBR Green fluorescence was detected to
reflect the amount of double-stranded DNA
after incubation at 86°C for 3 s. A melting curve
was obtained at the end of each run to discrimi-
nate specific cDNA from nonspecific cDNA
products. Products were denatured at 95°C for
3 s, and then incubated at 58°C for 15 sec and
at 95°C. To determine the copies of targeted
DNA in the samples, purified PCR fragments of
known concentrations were serially diluted and
served as external standards that were mea-
sured in each experiment. The mRNA expres-
sion of a target gene was normalized to that of
GAPDH in the same sample. The primers used
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for real-time PCR were the same to those used
for routine PCR. All the primers were designed
and synthesized in Sangon Biotech (Shanghai,
China; Tab). Primers are listed in Table 1.

Western blot assay

Cells were washed with PBS and total protein
was extracted in ice-cold buffer (keyGEN whole
cell lysis assay KGP 250-2100). Protein con-
centration was determined with a protein assay
kit (KeyGEN BCA Protein Quantitation Assay).
Then, total protein was subjected to separation
by SDS-PAGE and transferred onto nitrocellu-
lose membranes which were then blocked in
non-fat milk in Tris-buffered saline supplement-
ed with 0.1% Tween-20. Proteins were detect-
ed with antibodies against collagen | (1:1000;
abcam138492), HIF-1a (1:200; abcamHlal-
pha67), NF-kB (1:1000; abcam131485), IL-6
(1:2000; abcam6672). GAPDH (1:1000 Beyo-
time AGO19) was used as a loading control.
Bands were visualized by using enhanced che-
miluminescence (KeyGENE ECL Detection Kit
KGP1123-KGP1121) [18].

Am J Transl| Res 2015;7(12):2694-2705
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Figure 2. Inhibitory effect on the proliferation of osteoblasts co-cultured with adipocytes. A. Differentiated osteo-
blasts were co-cultured with differentiated or undifferentiated adipocytes. Adipocytes were treated with adipogenic
cocktail or left untreated (controls). Proliferation (EDU staining) assay was performed at 48 h after co-culture. B.
Proliferation dramatically decreased in osteoblasts co-cultured with differentiated adipocytes than in control group.
*P<0.05; **P<0.01; ***P<0.001. Data are from 3 independent experiments (3 wells/experiment).

Computer-assisted image examination

After histochemical examination, or Edu stain-
ing, images were captured with a Nikon digital
camera, processed and analyzed using Image-
Pro Plus6.0 analysis software. All the measure-
ments were performed in a blinded manner.
The region of interest (ROI) was outlined manu-
ally using the software.

Statistical analysis

Data for image analysis are presented as
means + standard error (SEM). Comparisons
were performed using a two-way analysis of
variance (ANOVA), and a value of P<0.05 was
considered statistically significant. Statistical
analysis was done with SPSS version 10.0.

Results

Inhibited mineralization of osteoblasts co-
cultured with adipocytes

To assess whether the adipocytes had an inhib-
itory effect on the osteoblastic mineralization,
osteoblastic bone formation was evaluated by
Alizarin red staining at 14 days after co-culture
with or without differentiated preadipocytes.
Oil-Red staining showed preadipocytes differ-
entiated into adipocytes (Figure 1A). ALP stain-
ing was employed to assess the primary cal-
varial osteoblasts (Figure 1B). Alizarin red sta-
ining showed mineralization at 14 days in os-
teoblasts co-cultured with undifferentiated pre-
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adipocytes and in those co-cultured with differ-
entiated preadipocytes. However, the mineral-
ization showed a decreased trend in osteoblasts
co-cultured with differentiated preadipocytes
(Figure 1C). The mineralization quantification
showed the mineralization in osteoblasts co-
cultured with adipocytes was significantly lower
than osteoblasts co-cultured with undifferenti-
ated adipocytes at 14 days (Figure 1D).

Inhibited proliferation of osteoblasts co-cul-
tured with adipocytes

To assess whether the adipocytes had an inhib-
itory effect on the osteoblastic proliferation,
osteoblastic proliferation was determined by
EDU staining at 48 h after co-culture with or
without differentiated preadipocytes. Hoechest
stained the nucleus of all the cells while EDU
staining showed all the osteoblasts entered S1
phase at 48 h after co-culture. However, the
proliferation decreased in osteoblasts co-cul-
tured with differentiated preadipocytes as com-
pared to those co-cultured with undifferentiat-
ed preadipocytes (Figure 2A and 2B).

Effects of co-culture on the expressions of
genes related to osteoblastic bone formation,
hypoxia as well as IL-6 and NF-kB in osteo-
blasts

To assess whether adipocytes had an inhibitory
effect on the osteoblastic bone formation, the
expressions of genes related to osteoblastic
bone formation were detected by real-time PCR

Am J Transl Res 2015;7(12):2694-2705
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Figure 3. Effects of co-culture on the expressions of genes related to osteoblastic bone formation and hypoxia as
well as IL.-6 and NF-kB in osteoblasts. Real-time RT-PCR was performed on primary calvarial osteoblasts co-cultured
with undifferentiated adipocytes and those co-cultured with differentiated adipocytes at 7 days for the detection of
expressions of Collal (A), OCN (B) and Cbfa-1 (C), as well as HIF-1a (D), HIF-1B (E) and HIF-2a (F). GAPDH served
as a loading control. mRNA expressions of Cbfa1, Collal and OCN were down-regulated significantly in osteoblasts
co-cultured with differentiated adipocytes. mRNA expressions of HIF-1a, HIF-13 and HIF-2a were up-regulated sig-
nificantly in osteoblasts co-cultured with differentiated adipocytes. Western blot assay of osteoblasts co-cultured
with differentiated and undifferentiated adipocytes for the detection of expressions of col |, HIF-1a, NF-kB and IL-6.
GAPDH was used as loading control (G). Col | (H), HIF-1a (1), NF-kB (J) and IL-6 (K) protein expression relative to
GAPDH protein expression were normalized to those in osteoblasts without co-culture. Data are expressed as mean
+ SEM from 3 independent experiments. *P<0.05; **P<0.01; ***P<0.001 vs control group.

at 7 days after co-culture with or without dif- ed to osteoblastic bone formation: Col-1 (Figure
ferentiated preadipocytes. Real-time PCR sho- 3A), OCN (Figure 3B) and Cbfa-1 (Figure 3C)
wed that the mRNA expressions of genes relat- significantly decreased in osteoblasts co-cul-
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Figure 4. Effects of HifLa deletion on the mineralization of osteoblasts co-cultured with adipocytes. A. Mineralization
(alizarin red staining) assay was performed in osteoblasts at 14 days after co-culture with adipocytes transfected
with adenovirus. B. Realtime PCR showed HIF-1a expression was down-regulated in Hif 1o osteoblasts co-cultured
with adipocytes transfected with adenoviral-cre. C. Mineralization increased in Hif 1a”f osteoblasts co-cultured with
adipocytes transfected with adenoviral-cre than in those co-cultured with adipocytes transfected with adenoviral-
EGFP. *P<0.05; **P<0.01; ***P<0.001. Data are from 3 independent experiments (3 wells/experiment).
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Figure 5. Effects of HIF-1a deletion on the proliferation of osteoblasts co-cultured with adipocytes. A. Osteoblasts
from Hif 1a* mice co-cultured with adipocytes transfected with adenoviral-cre or adenoviral-EGFP. Proliferation (EDU
staining) assay was performed at 48 h after transfection with adenovirus. B. Proliferating osteoblasts significantly
decreased in both groups, while they increased in Hif1a”" osteoblasts co-cultured with adipocytes transfected with
adenoviral-cre than in Hif 1a”f osteoblasts co-cultured with adipocytes transfected with adenoviral-EGFP. *P<0.05;

**P<0.01; ***P<0.001. Data are from 3 independent experiments (3 wells/experiment).

tured with differentiated preadipocytes as com-
pared to those co-cultured with undifferentiat-
ed preadipocytes at 7 days.

To further assess whether adipocytes exerted
an inhibitory effect on the osteoblastic bone
formation through the hypoxia signaling path-
way, the expressions of hypoxia related genes
were detected by real-time PCR at 7 days after
co-culture with or without differentiated preadi-
pocytes. Real-time PCR showed that the ex-
pressions of hypoxia related genes: HIF-1a
(Figure 3D), HIF-1p (Figure 3E) and HIF-2«x (Fi-
gure 3F) significantly increased in osteoblasts
co-cultured with differentiated preadipocytes
as compared to those co-cultured with undif-
ferentiated preadipocytes at 7 days.

The protein expressions of several cytokines
were also detected in osteoblasts co-cultured
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with or without differentiated preadipocytes at
7 days by western blot assay. Western blot
assay showed the protein expressions of HIF-
la, IL-6 and NF-kB significantly increased in
osteoblasts co-cultured with differentiated pre-
adipocytes as compared to those co-cultured
with undifferentiated preadipocytes at 7 days,
but the col-1 protein and mRNA expressions
were down-regulated significantly osteoblasts
co-cultured with differentiated preadipocytes
(Figure 3G-K).

Effects of HIF-1a deletion on the mineraliza-
tion of osteoblasts co-cultured with adipocytes

To assess whether the increased HIF-1a had a
negative effect on the bone formation and min-
eralization of osteoblasts co-cultured, osteo-
blasts were collected from Hif1a”" mice, trans-
fected with adenoviral-cre or adenoviral-EGFP,

Am J Transl Res 2015;7(12):2694-2705
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Figure 6. Effects of HIF-1a deletion on the expressions of genes related to bone formation as well as IL.-6 and NF-kB
in osteoblasts. Real-time RT-PCR was performed for the detection of expressions of HIF-1a (A), and Col | (B), OCN
(C) and Cbfa-1 (D) on primary calvarial osteoblasts from ¢ Hif1a”" mice co-cultured with adipocytes transfected
with adenoviral-cre or adenoviral-EGFP at 7 days. mRNA expression relative to GAPDH expression was normalized
to that in HifLa”f osteoblasts co-cultured with adipocytes transfected with adenoviral-EGFP. HIF-1a expression was
down-regulated significantly in osteoblasts co-cultured with adipocytes transfected with adenoviral-cre. The expres-
sions of Runx2/Cbfal, Collal, and Ocn were up-regulated significantly in osteoblasts co-cultured with adipocytes
transfected with adenoviral-cr. Western blot assay for the expressions of col I, NF-kB and IL-6 in osteoblasts from
Hif Lo mice transfected with adenoviral-cre or adenoviral-EGFP and co-cultured with adipocytes at 7 days. GAPDH
was used as loading control (E). Protein expressions relative to GAPDH were normalized to those in Hif 1o osteo-
blasts co-cultured with adipocytes transfected with adenoviral-EGFP (F-H). Data are expressed as mean + SEM from

3 independent experiments. *P<0.05; **P<0.01; ***P<0.001 vs control group.

and co-cultured with differentiated preadipo-
cytes. Real-time PCR showed HIF-1a expres-
sion significantly decreased at 48 h after trans-
fection with adenoviral-cre as compared to
Hif1a”" osteoblasts transfected with adenovi-
ral-EGFP in the co-culture system (Figure 4B).
Osteoblastic mineralization was evaluated by
Alizarin red staining at 14 days after transfec-
tion with adenoviral-cre or adenoviral-EGFP
(Figure 4A). Results showed the bone mineral-
ization increased after transfection with adeno-
viral-cre as compared to Hifla”" osteoblasts
transfected with adenoviral-EGFP in the co-cul-
ture system (Figure 4C).

Effects of HIF-1a deletion on the proliferation
of osteoblasts co-cultured with adipocytes

To assess whether increased HIF-1a had an
inhibitory effect on the proliferation of osteo-
blasts co-cultured, the proliferation of osteo-
blasts was determined at 48 h by EDU staining.
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Hoechest stained cell nucleus. After co-culture
with differentiated preadipocytes, the prolifera-
tion increased in Hif1a”f osteoblasts transfect-
ed with adenoviral-cre as compared to Hif1a”*
osteoblasts transfected with adenoviral-EGFP
in the co-culture system (Figure 5A and 5B).

Effects of HIF-1a deletion on the expressions
of genes related to osteoblastic bone forma-
tion as well as IL-6 and NF-«kB in osteoblasts

To assess whether adipocytes had an inhibitory
effect on the osteoblastic bone via the hypoxia
signaling pathway, the expressions of osteo-
blastic bone formation related genes were
detected by real-time PCR in Hifla” osteo-
blasts transfected with adenoviral-EGFP or ad-
enoviral-cre at 7 days after co-culture with dif-
ferentiated preadipocytes. HIF-1a expression
significantly decreased in Hifla”" osteoblasts
at 48 h after transfection with adenoviral-cre
when compared with those transfected with
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adenoviral-EGFP (Figure 6A). Real-time PCR
showed the expressions of osteoblastic bone
formation related genes: Col-1 (Figure 6B), OCN
(Figure 6C) and Cbfa-1 (Figure 6D) significantly
increased in Hif1la”" osteoblasts transfected
with adenoviral-cre when compared with those
transfected with adenoviral-EGFP at 7 days
after co-culture.

Western blot assay was also employed to deter-
mine the protein expressions of several genes
in HifLla”f osteoblasts at 7 days after co-culture
with differentiated preadipocytes. Results sho-
wed that the expressions of IL-6 and NF-«kB sig-
nificantly decreased in Hif1a”" osteoblasts tr-
ansfected with adenoviral-cre when compared
with those transfected with adenoviral-EGFP at
7 days after co-culture with differentiated pre-
adipocytes. The col-1 protein and mRNA expres-
sions were up regulated significantly in Hif1of
osteoblasts transfected with adenoviral-cre fol-
lowing co-culture (Figure 6E-H).

Discussion

In the present study, co-culture system was
employed to simulate the intercellular interac-
tion in the aging bone marrow where the func-
tions of mature osteoblast decline [19] while
the adipocytes become predominant and might
have a toxic effect on the osteoblastic bone for-
mation [20]. The mechanisms of inhibitory
effects of adipocytes on the osteoblastic differ-
entiation remain unclear, and TNF-a and free
fatty acid have been reported to be associated
with these inhibitory effects [4, 21]. Results of
this study demonstrated that adipocytes could
negatively regulate the osteoblastic bone for-
mation in vitro through inhibiting the prolifera-
tion and differentiation of osteoblasts. Addi-
tionally, this inhibitory effect could be reversed
by inhibiting HIF-1a expression on osteoblasts.
Moreover, up-regulated expressions of NF-«kB
and IL-6 were also found to be associated with
the lipotoxicity of adipocytes in models of this
study.

Osteoblasts are susceptible to the influence of
bone marrow components and adjacent vascu-
latures. The oxygentension in the bone marrow
is about 5-9%. Osteoblasts have functional
mitochondria where oxidative phosphorylation
occurs [22]. The reduction in oxygen tension
may cause a hypoxic or anoxic environment
where the osteoblast phenotype may be inhib-
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ited [23-25]. Hypoxia/HIF-1la may cooperate
with Osx to inhibit Wnt signaling pathway in
osteoblasts [26]. However, it was suggested
that low oxygen tension could promote the dif-
ferentiation of osteoblasts into osteocytes [16,
27]. Wang et al [10] demonstrated that HIF-1«
over-expression in osteoblast increased the
bone formation, which was associated with the
increased angiogenesis and VEGF expression.
However, HIF-1a deficiency may delay the pro-
gression from condensed mesenchymal stro-
mal cells to proliferating chondrocytes and th-
en to hypertrophic chondrocytes, leading to
impaired chondrogenesis and compromised
endochondral bone formation. Thus, HIF-1a is
required for the normal bone development [28].
HIF-1a may act as a survival factor by activating
VEGF expression, which is required for the
chondrocyte survival [29]. Hypoxia can activate
Sox9 expression and inhibit Runx2 expression.
Runx2 is expressed in the condensed mesen-
chymal stromal cells and prehypertrophic chon-
drocytes and has a high expression in the
osteoblast lineage [28]. Results showed the
proliferation and mineralization of osteoblasts
decreased without statistical significance after
transfected with adenoviral-cre in contrast to
Hif1la”" osteoblasts transfected with adenovi-
ral-EGFP (Data not shown). These results
showed that HIF-1a plays different roles in the
endochondral bone formation and osteoblastic
bone formation. The high HIF expression under
normoxic condition is accompanied by incre-
ased expression of a large number of glycolytic
HIF target genes and increased glycolysis [30]
which might be a potential mechanism for the
inhibitory effect of HIF-1a on osteoblastic bone
formation in vitro.

Furthermore, whether HIF-1a played a pivotal
role in the lipotoxic effect of adipocytes was
investigated. Recent findings show that HIF-1a
is a key participant in the metabolism and func-
tion of immune cells [31]. Hypoxia in the adi-
pose tissues has been postulated as a possible
contributor to the obesity-related chronic in-
flammation, insulin resistance, and metabolic
dysfunction [4]. HIF-1a stabilization in immune
cells may occur in an oxygen-independent man-
ner [32, 33]. NF-kB, which plays a central role in
regulating the immune response to infection, is
required for the bacteria-induced HIF-1a mRNA
expression in macrophages [32]. IL-6 could
enhance HIF-1la mRNA expression via signal
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transduction and activator of transcription
(STAT3) signaling pathway [34]. Oxidative stress
has been found to increase in osteoporosis and
may activate p53 and p66s™ in the bone. On
the other hand, ROS stimulate the FoxO family
of transcription factors and sirtuins to combat
oxidative stress and maintain the skeletal
homeostasis [35]. Results in this study showed
that adipocytes inhibited the proliferation and
mineralization of osteoblasts through up-regu-
lating the expressions of NF-kB and IL-6 in
osteoblasts and then increasing the HIF-1x
expression, which demonstrated the lipotoxic
effect of adipocytes in age related bone dis-
ease was related to the chronic inflammation
and immunity. Further study was still needed to
confirm it in vivo.

The novelty of findings in this study was to
assess the potential mechanism of age related
bone loss as well as the microenvironment of
the bone marrow. Results of this study implied
that the adipocytes had a negative effect on
the nuclear binding of Runx2, and the adipo-
cyte induced chronic inflammation stimulated
the HIF-1a expression in differentiating adipo-
cytes to affect the nuclear binding of Runx2 in
mature osteoblasts and then influence the
expression of downstream osteogenic genes,
such as OSX and OCN, which might be another
mechanism of age-related bone loss.

In summary, results in this study demonstrate
that the lipotoxic effect of adipocytes on osteo-
blasts is related to the HIF-1a expression in
osteoblasts as well as IL-6 and NF-kKB expres-
sions. Although this toxic effect might be also
associated with either the induction of PPAR-y
pathway or free fatty acid-induced lipotoxicity in
osteoblasts, further studies are required to
confirm the specific pathways involved in this
effect and to investigate whether HIF-1a inhibi-
tor or anti-inflammatory drugs may serve as a
potential therapeutic approach for senile os-
teoporosis.
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