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Abstract. Eldecalcitol (ELD) is an active vitamin D3 analog, 
possesses anti-resorption properties and is an approved thera-
peutic drug for the treatment of osteoporosis in Japan. However, 
the effect of ELD on osteoblasts in a distinct cell microenvi-
ronment, including in the presence or absence of osteoclastic 
bone resorption, is undetermined. In the current study, the 
effect of bone resorption supernatant on the ELD-mediated 
regulation of viability, differentiation and receptor activator 
of ΝF‑κB ligand/osteoprotegerin (RANKL/OPG) expression 
was assessed in MC3T3-E1 pre-osteoblast cells. The murine 
macrophage-like cell line RAW 264.7 was induced to differen-
tiate into functional osteoblasts. Bone resorption supernatant 
was prepared by culturing osteoclast with a bovine cortical 
bone specimen. Mouse MC3T3-E1 cells were subsequently 
treated with ELD combined with differentiated osteoclast cell 
culture (OCS) or osteoclast bone resorption model superna-
tants. Cell counting kit-8, alkaline phosphatase (ALP) activity, 
reverse transcription-quantitative (RT-q) PCR and western 
blot analysis were used to assess cell viability, osteogenic 
activity and RANKL and OPG expression in MC3T3-E1 cells. 
The OCS and OCS + ELD treatment exhibited significantly 
increased MC3T3-E1 cell viability when compared with 
the control group. However, ELD, bone resorption culture 

supernatant (BRS) and ELD + BRS treatments significantly 
decreased MC3T3-E1 cell viability. The results of ALP 
activity analysis, RT-qPCR and western blot analysis demon-
strated that ELD treatment and OCS decreased the osteogenic 
markers (ALP and RUNX2), however, BRS increased 
them. All treatments enhanced the expression of RANKL 
and RANKL/OPG ratio. The results of the current study 
revealed that ELD inhibits osteoblastic differentiation in vitro. 
However, in the presence of BRS, which mimics the local bone 
microenvironment in vivo, the net effect on osteogenesis was 
positive. Furthermore, osteoclasts and bone matrix‑derived 
factors increased the RANKL/OPG ratio, thereby potentiating 
osteoclastic activity.

Introduction

Bone remodeling has been described as a cycle that consists 
of three major consecutive overlapping phases: Resorption, 
reversal and formation (1). The bone systems homeostatic 
balance requires communication between osteoblasts and 
osteoclasts, which occurs at various stages of bone remodeling, 
and includes three modes: Direct, paracrine and cell-bone 
matrix (1). Through direct communication between osteo-
clasts and osteoblasts, membrane-bound ligands and receptors 
interact and initiate intracellular signaling. Gap junctions can 
also form between contact cells, allowing the passage of small 
water-soluble molecules (2). Communication between cells 
can also occur through diffusible paracrine factors, including 
growth factors, cytokines, chemokines and other small mole-
cules, which are secreted by either cell type or acting on the 
other via diffusion (3). Growth factors and a variety of other 
molecules previously buried in the bone matrix have been 
demonstrated to be released by osteoclasts during bone resorp-
tion (2,3). However, it is undetermined as to which of these cell 
communicators serves a key role in osteoblast activity.

1α, 25-dihydroxyvitamin D3 [1α, 25(OH)2D3], the active 
form of vitamin D3, is a potent inducer of receptor activator 
of NF‑κB ligand (RANKL), a key molecule that is secreted by 
osteoblasts in osteoclastogenesis (4). The expression of vitamin 
D receptors on osteoblast cells enables direct responses to 
vitamin D3. The magnitude of effects in response to Vitamin D3 
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is dependent on the presence of a number of factors in the cell 
microenvironment, including parathyroid hormone (PTH), 
calcium/phosphors level, transforming growth factor-β1 
(TGF‑β1) and insulin‑like growth factor 1 (IGF‑1) (5).

Despite vitamin D3 being successfully used in the manage-
ment of conditions including psoriasis (6) and various cancer 
types (7), the use of vitamin D3 in the treatment of osteopo-
rosis has been prevented due to its calcemic activity and the 
consensus that it is associated with osteoclastic bone resorp-
tion (8-10). Eldecalcitol (ELD), formerly known as ED-71, is 
an analog of 1α,25-(OH)2D3 that includes a hydroxypropyloxy 
residue at the 2β position (11). ELD was previously developed 
to increase the inhibitory effect on bone resorption and was 
approved in Japan as a therapeutic drug for the treatment of 
osteoporosis in 2011 (12-14). It has been previously reported 
that ELD lowered the biochemical and histological parameters 
of bone resorption in a ovariectomized rat model of osteopo-
rosis (15). These aforementioned effects were observed without 
sustained hypercalcemia or hypercalciuria (12).

Previous studies have demonstrated that TGF‑β and IGF‑1, 
which are released from the bone matrix during osteoclastic 
bone resorption, serve an important role in osteoblast activi-
ties including receptor activator of NF‑κB ligand (RANKL) 
expression and cell migration (16-18). The present study aimed 
to determine the role of proteins, which are released by bone 
slices during osteoclastic bone resorption, in the regulation of 
osteoblast activity. The current study also provides additional 
data to understand how ELD affects osteoblasts in a distinct 
cell microenvironment, for example, in the presence or 
absence of osteoclastic bone resorption. Osteoblast cell culture 
models were established in vitro, with differentiated osteoclast 
cell culture supernatants (OCS) or bone resorption culture 
supernatant (BRS). Osteoblastic induction was performed 
using MC3T3-E1 pre-osteoblast cells and the viability, differ-
entiation and RANKL/osteoprotegerin (OPG) expression of 
osteoblast cells was determined.

Materials and methods

Pre‑osteoclast culture and osteoclastic induction. Murine 
RAW264.7 monocytic cells were purchased from the Type 
Culture Collection of the Chinese Academy of Sciences 
and cultured in α-minimum essential medium (α-MEM; 
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 10 U/l 
penicillin and 100 mg/l streptomycin at 37˚C in a humidi-
fied atmosphere containing 5% CO2. Recombinant soluble 
mouse RANKL and macrophage colony-stimulating factor 
(M‑CSF) were purchased from R&D Systems, Inc. for use in 
osteoclast differentiation. The cells were seeded in six-well 
plate (5x105 cells/well) or 24-well plate (3x104 cells/well) and 
cultured at 37˚C for 6 days in α-MEM supplemented with 10% 
FBS, 30 ng/ml M‑CSF and 50 ng/ml RANKL. The culture 
medium was collected on day 6.

Establishment of bone resorption model. Cortical bone 
slices (5x5 mm) of fresh bovine femur slices (0.1 mm) were 
purchased from the Immunodiagnostic Systems, Ltd. (cat. 
no. DT-1BON1000-96) and used to create the bone resorption 
model according to the protocol described previously (19,20).

RAW 264.7 cells were seeded into 24-well plates 
(3x104 cells/well) and cultured in α-MEM supplemented with 
10% FBS, 10 U/l penicillin and 100 mg/l streptomycin with 
the prepared cortical bone slices. After 24 h, cells were treated 
with 30 ng/ml M‑CSF and 50 ng/ml RANKL at 37˚C for 
6 days (21). The culture medium was replaced every 2 days and 
was collected on day 6. Supernatants were centrifuged (400 x g 
4˚C for 10 min), filtered through a 0.22 mm polyethersulfone 
membrane filter (EMD Millipore) and stored at ‑20˚C.

Osteoblast cell culture. Murine MC3T3-E1 pre-osteoblast 
cells were purchased from the Type Culture Collection of 
the Chinese Academy of Sciences. MC3T3-E1 cells were 
cultured in α‑MEM (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS, 10 U/l penicillin and 100 mg/l 
streptomycin. Six groups were formed: i) MC3T3-E1 that were 
cultured with OCS; ii) MC3T3-E1 that were cultured with 
BRS; iii) MC3T3-E1 that were cultured with OCS + ELD 
and iv) MC3T3-E1 that were cultures with BRS + ELD; 
v) MC3T3-E1 that were cultured with ELD; and vi) CON 
group. Exponentially growing cells were plated into six-well 
plates (6x103 cells/well) for reverse transcription-quantitative 
PCR (RT-qPCR) and western blot analysis. After incubation at 
37˚C for 24 h, cells were transferred to a medium containing 
75% (v/v) α‑MEM (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS, 10 U/l penicillin, 100 mg/l 
streptomycin and 25% (v/v) OCS or BRS. ELD (10-7 M) was 
added to the ELD group (Chugai Pharmaceutical Co., Ltd.).

Cell viability assay. The MC3T3-E1 pre-osteoblast cells were 
harvested and seeded into 96 well plates (1x104 cells/well) with 
a total volume of 200 µl culture medium. Cells were incubated 
for 24, 48 and 72 h at 37˚C. After the cells were treated for 
the indicated times, Cell Counting Kit-8 (MedChem Express) 
was used (20 µl/well) and cells were incubated for 3 h at 37˚C. 
Subsequently, absorbance at 450 nm was read for all plates 
using an automated microplate spectrophotometer (Bio Rad 
Laboratories, Inc.). Each experiment was repeated at least 
three times.

Tartrate‑resistant acid phosphatase (TRAP) staining. RAW 
264.7 cells were seeded into 24-well plates and cultured 
in α-MEM supplemented with aforementioned stimuli for 
6 days. Cells were fixed with 4% paraformaldehyde for 
at least 15 min at room temperature and stained for TRAP 
using a TRAP-staining solution containing 0.1 M sodium 
acetate (pH 5.0) and 0.01% naphthol AS-MX phosphate 
(Sigma-Aldrich; Merck KGaA) as a substrate and 0.03% red 
violet LB salt (Sigma-Aldrich; Merck KGaA) as a stain for the 
reaction product in the presence of 50 mM sodium tartrate for 
15 min at 37˚C. Staining was observed by light microscopy 
(magnification, x100 and x400; Olympus Corporation). Cell 
nuclei were counterstained with hematoxylin for 2 min at 
room temperature. Multinucleated TRAP-positive cells with 
at least three nuclei were scored as osteoclasts (22).

RT‑qPCR. Total RNA was extracted from RAW 264.7 cells 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). cDNA was synthesized using PrimeScript™ RT reagent 
kit (Takara Bio, Inc.) according to the manufacturer's protocol. 
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Alkaline phosphatase (ALP), RUNX2, RANKL and OPG 
mRNA expression were assessed on days 1, 3 and 7 using 
qPCR that was performed using 1 µl cDNA template in 
a 10 µl total volume with the TB Green® Premix Ex Taq™ 
(Takara Bio, Inc.) using MyiQ™ Single-Color Real-Time PCR 
Detection System (Bio-Rad Laboratories, Inc.). The thermo-
cycling conditions used were: Initial denaturation for 10 sec at 
95˚C, followed by 40 cycles of 5 sec at 95˚C, 31 sec at 58˚C and 
30 sec at 72˚C. The data were collected at 72˚C in each cycle. 
The mRNA value was normalized to that of the housekeeping 
gene GAPDH. The results are presented as the relative gene 
expression. The fold-change in gene expression relative to 
the control was calculated using the 2-∆∆Cq method (23) with 
GraphPad Prism software (version 6.0; GraphPad Software, 
Inc.). The primer sequences are presented in Table I.

Western blot analysis. MC3T3-E1 cells were harvested on 
days 1, 3 and 7 and lysed using RIPA lysis buffer (Beijing 
ComWin Biotech Co., Ltd.). Following measurement of protein 
concentration using a Bicinchoninic Acid assay kit (Beyotime 
Institute of Biotechnology), the protein samples (50 µg) were 
mixed with 1/4 volume of 5X SDS loading buffer and heated at 
95˚C for 5 min. Following separation by 10‑15% SDS‑PAGE, 
proteins were transferred to PVDF membranes. The membranes 
were blocked with 5% BSA diluted in TBS supplemented 
with 0.1% Tween-20 at room temperature for 1 h. Western 
blot analysis was performed using: Rabbit anti-ALP antibody 
(1:1,000; cat. no. ab83259; Abcam), mouse anti-RUNX2 anti-
body (1:1,000; cat. no. ab76956; Abcam), rabbit anti-RANKL 
antibody (1:1,000; cat. no. sc-9073; Santa Cruz Biotechnology, 
Inc.), rabbit anti-OPG antibody (1:1,000; cat. no. ab73400; 
Abcam) and mouse anti-GAPDH (1:2,000; cat. no. ab8245; 
Abcam), overnight at 4˚C. The secondary antibodies used were 
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG 
(1:2,000; cat. no. #14708; Cell Signaling Technology, Inc.) for 
ALP, RANKL and OPG and HRP-conjugated rabbit anti-mouse 
IgG (1:1,000; cat. no. #58802; Cell Signaling Technology, Inc.) 
for GAPDH and RUNX2, at room temperature for 1 h. Protein 
bands were visualized using an enhanced chemiluminescence 
reagent (Millipore; Merck KGaA) and western blot images 
were captured using a FluorChem E System (ProteinSimple) 
and quantified using ImageJ software (version 1.41; National 
Institute of Health).

Statistical analysis. The data are expressed as the 
mean ± standard deviation. All experiments were performed 
in triplicate. GraphPad Prism 6.0 software was used to 
analyze the obtained data (GraphPad Software, Inc.). A 
one-way ANOVA was used for multiple group comparisons 
and the mean value of each group was compared using the 
Student-Newman-Keuls test. P<0.05 was considered to 
indicate a statistically significant result.

Results

TRAP staining indicates that RAW 264.7 cells could be 
differentiated into functioning osteoclasts. Since the identi-
fication of the gene encoding RANKL, a cocktail of soluble 
forms of RANKL and M‑CSF (also known as CSF‑1) has been 
used to generate osteoclast-like cells in vitro in the absence 

of osteoblasts, simplifying the analysis of osteoclast differ-
entiation (24). The results of the current study observed that 
50 ng/ml RANKL could stimulate RAW264.7 cells to develop 
into TRAP-positive cells after 1 day and multinucleated cells 
after 3-4 days. During RANKL-induced differentiation, 
RAW264.7 cells started to undergo the characteristic morpho-
logical changes after 3 days with increasing cell-cell fusion into 
large and multinucleated cells. TRAP staining of RAW264.7 
cultured without stimuli (Fig. 1A) or with 30 ng/ml M‑CSF 
and 50 ng/ml RANKL (Fig. 1B) were observed on day 6. An 
increase in TRAP staining and cell fusion were observed in 
the RANKL/M‑CSF‑induced differentiation group compared 
with the control group on day 6. TRAP-positive multinucleated 
cells (MNCs) containing three or more nuclei were counted as 
osteoclasts.

Osteoclast culture supernatant, osteoclast bone resorption 
supernatant and ELD regulate MC3T3‑E1 pre‑osteoblast 
viability and ALP activity. The OCS and OCS + ELD 
treatment significantly increased MC3T3-E1 cell viability 
after 48 and 72 h compared with the control group (CON), 
whilst ELD exerted no significant effects on MC3T3‑E1 cell 
viability compared with CON (Fig. 2A). However, BRS alone, 
ELD + BRS and ELD alone significantly reduced MC3T3‑E1 
cell viability at 24 h, when compared with CON (Fig. 2B). 
ALP activity is a marker of early stage osteoblast differentia-
tion (25). OCS and ELD significantly reduced ALP activity, 
and combined OCS + ELD treatment exerted an additional 
inhibitory effect; however, no significant difference was 
observed between the OCS and ELD alone groups (Fig. 2C). 
BRS enhanced MC3T3-E1 cell ALP activity, and this increased 
effect was also present in the BRS-ELD treatment. However, 

Table I. Sequences of primers used for reverse transcrip-
tion-quantitative PCR.

Gene Primer sequence (5'→3')

ALP
  Forward CGCCATGACATCCCAGAAAG
  Reverse GCCTGGTAGTTGTTGTGAGC
RUNX2
  Forward GCCCAGGCGTATTTCAGATG
  Reverse GGTAAAGGTGGCTGGGTAGT
RANKL
  Forward GTACTTTCGAGCGCAGATGG
  Reverse TCCAACCATGAGCCTTCCAT
OPG
  Forward ATGAACAAGTGGCTGTGCTG
  Reverse TAAGAGTGGTCAGGGCAAGG
GAPDH
  Forward TGGCCTTCCGTGTTCCTAC
  Reverse GAGTTGCTGTTGAAGTCGCA

ALP, alkaline phosphatase; RUNX2, runt-related transcription 
factor 2; RANKL, receptor activator of ΝF‑κB ligand; OPG, 
osteoprotegerin.
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ELD treatment decreased ALP activity when compared with 
the CON group (Fig. 2D).

Osteoclast culture supernatant and ELD reduces osteogenic 
marker expression and increases RANKL/OPG ratio. ALP 
and RUNX2 mRNA expression was detected in MC3T3-E1 
cells cultured with OCS, ELD or OCS + ELD. The results of 
RT-qPCR demonstrated that ELD and OCS treatment reduced 
the expression of osteogenic markers (ALP and RUNX2) in 
MC3T3-E1 cells when compared with the control group on 
days 1, 3 and 7; and their combination exerted an additional 

inhibitory effect on day 3 (Fig. 3A and B). ELD, OCS and 
ELD + OCS all enhanced RANKL expression and reduced 
OPG on days 1, 3 and 7, resulting in an increased RANKL/OPG 
ratio in MC3T3‑E1 cells (Fig. 3C‑E). However, no difference 
was observed between the ELD and CON groups on days 1, 
3 or 7 (Fig. 3C‑E). This observation suggests that ELD may 
affect osteoblasts through the medium secreted by osteoclasts, 
rather than directly acting on osteoblasts.

Western blot analysis was performed to measure RUNX2, 
RANKL and OPG expression on days 1, 3 and 7. The results 
exhibited similar patterns with that of mRNA expression, in 

Figure 2. Osteoclasts culture supernatant, osteoclasts bone resorption supernatant and ELD distinctly regulated MC3T3‑E1 pre‑osteoblast viability and ALP 
activity. Relative cell viability of MC3T3-E1 cells treated with (A) OCS + ELD, ELD and OCS and (B) BRS + ELD, ELD and BRS with the associated controls. 
ALP activity in MC3T3-E1 cells treated with (C) OCS + ELD, ELD and OCS and (D) BRS + ELD, ELD and BRS with the associated controls. aP<0.05, 
bP<0.01 and cP<0.001 vs. CON; dP<0.01 vs. OCS or BRS; eP<0.05 and fP<0.001 vs. ELD. ELD, eldecalcitol; ALP, alkaline phosphatase; OCS, differentiated 
osteoclast cell culture supernatants; BRS, bone resorption culture supernatant; CON, control.

Figure 1. TRAP staining of RAW264.7 cell differentiation on day 6. (A and B) TRAP staining of RAW264.7 cultured (A) without stimuli and (B) with 30 ng/ml 
M‑CSF and 50 ng/ml RANKL for 6 days. Multinucleated TRAP‑positive cells with at least three nuclei were scored as osteoclasts. Red arrows indicate differ-
entiated osteoclasts. TRAP, tartrate‑resistant acid phosphatase; M‑CSF, macrophage colony‑stimulating factor; RANKL, receptor activator of NF‑κB ligand.
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that RUNX2 expression was significantly decreased in ELD 
and OCS treatment groups when compared with CON on 
days 1, 3 and 7 (Fig. 4A and B). In addition, enhanced RANKL 
expression (Fig. 4A and C), decreased OPG expression on 
days 1 and 3 (Fig. 4A and D) and increased the RANKL/OPG 
ratio (Fig. 4E) were also observed in the ELD and OCS treat-
ment groups compared with CON. These results indicated that 
cells cultured with OCS + ELD reduced RUNX2 expression 
and increased the RANKL/OPG ratio.

ELD induces the inhibition of osteogenic marker expression 
and increases the RANKL/OPG ratio and these actions are 
reversed by co‑culture with bone resorption supernatant. ELD 
significantly inhibited ALP and RUNX2 mRNA expression 
in MC3T3‑E1 cells (Fig. 5A and B). However, BRS greatly 
increased the mRNA expression of osteogenic markers ALP 
and RANKL when compared with CON (Fig. 5A and C). This 

promotive effect was also exhibited by the BRS + ELD group 
(Fig. 5A‑C), while ELD showed a significant inhibitory effect 
on ALP activity on days 3 and 7 and on RUNX2 expression 
on days 1, 3 and 7 when compared with CON (Fig. 5A and B). 
BRS promoted RANKL expression when compared with 
CON on days 1, 3 and 7. However, for the ELD group this 
was evident only on day 7. Compared with the ELD group, 
BRS treatment potentiated RANKL expression over 15-fold 
on day 3. An additional promotive effect on RANKL expres-
sion was exhibited by the ELD + BRS group on days 1 and 
7 (Fig. 5C). Furthermore, no significant differences were 
observed in the mRNA expression levels of OPG in the BRS or 
BRS + ELD groups when compared with CON group, whilst the 
RANKL/OPG ratio was increased in the BRS and BRS + ELD 
groups due to the increased RANKL expression on days 1, 3 
and 7 compared with the CON group (Fig. 5D and E). The 
results of the western blot analysis were almost in concordance 

Figure 3. mRNA expression of pre‑osteoblasts osteogenic markers and RANKL/OPG expression in MC3T3‑E1 cells treated with osteoclasts culture super-
natant and ELD. Reverse transcription-quantitative PCR analysis of (A) ALP, (B) RUNX2, (C) RANKL, (D) OPG and (E) RANKL/OPG expression in 
MC3T3-E1 cells cultured in the presence of OCS or ELD and OCS + ELD. *P<0.05, **P<0.01 and ***P<0.001 vs. CON. RANKL, receptor activator of NF‑κB 
ligand; OPG, osteoprotegerin; ELD, eldecalcitol; ALP, alkaline phosphatase; RUNX2, runt-related transcription factor 2; OCS, differentiated osteoclast cell 
culture supernatants; CON, control.
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with the mRNA expression data (Fig. 6A). The BRS group 
exhibited upregulated RUNX2 expression and ELD exhibited 
downregulated RUNX2 expression when compared with the 
CON group on days 1, 3 and 7. The ELD + BRS group upregu-
lated the RUNX2 expression (Fig. 6B), and treatments with 
ELD alone, BRS alone and ELD + BRS all enhanced RANKL 
expression (Fig. 6C) and RANKL/OPG ratio in MC3T3-E1 
cells on days 1, 3 and 7 (Fig. 6E). Significantly different values 
were exhibited by the BRS, BRS + ELD were observed on 
day 7 for OPG expression compared with CON (Fig. 6D). The 
aforementioned results demonstrated that ELD induced the 
inhibition of osteogenic marker expression and increased the 
RANKL/OPG ratio, and these effects could be reversed by 
co-culture with osteoclast BRS.

Discussion

Bone remodeling is based on the communication between 
osteoblasts and osteoclasts and is a local process that can 

occur anywhere on the bone surface throughout the lifespan 
of humans (26). By removing old or damaged bone and 
replacing it with new, stronger bone, the structural integ-
rity and strength of the bone are maintained. Osteoblasts 
serve a pivotal role in bone metabolism but also control 
and regulate the formation and activity of osteoclasts (27). 
Osteoclasts, which develop from hematopoietic cells of 
the monocyte-macrophage lineage, are responsible for 
bone resorption that subsequently triggers the differentia-
tion and activation of osteoblasts (28). It has been shown 
that osteoblast and osteoclast can communicate with each 
other through direct cell-cell, cytokine or cell-bone matrix 
contact (3).

A previous study assessed c‑fos deficient mice with no 
osteoclasts and c‑Src deficient mice with dysfunctional osteo-
clasts, and it was histologically indicated that the presence of 
osteoclasts is essential for osteoblastic activity (29). However, 
it is difficult to determine how molecules secreted by osteo-
clasts and/or released by them from the bone matrix affect 

Figure 4. Western blot analysis of osteoclasts culture supernatant and ELD on the MC3T3‑E1 pre‑osteoblasts osteogenic markers and RANKL/OPG expres-
sions. (A) western blot analysis of (A) RUNX2, RANKL, OPG and GADPH expression with subsequent quantification of (B) RUNX2, (C) RANKL, (D) OPG 
and (E) RANKL/OPG in MC3T3-E1 cells treated with OCS, ELD or OCS + ELD. aP<0.05, bP<0.01 and cP<0.001 vs. CON; dP<0.05, eP<0.01, fP<0.001 vs. 
OCS; hP<0.05, iP<0.01 and jP<0.001 vs. ELD. ELD, eldecalcitol; RANKL, receptor activator of NF‑κB ligand; OPG, osteoprotegerin; RUNX2, runt-related 
transcription factor 2; OCS, differentiated osteoclast cell culture supernatants; CON, control.
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osteoblasts in the absence of osteoclasts in vivo. Therefore, in 
the current study, two distinct osteoblast cell culture models 
were established in vitro for the assessment of the osteogenic 
effects without direct osteoclast contact. The aim of the 
present study was to investigate the hypothesis that complex 
growth factors produced by active osteoclasts during bone 
resorption exhibit the potential to regulate the differentiation 
of osteoblast precursor cells.

The results indicated that RAW 264.7 osteoclast bone 
resorption supernatant influenced the osteogenic activity of 
osteoblast-like cells by inhibiting viability and promoting 
differentiation. However, the RAW 264.7 OCS and ELD 
exhibited opposite effects. RUNX2 has been demonstrated 
to promote the expression of major bone matrix protein 
genes (30), and ALP is a marker of the early stage of osteo-
blast differentiation (31). A number of studies have indicated 
that direct effects are exhibited by 1,25-(OH)2D3 on osteo-
blastic cells in vitro (32-34). However, the effect on the 
viability and differentiation of osteoblastic cells is undeter-
mined. Kurihara et al (33) demonstrated that 1,25-(OH)2D3 

increases ALP activity in MC3T3-E1 cells in the presence of 
serum (35). However, Majeska and Rodan (36) reported that 
in early ROS 17/2 cell cultures, 1,25-(OH)2D3 elevates ALP 
activity, but in later cultures, the steroid reduces ALP activity, 
indicating that its effect may depend on the differentiation 
state of cells. Jones (37) indicated that high concentrations of 
1,25-dihydroxyvitamin D3 induced the production of analo-
gous compounds, such as 24,25(OH)2D3 and 25,26(OH)2D3, 
which compete with 1,25-dihydroxyvitamin D3 to prevent 
the binding of vitamin D to its receptors. Therefore, to 
increase the efficiency of osteoblast differentiation, an 
adequate concentration of 1, 25-dihydroxyvitamin D3 must 
be maintained for an appropriate time. It has been demon-
strated that osteoclasts secrete several potential factors that 
mediate cell-cell coupling. Kubota et al (26) revealed that 
RAW 264.7 conditioned culture medium contained the B 
polypeptide chain PDGF homodimer (PDGF BB), which may 
suppress osteoblast differentiation in vitro. It has also been 
demonstrated that PDGF increases osteoblast viability, but 
reduces ALP activity, mineralized nodule formation and the 

Figure 5. Effect of bone resorption supernatant and ELD on the expression of mRNA of MC3T3‑E1 pre‑osteoblasts osteogenic markers and RANKL/OPG expres-
sions. Reverse transcription-quantitative PCR analysis of (A) ALP, (B) RUNX2, (C) RANKL, (D) OPG and (E) RANKL/OPG expression in MC3T3-E1 cells 
cultured in the presence of BRS or ELD and BRS + ELD. *P<0.05, **P<0.01 and ***P<0.001 vs. CON. RANKL, receptor activator of NF‑κB ligand; OPG, osteo-
protegerin; ELD, eldecalcitol; ALP, alkaline phosphatase; RUNX2, runt-related transcription factor 2; BRS, bone resorption culture supernatant; CON, control.
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expression of genes including ALP, osteocalcin and type I 
collagen (38,39). Sphingosine 1-phosphate (S1P) is produced 
by osteoclasts and is associated with the S1P receptor 
expressed on osteoblasts to enhance osteoblast migration 
and survival as well as RANKL expression (40). It has been 
demonstrated that molecules secreted from osteoclasts alone 
are insufficient to initiate osteoblastogenesis (32).

In contrast to the OCS, the supernatant from the osteo-
clast bone resorption model decreased the viability and 
enhanced the differentiation of MC3T3-E1 cells (41). The 
results indicated that the effects of OCS and BRS on the 
MC3T3-E1 pre-osteoblast viability and ALP activity may 
be caused by the diversity of the molecules present in these 
supernatants. Growth factors that are released from the bone 
matrix, including transforming growth factor-β (TGF‑β) and 
insulin‑like growth factors (IGF‑1), have been considered to be 
coupling factor candidates (42,43).

Bone remodeling depends on coordination between bone 
resorption and subsequent bone formation. However, a study 
has demonstrated that osteoclast bone resorptive activity is 

dispensable for osteoblastic bone formation (44). Osteoclast 
ablation in M‑CSF (45) or c‑fos (46) deficient mice resulted in 
secondary negative effects on bone formation, in contrast to 
mutations where bone resorption is abrogated with sustained 
osteoclast numbers, such as in c-src deficient mice (47). 
These data indicated that the presence of osteoclasts, rather 
than osteoblastic bone resorption, is important for the subse-
quent activation of osteoblasts during bone remodeling (29). 
However, several in vivo factors should be considered. For 
example, the topography of the bones surface could affect 
the osteoblastic bone formation process (48). The systemic 
anabolic effect of parathyroid, Vitamin D3 and calcium 
levels serve prominent roles in bone remodeling (49,50). 
The coordination between osteoclasts and osteoblasts is a 
multifaceted process, with numerous contributing regulator 
molecules (51,52). It is unlikely that a single factor domi-
nates during the entire coupling process. Additional data is 
required to aid in the understanding of the precise coordina-
tion mechanism of osteoclasts and osteoblasts during bone 
remodeling.

Figure 6. Western blot analysis of pre‑osteoblast osteogenic markers and RANKL/OPG expression in MC3T3‑E1 cells treated with bone resorption culture 
supernatant and ELD. (A) Western blot analysis of (A) RUNX2, RANKL, OPG and GADPH expression with subsequent quantification of (B) RUNX2, 
(C) RANKL, (D) OPG and (E) RANKL/OPG ratio in MC3T3-E1 cells treated with BRS, ELD or BRS + ELD. aP<0.05, bP<0.01 and cP<0.001 vs. CON; 
dP<0.05, eP<0.01 and fP<0.001 vs. BRS; hP<0.05, iP<0.01 and jP<0.001 vs. ELD. ELD, eldecalcitol; RANKL, receptor activator of NF‑κB ligand; OPG, 
osteoprotegerin; RUNX2, runt-related transcription factor 2; BRS, bone resorption culture supernatant; CON, control.
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The most prominent signals exhibited from osteoblasts to 
osteoclasts mainly come from M‑CSF and the RANKL/OPG 
system (32). These signals are essential and sufficient to drive 
the process of bone resorption and formation and make them 
tightly coupled (1). In the current study, the effects of medium 
containing OCS and BRS on the expressions of RANKL 
and OPG on the mouse osteoblastic cell line MC3T3-E1 was 
assessed using RT-qPCR and western blot analysis. OCS and 
BRS enhanced RANKL expression. However, when compared 
with the CON group, OPG expression of the OCS groups 
decreased, but was slightly increased in the BRS groups. 
These discrepancies resulted in the significantly different 
RANKL/OPG ratio between the OCS groups (fold change >20) 
and BRS groups (fold change <20) when compared with the 
CON group. The increased RANKL/OPG ratio exhibited by 
the OCS group demonstrated a positive feedback loop, through 
which osteoblastic cells attempted to increase the number of 
osteoclasts in the absence of osteoclasts and a non-bone resorp-
tion situation (53). The aforementioned results also revealed that 
the osteoclastogenic function is continuously being controlled 
and balanced for bone remodeling, in case of increased bone 
resorption over bone formation, which leads to bone loss disease.

Despite their osteoclastogenesis effect in vitro, vitamin D3 
analogs, including ELD, have been used as therapeutic drugs for 
osteoporosis (13,54). Currently, it has not been determined as to 
how vitamin D3 increases bone mineral density via the suppres-
sion of osteoclastic bone resorption in vivo. The differences in 
culture environments without interference from hormones, 
including PTH and estrogen, in vitro compared with in vivo 
may provide an explanation for the substantial discrepancy 
between in vitro and in vivo effects of vitamin D compounds on 
bone resorption (55). In the present study the conditions of the 
culture medium were applied to determine whether the bone 
resorption environment influenced the effect of ELD on osteo-
blasts. These in vitro studies demonstrated that ELD decreases 
MC3T3-E1 pre-osteoblast viability and differentiation markers 
ALP and RUNX2, and these results were repeated in previous 
studies that used the same cell line (56,57). Specific gene modi-
fication studies using mice, have revealed that vitamin D3 is 
not a positive regulator of bone formation (58-60). The positive 
effect on bone mineralization in vivo, including the regulation 
of serum calcium levels through the intestine, occurred outside 
the skeletal tissues (61,62). Additionally, it has previously been 
clarified that vitamin D3 induces the expression of a variety 
of pro-osteoclastogenic cytokines, especially RANKL (63). 
The present study demonstrated that ELD downregulated 
OPG expression and upregulated RANKL expression, leading 
to an increased RANKL/OPG ratio when administrated to 
MC3T3-E1 cells alone or when combined with OCS/BRS 
media. These results indicated that the culture environment 
may not be the primary influence of the vitamin D3 effect. 
However, further studies are required to assess the association 
of ELD concentration and condition media in the action of 
other osteoblastic cells.

The present study indicated that the molecules secreted by 
osteoclasts and/or released from the bone matrix exhibited impor-
tant effects on osteoblast activity. In addition, osteoclast bone 
resorption supernatant influenced the osteogenic activity of osteo-
blast cells. However, RANKL expression and the RANKL/OPG 
ratio of osteoblasts were increased by the treatment of BRS, BRS 

+ ELD and OCS + ELD. Eldecalcitol exhibited opposite effects 
on osteoblastic differentiation and function in the presence or 
absence of osteoclastic bone resorption. That is, ELD inhibits 
osteoblastic differentiation in vitro. However, in the presence of 
BRS, which mimics the local bone microenvironment in vivo, 
the net effect on osteogenesis was positive. Results observed in 
the presented study suggest that some substances released in the 
surrounding microenvironment during bone resorption serve an 
important role in the anti-osteoporosis effect of ELD.
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