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Combined 1, 25-dihydroxy vitamin D3 and mechanical strain
treatment affect proliferation, differentiation, and expression of
OPG and RANKL in osteoblastic MC3T3-E1 cells

LIU Lu', ZHANG Xin-chang'*, ZHANG Xi-zheng’, GUO Yong®, LI Rui-xin’ (1. Logistics Institute of
Chinese People’ s Armed Police Forces, Tianjin 300309, China; 2. Institute of Medical Equipment of the Academy of Military
Medical Sciences, Tianjin 300161, China)

Abstract: Objective To investigate the effect of 1,25-(OH),-vitamin D3 (VD3) or mechanical strain alone and
their combined treatment on proliferation and differentiation of pre-osteoblast MC3T3-E1 cells in vitro, as well as
gene and protein expression of osteoprotegerin ( OPG ) and receptor activator of nuclear factor-kB ligand
(RANKL) in those cells. Methods MC3T3-E1 cells were treated with 10 nmol/L VD3, intermitted mechanical
strain or with a combination of these two factors. Cell proliferation was assessed with flow cytometry, and alkaline
phosphatase ( ALP) activity was measured using a fluorometric detection kit. The mRNA expression of ALP,
runt-related transcriptional factor 2 (Runx2) , OPG, and RANKL genes was determined by real-time PCR. The
proteins expression of Runx2, OPG, and RANKL was determined by Western blotting. Results VD3 inhibited
the proliferation of MC3T3-El cells, but the mechanical strain had no effect on cell proliferation. Mechanical
strain, VD3, and the combined treatment enhanced the ALP activity of MC3T3-El cells as well as the protein ex-
pression of Runx2. The effect of combined treatment was less pronounced than the effect of VD3 or mechanical
strain alone. Mechanical strain promoted the gene and protein expression of osteoprotegerin (OPG) and in-
creased the ratio of OPG/RANKL. However, the combination of VD3 and mechanical strain led to a decrease in
ratio of OPG/RANKL. Conclusions Mechanical strain might be effective in inducing osteogenic differentiation and
increasing bone formation. A joint stimulation with VD3 and strain can decrease proliferation and osteogenic differ-
entiation and increase RANKL expression, which might affect bone remodeling. This study supplies some new
data, which might be important in theoretical and clinical research of osteoporosis (OP) and other related bone

diseases.
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Bone remodeling comprises the coordinated processes
of bone resorption and formation where old bone is re-
placed by new bone'!. Inappropriate balance between os-
teoblasts (OBs) and osteoclasts (OCs) is one of the de-
terminants of the development of osteoporosis (OP) , a re-
duction in skeletal mass due to an imbalance between bone
resorption and bone formation'*’. 1,25-( OH),-vitamin D3
(VD3) regulates bone remodeling and balances interac-
tions between OBs and OCs. It functions through vitamin D
receptor (VDR) , inducing the expression of various calci-
um-binding and transport proteins in the intestine to stimu-
late active calcium uptake, thus preserving normocalcemia
and, indirectly, maintaining bone mineralization’. VD3 al-
so acts directly on OBs and OCs, by inhibiting the prolifera-
tion of these two cell populations and modulating differentia-
tion. It affects osteocalcin'®’, alkaline phosphatase
(ALP), and collagen 1 (COL 1) levels”’ and takes part in
the regulation of extracellular matrix mineralization. Oste-
oclastic differentiation and maturation are important stages
in the process of bone resorption, directly associated with
interactions of RANKL, produced by OBs, and the receptor
activator of NF-kB ( RANK) , produced by osteoclast pre-
cursor cells. OBs secrete the osteoprotegerin (OPG) to
block this interaction. Tsukii et al®' proposed that VD3

might enhance osteoblastic expression of RANKL.

Mechanical loading also stimulates bone formation and
remodeling. Many experiments have shown that mechani-
cal forces are crucial in the regulation of osteoblastic prolif-

eration, differentiation, and apoptosis'’*’

. In our previous
work, we found that mechanical strain at the physiological
level (1000, 2 500 ue) directly up-regulated the expression
of osteogenic marker mRNA and was involved in the regu-
lation of OPG and RANKL expression™’.

studies have focused on the regulation mechanism of me-

However, few

chanical strain combined with VD3. Body environment is a
complex system. Cell functions are regulated not only by
biochemical factors, like cytokines, but also by physical
factors, such as tensile stress and shear stress. These
stresses affect cell differentiation and maturation and bio-
logical functions of OBs and OCs. Therefore, the aim of
this study is to investigate the proliferation and differentia-
tion of OBs and the secretion of OPG and RANKL induced
by mechanical strain combined with VD3.

1 Materials and Methods

1.1 Materials

VD3 was purchased from Sigma. Anti-OPG, anti-
RANKL and anti-RUNX2 antibody were purchased from
Boster Biology ( Wuhan, China). ALP fluorometric detec-
tion kit was obtained from Nanjing Jiancheng Biotechnology
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Co. Ltd ( Nanjing, China). The pre-osteoblast cell line
MC3T3-E1 was provided from Institute of Basic Medicine of
Peking Union Medical College.
1.2 Cell culture and application of mechanical strain

The pre-osteoblast cell line MC3T3-E1 was cultured in
culture flasks with «-MEM ( Invitrogen, USA) supplemen-
ted with 10% FBS and antibiotic-antimycotic solution at
37 °C under a humidified atmosphere of 95% air/5% CO,.
When reached 80% confluence, cells were seeded at the
density of 10*/cm’ in the cell culture dishes. After 24 h cul-
tured, cells were treated with 10 nmol/LVD3 for 72 h.
2 hours after VD3 was added, cells were subjected to inter-
mitted mechanical strain of 1 000 and 2 500 pe at 0.5 Hz for
1 h once a day or without mechanical strain. Uniaxial and
homogeneous mechanical strain was generated by a spe-
cially designed 4-point bending device described previous-
Iy’
chanical strain of 1 000 ue and 2 500 pe or without mechani-

. Control groups were simultaneously subjected to me-

cal strain. The cells were cultured for 72 h and processed
for flow cytometry, ALP assay, real-time RT-PCR and
Western blotting analysis.
1.3 Flow cytometry

Proportions of cells undergoing proliferation were de-
termined by flow cytometry. Briefly, cells was harvest,
washed 3 times with PBS, and collected by centrifugation
before fixed by 75% cool ethanol and kept for 4 C. Before
detection, samples were washed 2 times with PBS so as to
remove ethanol, then, were stained with 10 pg/mL propidi-
um iodide (PI) for 30 min. DNA content was detected and
cell cycle was analyzed by EPICS flow cytometer ( Coulter,
USA). FCM-DNA quantitative analysis divided diploid DNA
content distribution into three parts, namely, the
G,/G,, S, and G,/M phases. Scattered cells above the
ploidy-establishing peak and in the S and G,/M range re-

Tab.1 Oligonucleotides used in real-time RT-PCR

presented the proliferation index ( Pl) and were counted as
the percentage of the total number of OBs. Pl of each
samples were calculated as follows to represent the prolif-
eration of cell populations.
S+ G/M

G,/G, + S + G,/M
1.4 ALP activity assay

At the end of 72 h, cells were lysed in 200 yL/dish of

lysis buffer (10 mmol/L Tris pH 8.0, 1 mmol/L MgCl,,
0.5% Triton X-100) , sonicated, and centrifuged to remove

PI x 100%

the cell debris. ALP activity in the cellular fraction was
measured by a fluorometric detection kit. ALP activity of
each sample was normalized by protein concentration.
1.5 RNA isolation and real-time RT-PCR

Cells were collected and total RNA was extracted with
Trizol ( Invitrogen, USA), and integrity of the extracted
RNA  was by gel
electrophoresis. The concentration of total RNA was deter-
mined by the Quant-iT RNA assay kit ( Invitrogen, USA).
Reverse transcription was performed with 1 ug of RNA in a

verified denaturing  agarose

total volume of 20 uL per reaction using Rever Tra Plus
(TOYOBO, China). Quantitative RT-PCR was performed
to determine mRNA levels of ALP, Runx2, OPG and
RANKL using a pair of primers specific to these genes
(Tab. 1) using 7700 real-time PCR System ( ABI, USA)
with Brilliant SYBR Green master mix. The amplification re-
action included 3 steps: (1) incubation at 94 C for 3 min;
(2) incubation at 94 °C for 15 s; and (3) annealing and ex-
tension at each annealing temperature for 30 s. The step
(2) and (3) were repeated for 35 cycles. The fold change
wascalculated using the control sample Ct values at each
specified time point as a calibrator by means of 2 24°
method. Three independent experiments were carried out
to determine relative mRNA levels.

Gene Primer sequence (5’ -3

)

Products size/ (bit - s ") Annealing temperature/C

ALP
(NM 007431.2)

F:CGGGACTGGTACTCGGATAA
R:ATTCCACGTCGGTTCTGTTC

Runx2
(NM 001145920.1)

F: AGTAGCCAGGTTCAACGAT

OPG
(NM 008764.3)

RANKL
(NM 011613.3)

F:CCAAGATGGCTTCTATTACC

F:AGTCTGAGGAAGACCATGAG
R:AAACAGCCCAGTGACCATTC

R:TCCCTCCTTTCATCAGGTTAT

R:GGAGGATTTGTGAAGACTGTT

157 58
90 58
205 56
152 53
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1.6 Western blotting 3910 000,10 000-100.00%

Cells were solubilized in a modified RIPA buffer. Ap- 161
proximately 30 ug proteins were subjected to sodium dode-
cyl sulphate-polyacrylamide gel electrophoresis ( SDS- _“.; 2607
PAGE) to determine Runx2, OPG and RANKL. Subse- E 195
quently, the proteins were transferred to nitrocellulose 8 130+
membranes. The blots were blocked by incubation in 5%
milk with TBS-T for 1 h and probed overnight at 4 C with 1

rabbit anti-Runx2, rabbit anti-OPG and rabbit anti-RANKL,
respectively. After washing, the membranes were incuba-
ted with secondary antibody conjugated with horseradish
peroxidase. The immunoreactive bands were visualized
using enhanced chemiluminescence detection kit ( Santa
Cruz Biotechnology, USA). Optical density of the protein
bands was determined with Gel Doc 2000 ( Bio-Rad,
USA). The expression of GAPDH was used as a loading
control and data were normalized against those of corre-
sponding GAPDH. Results were expressed as relative to
control.
1.7 Statistical analysis

All experiments were performed in triplicate and re-
peated at least three times. Data were presented as mean
+ SD and analyzed with one-way ANOVA to determine
significance between groups. Statistical analysis was per-
formed using SPSS 13. 0 software. P <0.05 was consid-

ered statistically significant.
2  Results

2.1 Mechanical strain slightly increased cell pro-
liferation, but decreased it when combined
with VD3

M7C3T3-E1 cells were subjected to intermittent me-
chanical strain, VD3 treatment or combination of VD3 and
strain for 72 h. Flow cytometry was used to examine cell
cycle [ Fig. 1 (a)] and the effects of mechanical strain,
with or without VD3, on cellular proliferation were evalua-
ted. As shown in Fig. 1(b), mechanical strain alone slight-
ly increased Pl values. VD3 (10 nmol/L) alone depressed
the proliferation of MC3T3-E1 cells. Combination of these
two factors inhibited OB cell proliferation, regardless of the

size of mechanical strain applied.
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Fig.1 Effect of mechanical strain on cell proliferation with or with-

out VD3 ( * P <0.05 versus control )

2.2 Mechanical strain increased ALP activity and
mRNA expression, but decreased them when
combined with VD3

ALP is an early differentiation marker for OBs. Fig. 2

(a) showed the effect of strain, VD3, and the combination
of VD3 and strain on ALP activity. Mechanical strain alone
at 2 500 ue promoted ALP activity [ Fig.2(a), P<0.05].
VD3 alone enhanced ALP activity significantly, to 1.5 times
of the control value ( normal cells with 0 pe strain, no
VD3). When VD3 was combined with strain, ALP activity
was decreased, and the extent of inhibition was inversely
related to strain intensity. ALP mRNA expression showed
the same trend as ALP activity [ Fig.2(b) ]. VD3 alone in-
creased ALP mRNA expression in comparison with control,
but decreased it when combined with mechanical strain.

2.3 Mechanical strain increased Runx2 protein expression,

but decreased it when combined with VD3

Runx2 is an essential mediator of osteoblast phenotype
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(b) ALP mRNA expression
Fig.2 The effect of mechanical strain, with or without VD3, on
ALP activity and mRNA expression
#P <0.05 represents a significant

(*P<0.05 versus control,

difference between groups)

and plays a pivotal role in the process of osteoblastic differ-
entiation"". Fig.3(a) shows the effects of VD3 and me-
Mechanical strain
When the

chanical strain on Runx2 expression.
slightly decreased Runx2 mRNA expression.
strain was combined with VD3, Runx2 expression was up-
regulated in a strain magnitude-dependent manner [ Fig. 3
(a), P<0.05].
Runx2 protein expression, with a significant increase at
2 500 pe [Fig.3(b), P<0.05]. VD3 alone significantly pro-

In contrast, mechanical strain increased

moted Runx2 protein expression (P <0.05), but showed a

strain magnitude-dependent decrease when combined with

strain. The regulation pattern of Runx2 protein expression
resembled the pattern of ALP activity.

2.4 Mechanical strain increased OPG/RANKL ratio at
both mRNA level and protein level, but decreased it
when combined with VD3

Mechanical strain significantly increased OPG mRNA
expression [ Fig. 4 (a), P <0.05]; the expression was

enhanced 4-fold under 2 500 pe strain in comparison with
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(b) Protein expression
Fig.3 The effect of VD3, mechanical strain, and combined treat-
ment on gene expression and protein expression of Runx2
(* P <0.05 versus control, *P <0. 05 represents a significant

difference between groups)

the control value ( normal cells with 0 ye strain, no VD3).
However, VD3 had little effect on OPG expression at mR-
NA level. When VD3 was combined with strain, a slight in-
crease was observed at mRNA level. In contrast, mechani-
cal strain had no effect on RANKL mRNA expression [ Fig.
4(b)].

and the effect strengthened when VD3 was combined with

VD3 significantly increased RANKL expression,

strain (P<0.05). The maximum RANKL expression was
achieved under 2 500 pe strain with VD3, which was 22
times higher than that in the control group. This demonstra-
ted that a high-magnitude strain could promote RANKL ex-
pression induced by VD3. OPG/RANKL ratio is shown in
Fig.4(c). Mechanical strain increased the ratio due to the
high expression of OPG; however, the combined VD3 and
strain treatment decreased the ratio due to the high expres-
sion of RANKL. These results suggest that VD3 combined
with mechanical strain might effectively modulate bone re-
modeling in favor of osteoclastogenesis and promote bone

resorption.
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OPG and RANKL protein expression profiles were con-
sistent with the patterns of mMRNA expression. Mechanical
strain increased OPG expression in a magnitude-depended
manner [ Fig.4(d) ] but had no effect on RANKL expres-

sion [ Fig. 4 (e), P <0.05], thus raising OPG/RANKL

sion but had no effect on RANKL expression. When com-
bined with mechanical strain, VD3 significantly inhibited
OPG expression [ Fig. 4 (f), P <0.05] and significantly
promoted RANKL expression ( P <0.05). As a result,

OPG/RANKL ratio decreased under combined treatment

ratio [ Fig.4(c) ]. VD3 significantly inhibited OPG expres- conditions.
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Fig.4 The effect of VD3, mechanical strain, and combined treatment on gene and protein expression of OPG, RANKL, and the OPG/

RANKL ratio (a),(b) Gene expression,

(d),(e) Protein expression, (c),(f) OPG/RANKL ratio of mRNA and protein expression

(* P <0.05 versus control, *P <0.05 represents a significant difference between groups)

3 Discussion

OBs are the most important cells involved in bone for-
mation, the process including proliferation, ECM matura-
tion, mineralization, and apoptosis. All these stages re-
quire precise control to achieve normal bone formation'’
A variety of cytokines, hormones, and physical factors af-
fect OBs and regulate bone cell function. VD3 plays an im-
portant role in the regulation of bone formation and develop-
ment'®’. In this study, VD3 ( hormonal factor) was com-
bined with mechanical strain ( physical factor) to investi-
gate the regulation of bone remodeling, and the results
showed that both VD3 and mechanical strain were involved

in bone remodeling by inhibiting osteoblastic proliferation

and differentiation, and increasing RANKL expression.
VD3 is one of the most important hormones involved in
the maintenance of calcium and phosphorus balance'™
Some studies have shown that vitamin D deficiency can se-
riously affect the osteoblastic differentiation and prolifera-
tion, resulting in infant skeletal dysplasia'”'. ALP activity
and gene expression might be early markers of osteoblastic
differentiation. Our results confirmed that the osteogenic
differentiation could be substantially promoted by VD3 and
mechanical strain, which was consistent with several exist-

16-17] when VD3 was combined with

ing reports* . However,
mechanical strain, ALP activity and its mRNA expression
were significantly down-regulated. We also examined

Runx2 expression to confirm the inhibition caused by the
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combined treatment with mechanical strain and VD3.
Runx2 is the most critical transcription factor that regulates
osteoblastic differentiation and bone formation in vitro and
in vivo ", It binds to the osteoblast-specific cis-acting ele-
ment 2 (OSE2), which was found in the promoter regions
of all the major osteoblast-specific genes ( encoding osteo-
calcin, type | collagen, bone sialoprotein, osteopontin,
ALP, and collagenase-3) and controls their expression'’.
Our study confirmed that mechanical strain and VD3 in-
creased Runx2 protein expression, and the combined VD3
and strain treatment decreased its expression. These re-
sults were consistent with the pattern of ALP activity and
ALP mRNA expression. It is well known that the changes in
VDR expression affect the biological function of VD3.
Cross-talk of Runx2 and VD3 at bone-specific promoters
may represent an important component of the mechanisms
mediating tissue-specific expression of osteoblast pheno-

21 Recent in vitro studies have shown that the

typic genes*
deletion of VDR gene enhances osteoblastic differentiation,
which results in an increase in ALP activity, mineralized
matrix formation, and bone sialoprotein expression, indica-
ting that VDR plays a negative role in osteoblastic differenti-
ation in vitro and suggesting that other factors might partici-
pate in the modulation of osteoblastic differentiation in vi-
vo™'". However, the profile of Runx2 mRNA expression ob-
tained in this study was not consistent with its protein ex-
pression pattern. It is possible that the level of this gene
product is controlled, via negative feedback, by its own
abundance. There are at least three self-binding sites in the
5<regulatory sequence of this gene; it is possible that over-
expression of Runx2 protein inhibits its gene expression’.

RANKL controls the differentiation, maturation, and
activation of OCs. OPG acts as a non-signaling decoy re-
ceptor, binds RANKL, and prevents activation of RANK,
resulting in decreased osteoclast recruitment. Osteotropic
factors, such as parathyroid hormone, VD3, or prostaglan-
din, increase the ratio between RANKL and OPG in favor
of RANKL and can support osteoclastogenesis, whereas
other factors such as estrogens can inhibit osteoclast re-
cruitment by changing the OPG /RANKL ratio in favor of
OPG™’. Our study showed that VD3 changed the ratio be-
tween OPG and RANKL in favor of RANKL. Moreover, we

found that mechanical strain changed the ratio in favor of
OPG. When the two regulators co-operated, RANKL ex-
pression (both at the mRNA and protein level) was upreg-
ulated while OPG expression decreased; thus the ratio de-
clined sharply. This result suggested that VD3 combined
with mechanical strain could increase osteoclastogenesis
and bone remodeling. Some studies have found that
RANKL gene, which has a functional vitamin D response
element VDRE in its promoter region, is one of the target
genes of VD3/VDR™.
tion during VD3 treatment could be attributed to the VD3/
VDR-mediated promotion of RANKL mRNA transcription,

The significant RANKL upregula-

which might be augmented by the VD3- induced increase of
VDR expression”’. Horwood et al*' has proposed that
VD3 might enhance the RANKL/OPG expression ratio in
OBs, and promote bone resorption, via three different
routes: VDR pathway, protein kinase A pathway, or gp130
pathway. The changes in OPG and RANKL expression in
response to joint stimulation with VD3 and strain were more
complex than the responses to each of those factors ad-
ministered separately. The exact mechanisms underlying
the effect of drugs and mechanical strain still need to be de-
termined.

In clinical practice, the usual treatment for OP is taking
calcium and vitamin D and promoting physical exercise.
Harter et al””’ has found that human osteoblast-like cells
respond to mechanical strain in the presence of VD3 with
increased bone-matrix protein production. However, our
results do not support these findings. Mechanical loads
have an important effect on the bone, but differences in di-
rection, frequency, magnitude, and duration of mechanical
stimulation may produce different effects. To make mean-
ingful comparisons of the results, the sensitive mechanical
parameters that trigger osteoblastic response in vitro results
should be comparable to the in vivo mechanical strain con-

% have comprehensively reviewed

ditions. Fritton et al
peak bone strain and strain rates measured during various
activities in numerous species, including humans. For
most animals, peak functional strains range from less than
1 000 pe during walking to between 2 000 ~3 200 ue for more
vigorous activities, and can almost reach 5 000 e in gallo-

ping racehorses. These values reflect the deformation that
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the bone normally experiences. They have been helpful in
defining the parameters within which in vitro experiments
should be designed to characterize the cellular mechanisms
that initiate an appropriate loading-related adaptive re-
sponse. Yan et al'”! has found that strains above the phys-
iological level (5 000 pe) are disadvantageous in bone for-
mation.

Hormones and mechanical strain are two important
regulators in bone remodeling. The effects of these two
kinds of stimuli might be positive or negative, and no one
factor can be universal. VD3 can cause different adjust-

%1 Excessive intake of VD3 can in-

ments in bone tissue'
hibit bone formation, so can mechanical loading. However,
when combined, these two factors can trigger a different
set of changes depending on the intensity of mechanical
strain and the levels of the hormone. Rehabilitation exerci-
ses exert a low intensity mechanical stimulation that might
be helpful in senile OP. When such stimulation is adminis-
tered together with an appropriate dose of the hormone,
the combined effects might restore homeostasis in the bone
microenvironment. Further research in this field should lead

to improved understanding of these complex processes.
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